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Preface

The artificial radioelement of atomic number 43, technetium, is frequently considered
to be a curiosity in inorganic chemistry. Howcver, more than five decades ago, when
sufficient quantities of the long-lived nuclide ""I'c with a half-life of 2.13- 10° a
became available, investigations of its chemistry and physics soon confirmed techne-
tium to be a true second-row transition element, filling the gap in the periodic system
between mangancse and rhenium. Technetium received much attention in fundamen-
lal inorganic chemistry studies at research institutions and universitics. At present, the
enormous number of technetium compounds, that have been isolated and character-
ized, documents the extensive research performed in technetium chemistry. Its rapid
expansion was primarily spurred by the world-wide intention to develop technetium
radiopharmaccuticals of high diagnostic cfficacy labeled with the °™Tc isomer with a
physical half-life of six hours. Over 80% of all radiopharmaccuticals now used in
clinics are labeled with “™Tc,

This monograph represents the present status of technetium chemistry and technetium
radiopharmaceuticals. 1t is intended for use as a handbook and a text book for inorganic
and nuclcar chemists, nuclear pharmacists and nuclear medicine physicians. First dis-
cussed arc the discovery and occurrence of technetium, its nuclides, fundamental and ana-
lytical aspects, and its uses. Technetium chemistry is focused on in discussions of synthesis,
propertics, and structures of individual technetium compounds. Complex compounds are
trcated in the sequence of Tc oxidation states in most of part A. Part B is concerned with
synthesis, composition, and structurc of **™Tc radiopharmaccuticals currently used for
diagnostic organ and tumor imaging, and with future prospects, including imaging of
hypoxic tissue, receptor binding, and dopamine transporters. Concluding tables are pro-
vided to summarize the chapters. Each chapter terminates with the pertinent literature.
Acronyms and abbreviations used in both parts of this book arc listed in the appendix.

Since the mid 1960s, some exccllent books on technetium have appeared: R. Colton
“The Chcmistry of Rhenium and Technetium™, Interscience (1965), R. ID. Peacock
“The Chemistry of Technetium and Rhenium”, Elsevier (1966), J. Steigman and
W. C. Eckclman “The Chemistry of Technetium in Medicine”, Nuclear Science Serics
(1992), and “lechnetium and Rhenium. Their Chemistry and Applications”, Topics in
Current Chemistry (1996), edited by K. Yoshihara and T. Omori. The last book con-
tains contributions to several aspects of technetium chemistry. However, the latest
comprehensive volumes on technetium which appeared in the Gmelin Handbook of
Inorganic Chemistry (8th edition, Springer) date back to 1982/83. The increasing flood
of publications since then, particularly on technetium complex chemistry and radio-
pharmaccuticals, justifies this comprehensive monograph.
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I am grateful to the late Prof. Dr. W. Herr for drawing my attention as early as the
late 1950s to the artificial element technetium. I would like to express my cordial gra-
titude on this occasion to all my former co-workers in technetium chemistry, in partic-
ular to Dr. L. Astheimer, Mr. K. H. Linse, Dr. H. J. Schenk, Dr. H. H. Picper, and
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1 Introduction

Element 43 in the seventh subgroup of the periodic system, technetium, is the lowest
atomic number radioelement. Stable, non-radioactive isotopes do not exist according
to Mattauch’s rule. Technetium isotopes can be produced artificially by nuclcar pro-
cesses. Long-lived isotopes are *7I'c (2.6-10° a), **Tc (4.2-10° a) and #Tc (2.1-10° a).
The spectroscopic discovery of technetium in several fixed stars provided the first
proof of stellar synthesis of hcavy nuclides. Traces of *Tc occur in the earth’s crust
where they arise mainly from spontancous fission of 238U.

Among the long-lived isotopes, *Tc is the only one which is obtained in weighable
amounts. It is formed in high yicld by the fission of 2**U, and quantitics of the order of
kilograms can be isolated from nuclear recactor fission product wasic solutions.
Because of the relatively low specific activity of 17 nCi/mg (629 kBq/mg) and the
weak f-radiation (Ep,.,=0.29 McV), the laboratory handling of **Tc needs no special
radiation protection.

The chemical behavior and the coordination chemistry of this sccond row transi-
tion clement closely resemble those of the homologous element rhenium, however,
detailed investigations also revealed many distinct differences. The critical temper-
ature of supcrconductivity of technetium metal is remarkably high at 8.2 K. Specil-
ic catalytic properties of technetium have been demonstrated. The effectivencss of
pertechnetate ions in inhibiting the corrosion of steel is noteworthy. Pertechnetate
is a weakly oxidizing agent, although somewhat stronger than perrhenate. Because
of the almost cqual ionic radii of technetium and rhenium, their analogous com-
pounds frequently exhibit isostructural lattices. Alkali pertechnetales arce the ther-
mally most stable compounds of technetium; K'TcO,4 boils without decomposition
at ~1000°C.

The coordination chemistry involves the oxidation states from +7 to —1. Coordina-
tion numbers from 4 to 9 are known. Crystal {ield considerations and magnetic sus-
ceptibility measurements show that technetium forms low-spin compounds. Dinuclear
complexes [requently display metal to metal bond character. There is some evidence
that technctium complexes are thermodynamically less stable and kinetically more
reactive than the corresponding complexes of rhenium. A multitude of coordination
compounds of technetium has been synthesized and unambiguously characterized.
Investigations of the complex chemistry have been enormously stimulated by the
development of ™Tc¢ radiopharmaccuticals.



2 Discovery

The first conclusive experimental evidence for element 43 was given by Perrier and
Segre in 1937 [1]. This discovery was a consequence of the invention of the cyclotron.
A plate of natural molybdenum irradiated over a period of some months by a strong
deuteron beam in the Berkeley cyclotron was presented by E. O. Lawrence of the
University of California to E. Scgre at the Royal University of Palermo, Italy. The
molybdenum plate showed strong radioactivity due to more than onc nuclide with a
half-life of months. In a cooperation of E. Scgre with C. Perrier, of the same univer-
sity, a chemical investigation of the activity ruled out any radioactive isotopes of zirco-
nium, niobium, molybdenum or ruthenium, and revealed that the activity arosc from
nuclides of the missing element ckamangancse of the atomic number 43 [2]. The
metastable isomers ™Tc and ’™Tc¢ had been produced by the nuclear reactions:

$3Mo(d,n) 3" Te 1, = 61d
and
25Mo(d,n)3imTe t = 91d

Using concentrated fractions of these isomers, Perrier and Segreé werc able to dem-
onstrate by coprecipitations, for instance with sulphides of manganese and rhenium or
with TIRcQ,, that the clement produced bore the closest resemblance to rhenium.
Other cxperiments showed the radioactivity to volatilize with rhenium in an oxygen
flow at 550 °C [2]. They could already identify scveral chemical properties of this arti-
ficial element (3]. In 0.4 to 5 M hydrochloric acid solution the sulphide precipitation
was complcte in the presence of rhenium or platinum as a carrier, but in 10 M hydro-
chloric acid only a very small {raction of the total activity precipitated, in contrast to
the precipitation of Re,S7. In considering the possibility of separating clement 43 and
rhenium, Perrier and Segre tried to determine partition cocfticients of the radioactiv-
ity between aqueous solutions and crystals of KReOy and CsReO,. They found a par-
tition cocfficient of the activity for KReOy of 2.6 and for CsReOy4 of 0.75 in agreement
with the lower solubility of CsTcOy as compared to KTcOy [3]. In 1947 the discoverers
proposcd for element 43 the name “technetium™ derived from the Greck word teyvn—
100 meaning artificial. in recognition of the fact that technetium was the first artifi-
cially made clement. and they suggested the corresponding chemical symbol “Tc” [4].
Prior to the naming, Scgre and Wu [5] detected a 6 h activity of element 43, obviously
PmTc, by extraction of “Mo, a neutron fission product of >
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3 Natural occurrence

3.1 Primordial technetium

In 1869 Mendeiéev [1] predicted the existence of an clement of atomic weight 100
occupying the vacant space between molybdenum and ruthenium in his Periodic Sys-
tem. He named this clement provisionally “ckamangancse™ corresponding to its posi-
tion below manganese. In 1913 and 1914 Moseley [2.3] found the atomic number of
elements in the Periodic System to be dircctly proportional to the square root of the
frequency of their K or L X-ray emission and thus derived a vacant space for the
atomic number 43 in addition to 61(Pm) and 75(Re). These indications of Mendeléev
and Moseley stimulated numerous attempts to demonstrate the occurrence of clement
43 [4.5] and the other clements lacking in nature.

In this context the systematic investigations of Noddack and Tacke [6] as well as
Berg and Tacke [7] should be mentioned. It was not unexpected that when they
announced in 1925 the discovery of element 75 “dvimangancse ™, later called rhenium,
they also claimed to have detected element 43 by X-ray spectroscopy in concentrates
of the minerals sperrylite (PtAs,), gadolinite {Be,Y-Fe(Si0,4),0,}, and columbite
{(Fe.Mn)(NbQOs),}. The wavelengths of the X-ray lines interpreted as Kx,.K4,, and
KB, showed good agrecment with the calculated wavelengths. Noddack, Tacke, and
Berg named the alleged element 43 “masurium”, commcemorating the former East
Prussian district of Masuria. Whereas 1. Noddack (née 1. Tacke) and W. Noddack [§]
succeeded in isolating about 2 mg of rhenium, they could not concentrate and isolate
element 43. Because no further evidence for the cxistence of masurium in the carth’s
crust was submitted, their claim to discovery was finally not accepted.

In 1934 Mattauch’s rule on the stability of atomic nuclei was published [9]. Mat-
tauch pointed out that fi-stable isobar pairs do not exist when they differ only by
one atomic number unit and ruled out the existence of stable isotopes of element
43. Nevertheless, the primordial occurrence of long-lived isotopes in the earth’s
crust could not be excluded [10], thus the search for element 43 continued. Herr
[11] exposed concentrates of rhenium-rich molybdenites (MoS,). from which Mo
was separated, 1o an inlense neutron bombardment and observed a 6 h activity of
9mTe, This activity supposcdly resulted from the reaction *Tc(n,y) **™Tc¢ indicat-
ing the occurrence of %Tc in these ores. However, taking into account neutron
rcactions with possible contaminations (**Mo, ?"T'c, ®*Ru, >**U) of the concentrates,
the occurrence of *8Tc could not be demonstrated conclusively. Similar investiga-
tions were carried out by Alperovitch and Miller [12] who claimed the detection of
Tc in columbites, yitrotantalites {(Y,Ce)(Ta,NbTi);06] and a thortveitite
{(Y.S¢c)-(Si,0)}. Anders (Alperovitch) ct al. [13] extended the scarch for *Tc by
neutron activation analysis mainly of the same minerals, but of different locality



3.2 Non-primordial technetium 7

and stated strong evidence for the existence of **Tc in nature. In the same year
Bovd and Larson [14] published a report on the occurrcnee of technetium in the
earth’s crust after a thorough scarch in a variety of terrestrial substances including
molybdenite and yttrotantalite. They used different analytical methods of high sen-
sitivity such as isotopic dilution, mass spectrometry, neutron activation analysis,
emission spcctroscopy, spectrophotometry, and polarography, but they failed to
reveal any traccs of technetium in the samples analyzed. In addition, Herr ct al.
[15] could not detect in Precambrian columbite, gadolinite, and tantalite any
enrichment of the isotopes ’Mo, *®Mo and *Ru as potential decay products of
97Tc and”®Tc, respectively. Boyd et al. [16] produced the long-lived isotopes T,
9Te, and **Tc by bombarding molybdenum metal with 22 MeV protons for 270
days and identified some amounts by mass spectromctry for the first time. The
half-life of these isotopes was found to be considcrably less than 10% a [14, 17],
thus excluding the presence of primordial technetium in the carth’s crust given the
formation of the carth approximately 4.5-10° a ago.

3.2 Non-primordial technetium

Nevertheless, the earth’s crust contains technetium. *“Tc is predominantly formed by
spontancous fission of 2*U and is also produced by neutron induced fission of 2°UJ.
The first isolation of naturally occuring technetium was reported by Kenna and Kur-
oda [18. 19], who scparated about 1073 ug of **Tc from 5.3 kg of Belgian Congo pitch-
blende. The ore contained 42.2 wt% U, 0.37 wt% Mo, 0.17 wt% Cu, 0.03 wt% Cl, less
than 0.00004 wt% Ru. and 0.000002 wt% Rec. Three technetium fractions were iso-
lated from 2.0, 1.3 and 2.0 kg of pitchblende, respectively. The samples were dissolved
in dilute nitric acid. Lead was precipitated as the sulphatc and H,S was passed
through the filtrate. The precipitate was dissolved in ammoniacal hydrogen peroxide
and excess peroxide was removed by boiling. The pH was kept at 8 or higher. To
remove the bulk of the cations, the neutralized solution was passed through a cation
exchange column. Copper and molybdenum were removed from the evaporated solu-
tion by precipitation with z-benzoin-oxime. Pertechnetate and perrhenate were
extracted from the 5 M NaOH solution. After re-extraction into the aqueous phase, a
few mg of copper were added to act as a carrier and sulphides again precipitated., fil-
tered and dissolved. The solution was evaporated, the pH adjusted to 7, pertechnctate
and perrhenate adsorbed on an anion exchange column and eluted with 0.25 M per-
chlorate. Finally, again copper carricr was added to the technetium fraction, the acid-
ity adjusted to 2 N, and sulphides were precipitated |20].

The activity of the precipitate was counted with a low-background ff~-counter, with
a background of about 0.7 counts per min. The obscrved activity measured in the pre-
cipitate per kg ore was 1.8, 1.7 and 2.1 counts per min for the three pitchblende sam-
ples, respectivcly. The average half-thickness value of 7 + 1 mg/em? aluminum was in
agreement with the accepted half-thickness value of 7.2 mg/em? Al for “*Te. The
atomic ratio “*T¢/?%U in pitchblende was found to be fairly conformable with the



Mo/**¥U ratio. indicating that the *”I'c in pitchblende was predominantly produced
by the spontaneous fission of 33U [19].

Some billion ycars ago natural nuclear reactors must have operated and generated
9Tc as a high yield fission product by induced fission of >**U with slow neutrons. The
relics of a natural reactor were discovered in 1972 at the Oklo uranium mines in the
Republic of Gabon., Africa. The Oklo phenomenon occurred 1.72 billion years ago
and produced a greater amount of “*Tc than detected in other uranium ores [20]. Ruf-
fenach et al. {21] reported values of integrated flux of thermal neutrons for the Oklo
uranium ores of up to 1.32-10?! n-cm ? and a >*U/>%U atomic ratio down to 0.00410,
compared to 0.00725 in normal natural uranium. If the fission yield of **Tc amounts
to around 6 atom%. 0.315-0.06 = 0.019 atom% of 2**U should have been converted to
PTe, corresponding to about 0.2 mg of *’Tc per kg of a uranium orc containing 37
wi% uranium. However, since the half-lifc of *Tc is 2.13- 10° a, the isotope complete-
ly decayed to “’Ru. The considerably higher abundance of ’Ru in Oklo uranium ores
was proved by Frejacques et al. [22].

3.3 Technetium in stars

Soon after the publication of the first and sccond atomic emission spectrum of techne-
tium by Meggers and Scribner [23], Moore [24] looked for technetium lines in the
spectrum of the sun. The evidence for the presence of Te*(Tcll) rested chiefly on the
one unblended solar linc at 3195.230 A. Later, this suggestion was shown to be erro-
neous [25, 26. 27]. However, in 1952 Merrill [28, 29] detected ncutral technetium,
(TcI) absorption lines at 4031, 4238. 4268, and 4297 A in S-type stars. The highest
intensity lines were identified in the stars R Geminorum. R-Andromeda, and AA
Cygni. Stellar spectra of type S are characterized by bands of zirconium oxide and by
relatively strong lines of heavy metals such as zirconium and barium. Some years later
Merrill [30] also observed Tecl-lines in the N-type stars TX Piscium and U Hydrae.
Moreover, also M-type stars showed Tcl-lines. Stars of S-, N- and M-type are relative-
ly cold, having surface temperatures of around 3000 K. The discovery of technetium
in numerous stars was of great significance to cosmological theories [31]. Considering
the half-lifc of 2.6-10° a of *"Tc and 2.1-10° a of Tc, the isotopes which have been
discussed to be produced in stars [32], the existence of technetium at the surface of
stars is onc of the strongest supports for the idea of nucleosynthesis of heavy elements
by slow neutron capture (s-process) [33]. The time scale for neutron capture in the
s-process is much longer than that for § -decay [34].
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4 Artificial occurrence

Among the long-lived technetium isotopes only the § -emitter ®Te with a half-life of
2.13-10° a is obtained in weighable amounts, cither by neutron irradiation of highly
purificd natural molybdenum or by induced fission of 23U with thermal neutrons.
Becausc of the high fission yield of 6.13 atom%, appreciable quantitics of **Tc can be
isolated from uranium {ission product mixtures. Nuclear reactors with a power of 3500
MW ;, produce about 100 g of *Tc per day or 6 TBq (~ 10 kg) Tc/GW,;, per year.

The total stratospheric fallout of **Tc from nuclear weapons testing was estimated
at 140 TBq [1. 2]. The fission of 2**U and **Pu in nuclcar weapons test ¢xplosions
produce **T'c, which is oxidized to Tc,O5 in the presence of atmospheric oxygen at the
high temperatures prevalent during the explosions. Tc,O reacts with water vapor to
give pertechnetic acid. Radioactive fallout is very low at present as a consequence of
international agreements banning nuclear weapons tests in the atmosphere [3]. The
Chernobyl accident in 1986 liberated about 0.75 TBq of **Tc [2].

Releases of “*Tc from nuclcar power plants are low during normal opcration.
About 1 MBq *Tc per year is rcleased from a 1000 MW, rcactor. With an operational
experience of 6000 reactor ycars and a mcan reactor capacity of 700 MW, the total
calculated rclease of *Tc is only 4.2 GBq [2].

The short-lived ™T¢ (£, = 6.0 h) is uscd as an organ imaging radioisotope in
radiopharmaceuticals in nuclear medicine. *™Tc¢ is produced in commercial genera-
tors and decays by ;-emission to the **¢Tc ground state. Per medical investigation 20
to 1000 MBq **™Tc is applied. This radionuclide has shown the greatest increase in
usage during the past two decades. However, the activity of “”#Tc formed by decay of
PmTe is ncgligible as calculated from the ratio of thc decay constants A(%#Tc)/
2(7°™T¢)=3.2-10 °,

The most important source of artificially occurring **#Tc is the nuclear fuel cycle.
The total clectricity gencrated by nuclear powcr stations over the world until the end
of 1980 was 419 GW, years [4]. Assuming that some 10 % of the fuel. from which this
electricity has been produced. is reprocessed and that all the **Tc liberated by repro-
cessing was discharged before the end of 1980, an activity of about 825 TBq was
releascd. After 1980 reprocessing was improved to reduce emissions. It is estimated
that the *¢#Tc discharge is only about 10 % of that, released up until 1980, i. ¢. 68 TBq
corresponding to 343 GW,, years up to 1983 and 234 TBq corresponding to 1187 GW,
vears [5] until the end of 1993. The total global discharge of **Tc by the nuclear fuel
cycle would be on the order of 1130 TBq up till the end of 1993. Summarizing the
radioactivity of the relevant artificial %¢Tc sources over the world would result at
present in around 1.3 - 107 TBq, cquivalent to more than 2 t of *#Tc.
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4.1 Technetium in the nuclear fuel cycle

The description of technetium production in the nuclear fuel cycle and technetium
rcleasc to the environment is based on a light-water reactor (LWR) designed to pro-
duce 800 MW, years [6]. The life-time of this model reactor is considered to be 30
years. The difference in the amounts of *Tc formed in spent fuel in the pressurized
water reactor (PWR) and the boiling water reactor (BWR) appears to be negligible.
35 metric tons of uranium are assumed to be the annual feed of new fuel. The 23°U
enrichment in the fresh fuel is supposed to be 3.2 wi%, in the spent fuel 0.84 wt%.
Technetium isotopes of mass numbers greater than 99 have half-lifes of Iess than 20
min and thus have decayed during storing of the fucl elements for 150 days after dis-
charge from the reactor. As compared (o *T¢ the production of the long-lived iso-
topes ""Tc and ¥Tc by thermal neutron fission can be neglected. *Tc is by far the
dominant technetium isotope occurring in the nuclear fuel cycle [4]. It is also formed
in high yield (atom%) from thermal neutron fission of *3U(4.8) and 2*’Pu(5.9), and
fast neutron fission of 2**Pu(5.9). >38U(6.3), and >*?Th(2.7). All of thesc sources may
contribute to the accumulated inventory of **Tec. The specific radioactivity of *Tc nor-
malized to fuel with a burnup of 33.000 MWd (therm) per ton of uranium is calculated
to be about 14.5 Ci/t [6] corresponding to 0.85 kg of *T¢/t of uranium.

The reprocessing procedure for recovering uranium from spent fuel clements is a
chemical technique known as the Purex (plutonium and uranium recovery by extrac-
tion) process [7]. The fuel clements are cut into small pieces for dissolution in 7.5 M
HNQOj;. The dissolution is normally incomplete. An amount of small metallic particles
containing Mo, Ru, Rh, Pd, and 'T'c is not dissolved [8] and discharged as highly active
waste [9]. Technetium, assumed to be produced during fission in its elemental state, is
converted to TcOj . The aqueous nitric acid liquid containing the dissolved burned-up
fuel is processed through a series of solvent extractions [6].

The solvent extraction of TcO, by tributyl phosphate (TBP) in n-dodecane was
studied over a wide range of concentrations of TBP, HNO;, NH4NO;, and uranium,
and as a function of temperature [7, 10]. The extraction was found to proceed via the
compound HTcO,-3TBP [10]. Increasing TBP concentration from 10 to 80 vol%
results in a rise of the TcO, distribution coefficient D of almost three orders of
magnitude. For any given TBP concentration D, increases with increasing nitric acid
concentration until a maximum is reached at 0.6 M HNOs;. There is almost no extrac-
tion of TcOj in the absence of HNOs. The reason for the increase of Dy up to 0.6 M
HNOj; appcars to be the reduced dissociation of HTcO,4. Above 1.0 M HNO; D,
decreases rapidly due to competition of a complex formation of HNO; with TBP.
When, by addition of UO»(NOs3), the aqueous phase is 0.1 M in UO2(NOs),, D is
substantially increased by some orders of magnitude at HNO; concentrations lower
than 0.1 M. Apparently, the extracted compound formed is UO2(NO;)(TcO,) - 2TBP
[7. 9. 10]. In the temperature range from 25 to 60 °C D, was found to decrcase stea-
dily as the temperature is increased (Fig. 4.1.A).

After extraction of pertechnetate with TBP in n-dodecanc, the uranium in the cycle
may contain about 0.1 wt% of that *Tc which originally occurred in the spent fuel [6.
7. 11]. Because of restrictions on impurities of recycled uranium, it is required that the
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Fig. 41.A D, as a function of HNOj concentration and temperature at a TBP concentration of 30
vol% in n-dodecanc [7].

concentration of **Tc in uranium is only about 4 ppm. The assumption of 4 ppm “Tc
in uranium implics that in 35 t of recovered uranium 0.14 kg of **T¢ returns to the fuel
for any year, while around 30 kg of °Tc enters the high level waste [6].

The release of **Tc from the reprocessing plant to the atmosphere may be assessed
by using a so-called confinement factor. If technetium is relcased during the dis-
solution of spent fucl clements in 7.5 M HNOs, volatile compounds formed would
predominantly be Te;O; and HTcO,. However. these and other volatile products
would be almost quantitatively stripped by gas scrubbers containing oxidizing agents
dissolved in alkaline water and would form non-volatile pertechnetate. It can be
expected that the *Tc cycled through the uranium reprocessing plant remains almost
completely in the process streams and docs not escape. A confinement factor of 108
was sclected due to resemblances in the chemical properties and volatility of techne-
tium and ruthenium compounds [6]. Applying this factor to the total amount of *Tc
of almost 30 kg, formed per year in the modecl reactor, yields a source term for repro-
cessing of only 0.3 mg of **T¢ released to the atmosphere.

For operation of the model reactor, the input of uranium to the model plant con-
verting UQO, to UFg is assumed to be 182 t of natural uranium which is processed to
about 270 t of UFe. 13.2 wt% of 270 t of UF, is from uranium recycled back to the
systecm. As mentioned above, 0.14 kg of ®1'¢c per reactor year is returned with uranium
to the fuel cycle, where it reacts with fluorine to give TcF,. An estimate of the source
term for Tc released to the atmosphere and to water can be formed by assuming
that TcFg is relcased to cach pathway in the same fraction of fluoride appearing in the
effluent to the total fluoride used in the process [6]. The total amount of fluoride used
in the model plant for fluorination is at least 270 t of UF¢ minus 182 t of uranium, i. c.
88 1. Releases of fluoride to water account for 0.22 t and to the atmosphere for 0.11 t
per model reactor year. Conscquently, it may be assumed that the fraction 0.22/88 of
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0.14 kg PTe, i. ¢. 0.35 g is released to water and 0.11/88 of 0.14 kg PTc. i. ¢. 0.175 g. to
the atmosphere [6].

Significant amounts of *Te arc known to accumulate in the cascades of the gaseous
diffusion cnrichment plants as TcF,. Emission of *“Tc to the atmosphere result from
its presence in the cffluent of the cascades, but the major source are liquids used for
equipment decontaminations. The relatively light TcFg moves toward the product end
of the diffusion cascade rathcr than to the tails end. [t can be scparated from the UTg
stream by using more or less efficicnt magnesium fluoride traps. *°Tc may be removed
from aqucous decontamination solutions by precipitation or ion exchange techniques
[6]. Quantitative data are not available from which a confinement factor for *Tc can
be calculated, therefore several assumptions are made. 50 wt% of the *Tc entering
the mode! enrichment plant may follow the 23U enriched U¥,, that is 70 g, while 40
wt% are assumed to remain with tails. 10 wt% of ®T¢ (14 g) may escape to the envi-
ronment. According to some data concerning release of *Tc to water and air during
gascous diffusion enrichment of uranium in the United States [6], the mecan source
term ratio of water/air is around 40. Thus. per year, about 97.5 wt% of 14 g #Tc, i. e.
13.65 g, may enter the water pathway and 2.5 wi%, i. ¢. 0.35 g enter the atmosphere in
the model enrichment plant.

The UF, enriched to 3.2 wt% 2*°U constitutes the feced matcrial to the model fuel
fabrication plant. UFj still contains around 70 g of *"Tc. 52 t UF, per model reactor
year arc convericd to 40 1 of UQO; by hydrolysis of UF, precipitation of (NHy),U,05,
calcination to UQs;, and hydrogen reduction to UQ,. During thcse chemical processes
TcF, may be partially converted to Tc,07 and vaporized at clevated tcmperature. To
calculate an upper limit for *Tc releasc, it may be assumed that 50 wi%, i. e. 35 g of
9Tc, is carried through the process and remains with the UO; probably in the form of
TcO». An estimate of source terms for the environment can be made by assuming that
TcFy is released to water and to the atmosphere in the same fraction as UFg [6]. Thus,
per year, 99.9 % of the remaining 50 wt% of “Tc, i. e. 34.96 g, may enter the liquid
waste stream and only 0.1 wi%, i. e. 35 mg, the atmospherc in the mode! fucl fabrica-
tion plant.

Fission products including **Tc are separated from uranium during reprocessing
and retained in liquid tanks for solidification by calcination or glassification [12]. We
will consider the glassification process as a model [6]. It is assumed that the model
reactor creates 2 m® of solidified high-level waste per year, and that there are no liquid
wastces associated with the solidification process. As mentioned above around 30 kg
per year of “’Tc is expected in the high-level radioactive waste residue which may
relcase about 0.3 mg of “°Tc to the atmosphere by solidification, assuming again a
confinement factor of 10% as for reprocessing [6]. The solidified high-level waste con-
taining ?*Tc will be transferred to a geologic repository. If it is assumed that no breach
of the containment occurs, the amount of *Tc released to the atmosphere per yecar
during the waste storage appears to be negligible.

Significant source terms assessed for *“Tc releases 1o the environment during the
diffcrent processes of the nuclear fuel cycle are summarized in Table 4.1.A [6]. The
amounts cxpected to be relcased per year were calculated on the basis of the model
reactor deflined at the beginning of Section 4.1. The total release via effluent water
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appears to be two orders of magnitude higher than the release to the atmosphere.
Among the processes relcasing *Tc to water, fuel fabrication and enrichment are by
far the most important sources. In order to reduce the concentration of **Tc in aque-
ous discharges, a strong-base ion-exchange resin was suggested to bind TcOjp [13].

Table 4.1.A Assessment of annual *Tc releases Lo the environment during nuclear fuel cycle processes.
The assessment is based on the model reactor defined in the text [6].

Process Release of °Te [g/a(MBg/a)]
Atmosphere Water
Reprocessing 3-10%(0.189) 0
Production of UF, 1.75-10 1(110) 3.5-107'(220)
Enrichment 3.5-1071(220) 13.65(8586)
Fuel fabrication 3.5-1074(22) 34.96(21990)
High-level waste solidification 310 4(0.189) 0
Total 5.6-1074(352) 48.96(30796)

After glassification of the high-level radioactive waste, technetium appears to occur
mainly in the chemical form of TcO; [7]. In a dry repository no chemical changes of the
solidified waste are expected for a long time. However, any contact with aqueous solu-
tions may alter the situation drastically by initiation of chemical reactions (Fig. 4.2.A)
depending on the composition of the solution, the pH, redox potential and temperature
[14]. The containment is assumed to resist corrosion by aqucous solutions no longer than
about one hundred years [7]. Thereafter the radioactive waste is subject to water leaching,
and silicates formed by glassification will be exposed to hydrolysis. In the presence of oxy-
gen and water, TcO, will be oxidized to easily soluble TcO; . This oxidation is expected to
be enhanced radiolytically, particularly in salines [15, 16].

0.10 1

™ aerobic (Eh = 475 mV)
0.05 1

Conc. of Tc in solution [umolefl]

Ianaerobic (Eh = 300 mV)

0 — = -

T T
0 50 100 150

Time [days]

Fig. 4.2.A Dissolution of TcO> under anaerobic and aerobic conditions (3 mg TcQO,, 100 ml 0.1 M
NaNOs3, 20 °C. pH 5.7 [14].
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4.2 Technetium in the environment

We discussed the sources of artificial occurrence of “Tc at the beginning of this chap-
ter and demonstrated that the nuclear fuel cycle is the predominant source of Tc¢ in
the environment. Other, much less important, sources are the fallout from nuclear
weapons testing. the Chernobyl accident, nuclear power production and the radio-
pharmaceutical use of the metastable ?"Tc decaying to ground state **Tc. The nat-
ural occurrence of *I'c formed in the carth’s crust by spontancous fission of 2**U and
neutron-induced fission of 2**U in uranium ores are negligible.

Taking into account the kind of sources and the chemistry of technetium, *Tc will be
released to the environment as pertechnetate. Its behavior in the environment attracted
much attention during the last two decades due to the long physical half-lifc of **Tc and
the solubility and mobility of TcO, in aquatic systems. Considerable cffort has been
made to understand the long-term biogeochemical behavior of *Tc, its transfer in food
chains and the mechanisms controlling its mobility in diverse cnvironments [17].

4.2.1 Retention in soils, sediments, and rocks

The pertechnetate ion will not likely be sorbed in significant amounts by soils and sus-
pendcd bottom sediments of predominantly negative charge, but will be highly mobile
in soils and waters and thus available for uptake in biota. The *Tc level in soil down
to a depth of 25 cm was estimated in 1979 1o be 107 g/g of soil [18]. This concentra-
tion was calculated from the known relative fission yield and the measured levels of
8r and '¥Cs in soil, assuming that thesc fission products from nuclear bomb tests
have ncarly the same retention rates in soil.

Early sorption studies encompassed 22 soil types collected in Oregon, Washington,
and Minnesota and used a batch equilibration technique. Distribution cocfficients Ky
for ®™TcOy were determined; this is defined as the ratio at equilibrium of the quan-
tity of pertechnetatc sorbed per gram of soil to solute per ml of solution. The K4 val-
ues for ®mTcO, ranged from 0.007 to 2.8, demonstrating the potential for accumula-
tion in certain soils | 19]. The sorption was directly correlated with increased organic
carbon content and inversely corrclated with incrcased pH. It appears that the posi-
tive charge on soil organic colloids is an important factor governing technetium rcten-
tion. As pH decreascs, positive charge may be expected to increase with decrcased
ionization of acidic groups and incrcased protonation of basic groups. In addition. Ky
values were correlated with cation cxchange capacity [19].

Recently, distribution coefficients Ky for *™Tc in Canadian Shield lake sediments
were determined under oxic and anoxic conditions in a laboratory study. Untrcated
Winnipeg River water was used. For the oxic trcatment, sediment and water were
shaken for 24 h, spiked with 932 Bq of *™Tc¢ and then shaken for another 48 h. The
anoxic treatment involved purging with N, gas. The pH of the solution under oxic con-
ditions was 6.7, under anoxic conditions 5.8. Undcr oxic conditions and the presence
of 1, 10 or 50 wt% organic scdiment, a mean of 98.5, 89.7 and 48.1 %, respectively, of
MT¢ remained in solution, corresponding to distribution cocfficients of 4.3, 6.9, and
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13.0 1- kg ! for the organic sediment. Under anoxic conditions the mean values were
96.7. 0.8. and 6.2 % of “™Tc in solutions, corresponding to Ky values of 14. 9200, and
210 1- kg™, respectively. Consequently, considerable quantities of technetium may be
sorbed to the sediment under the anoxic conditions expected for Canadian Shield
lake sediments [20)].

Investigations on the sorption of “TcO] by soils revealed that about 98 % of the
added pertechnetate was sorbed within a period of 2 to 5 weeks at 25°C by 8 of 11
soils with a wide range of physical and chemical properties such as texturc, pH,
organic matter, frec iron oxide content and cation exchange capacity. The slow
kinetics obscrved and the insignificant reduction of *T'c sorption by addition of cxcess
of C1 or H,PO; tend to rule out anion exchange as the sorption mechanism. The lack
of sorption exhibited by the low organic matter soils and the reduction in sorption fol-
lowing H,0, digestion of the soils suggested a role for the living and/or non-living
organic fraction of the soil. Sterilization of the previously sorbing soils by steam elimi-
nated the sorption ability, indicating a microbial role in the sorption process {21].

Concentrations of **I'c caused by global fallout in the surface layer (< 20 cm) of
paddy field soil samples in Japan collected in 1991 and 1992 near Ogata, Omagari,
Morioka, Imari. and Kawazoc were measured by inductively coupled plasma mass
spectrometry (ICP-MS). On a dry weight basis the *Tc concentrations ranged from
0.02-0.11 Bq per kg soil. The activity ratios of **Tc¢/'¥7Cs varied from 2.0-10 * to
5.2-107%. The theorctical activity ratio is about 3.0 10 *. The mechanism of “Tc¢ accu-
mulation in paddy fields may be explained by the reduction of TcO} under the reduc-
ing conditions of paddy field soil [22].

The soil chromatographic movement of “*Te through 41 selccted Minnesota soils
was studied to determince the short-term dynamic behavior of technetium under aero-
bic conditions over a wide range of physical and chemical soil properties. Under acro-
bic conditions *Tc occurs as TeOy. Its movement was characterized by the chromato-
graphic parameter Ry. Reduced Ry values were statistically related to elevated levels
of soil organic matter. Complexation of **Tc by organic matter appeared to be weak.
Pertechnetate exhibited greater retention than *°Cl- which may be attributed to a
weak binding of TcOy by organic matter |23].

The sorption of »™TcO, on diverse soils under strictly acrobic conditions was
extended to samples collected throughout the United States at locations in the states
of Washington, Oregon. Colorado, Illinois, and Minnesota under arid, semi-arid and
humid climates and under sagebrush, grassland, pasture land, agricultural and forest
vegetation. Soils developed primarily under grassland-shrub vegetation and arid to
semi-arid conditions sorbed less than 5.7 % %™Tc from solutions after 48 h equilibra-
tion. In contrast, soils developed in forests and marshlands under humid and sub-
humid conditions exhibited up to 31 % sorption of *™T¢ over the same period. The
forest-marshland soils were characterized by higher organic carbon content and
contents of amorphous iron and aluminum compounds as well as lower pH values
than the grassland-shrub soils. In all soils at the 48 h equilibration time, sorption was
strongly correlated to organic carbon, total nitrogen, extractable iron and aluminum,
several clay and silt fractions and low pH. After 1050 h of equilibration the carbon
and nitrogen components significantly increased the technetium sorption [24].
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The sorption of *Tc under aerobic and anaerobic conditions was determined for 34
soils that were selected from across central Canada to represent a broad range of
chemical and textural characteristics. The aerobic K, values were 0.0 and 0.5 Vkg for
mincral and organic soils, respectively, the anacrobic Ky values were 18 and 68 l/kg,
respectively. The K values arc given by

Concentration of Tc in soil solution (Bg-l 1y

Ky = Concentration of 1c sorbed onto soil solids (Bq-kg ! dry soil)

The anaerobic K values tended to increase with clay content and pH and appeared
to be higher for the more humified organic soils [25].

Organic matter i1s obviously a geochemical sink for technetium in soils and sedi-
ments. Complexes of technetium with humic acids were shown to be quite stable and
characterized by rather slow ligand exchange rates [26]. Soil organic matter will stabi-
lize reduced pertechnetate in chelating complexes, possibly in a varicty of combina-
tions of coordinating functional groups such as aminc, carboxyl, carbonyl, mercapto
and hydroxyl. Local reducing conditions in soils can be generated by microbial
growth. Reoxidation of humic acid technetium complexes by air may proceed in half-
life values in the range of 10 to 100 days [27].

A study of the complexation of technetium with well characterized humic acid indi-
cated the formation of technetium humate as a brownish-black precipitate after addi-
tion of Sn(l11) as a reductant to a solution of pertechnetate and humic acid at pH 4 in
0.1 M NaClQ,. A +3 valence statc of technetium in the technetium humate complex
was derived from the reduction process [28].

The distribution coefficients K4 [cm?/g] for the sorption of >™Tc by peat and the
rates of sorption and desorption were determined as a function of the concentration
of CaCl, as a supporting electrolyte, the concentration of dissolved oxygen, and the
pH of the solution. The K4 values of Tc, added as ‘)SmTCO;, increased if the concentra-
tion of dissolved oxygen or that of CaCl; decreascd. The influence of pH was negligi-
ble. The half-times for the rates of sorption and desorption were in the range of 20-60
min and 500-900 min, respectively [29].

Diffusion of *Tc and other fission products such as '**Cs and °?Eu as well as the
actinides >*’Np, 2*!Am and natural uranium was studied in a sample of a scdiment
from an enclosed brackish water bay of the Baltic Sea. Under oxidizing conditions
TcO; did not interact with the sediment to any large degree. Deeper laying sediments
were depleted of oxygen and showed negative redox potentials. In this casc the appar-
ent diffusivity of *Tc D,=5-10 '* m?-s~! was low compared to compacted clay with
D,=8-10 '"m?-s7!, indicating a reduction of TcO; [30].

The biosorption of **Tc by natural bottom sediments of the cutrophic Lake Beloye.
one of the Kosino Lakes near Moscow, was also studied. The initial concentration of
%Tc in samples of the lake water was 25 mg/l. The bottom sediments sorbed 98 % of
%Tc within 4.5 months at room lecmperature. The samples of the sediments and the
benthonic water were withdrawn at a depth of 9 m. The ratio between the volumes of
suspended particles of the scdiment and water was 1:3. The pH 7 of the lake water
was practically unchanged by addition of *Tc as NaTcOy. The sorption of *Tc is
explained by sulfate reducing bacteria generating H,S, which reduces TcO, {31].
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Investigations on the transfer of *TcO, from surface water to organic-rich bottom
sediments in the freshwater Perch Lake, located on the Canadian Shicld, revealed
very low transfer rates of only 1.4 to 3.3 % of radioactivity per day. The same range of
transfer rates was found for I ~and '*!1- [32].

The rctention and migration of “Te in sediments and rocks deserves much atten-
tion when considering the problem of separating long-lived radionuclides in high-level
radioactive waste repositories from the biosphere. *Tc was considered to be almost
not sorbed by deep geologic media, apparently on the basis of experimental data
obtained with TcOj under oxidizing conditions. However. mobile TcO} can be
reduced to less soluble compounds in the presence of igncous rocks like basalt or
granitc [33]. Already under the reduction potential expected for groundwater not in
contact with the atmosphere. TcOj is no longer a stable species. Rather. insoluble
hydrated forms of TcO, [34] will occur. Iron(Il)-containing minerals, ¢. g. magnetilc,
scem to have a reducing effect after a contact time of 24 h [35]. The degree to which
geological media will influence the chemical state of ¥Te was determined by the reac-
tivity of the rocks, the contact time and the degree of weathering and oxidation of the
fracture surfaces through which migration occurs [33].

TcO; shows only minor interaction with inorganic solids. In acrated aqueous
solutions the sorption bechavior of TcO, resembles that of CIO;. Sorption ratios
R, = h_)[:_’g % with the initial counting rate of the spiked groundwater /¢, the count-
ing rate at the end of the experiment I;, the volume of the solution V, and the
mass of the sediment m. found with natural sediments from Gorleben, Germany,
consisting mainly of quartz and silicates, are of the order of 0.1 ml/g. The sorption
of TcO; was found to be reversible and is explained by physical adsorption at the
surface of the grains of the sediments. At low redox potentials (Eh), i. e. strongly
anaerobic conditions, where hydrated TcO, is the stable species, high sorption
ratios of the order of 10° ml/g were measured that did not depend significantly on
salinity. The sorption was not reversible. When Eh is increased, the sorption ratios
decreased rather sharply at about 170 mV. The difference between the sorption
ratios under reducing and under oxidizing conditions was about 4 orders of magni-
tude [36].

4.2.2 Occurrence in rainwater, freshwater, and the atmosphere

MTc was detected early in surface waters and rain samples. In surface water samples
at Argonne, Wisconsin, radiochemical determination since 1965 yielded values rang-
ing from 0.018-1.82 Bq/l [37] which are by some orders of magnitude higher than
those found in rain samples collected in 1967 at Commerce. Texas varying from
0.52-10 * to 6.3-10 * Bqg/l |38]. The activities of *Tc determined in these studices arc
low and appear ncgligible, because they do not represent major environmental con-
tamination. To measure “*Tc in fallout, a neutron activation analysis procedure using
the reaction *Tc(n,y)!%Tc was developed [39]. The estimated detection limits with
sample irradiations at a thermal neutron flux of about 5-10* n-cm ?-s' were
5-10 2 g %Tc (3.1- 103 Bq) in filter paper samples [40].
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Tc and ?Sr concentrations were determined from a composite rain sample col-
lected in 1975 in Commerce, Texas. The concentrations were 0.75-10™* and 1.83- 10 2
Bg/l, respectively, indicating that the *Tc/*Sr activity ratio of 4- 1072 increased since
1961, when the tatio was 1.8-107%. All observed *°Tc/?"Sr values werce larger than the
anticipated values from the neutron-induced fission of >*U or 23°Pu, which points to
sources of °?T'c other than fallout, c. g. release of “Tc 1o the environment by nuclear
fuel reprocessing [41].

Water samples taken during 1985 and 1986 from the Rhone river exhibited *Te
radioactivities ranging from 0.1-2.1 mBgq/l [42]. *°T¢ in rain and dry fallout were col-
lected monthly in the summer of 1993 at Nakaminato, Japan in containers of distilled
water with a collection area of 0.21 m?. After concentration **Tc was measured by
ICP-MS. Valucs of 0.23 and 0.36 mBq - m~2 of ?Tc werc observed [43].

There arc only a few reports concerning **Te concentrations in the atmosphere. Early
measurcments of **Tc in the surface air of Seville, Spain, where no nuclear installations
existed, were done. Filter samplces taken from 1965 to 1967 were analyzed. The average
radioactivity of “Tc per 1000 m? of air vielded 1.23 mBq in 1965, 0.71 mBq in 1966 and
.78 mBq in 1967 [44]. In 1988 a compilation of **T¢ radioaciivity data and *1¢/'¥'Cs
activity ratios determined in rainwater and air was reported (Tablc 4.2.A).

Table 4.2.A *"Tc activity concentrations and *I'e/**Cs activity ratios determined for rainwater and air
samples, (1) = number of samples [45].

Year of Country PTe P/ Cs

collection Activity ratio - 10°
[mBq I (n)} [uBgqm™ (n)] Rainwater Air

Rainwater Air

1961 Arkansas, USA 66+ 33(1) - 1.1£05

1962 Arkansas, USA 1330 = 180(1) - 15+02 -

1965 Spain - 1.3 £0.5(4) - 4

1966 Spain - 0.7 £0.2(6)

1967 Texas USA, Spain 230 1+ 50(13) 0.7 £ 0.6(5) 38=13 10

1974 Texas USA 75 =25 - 259

1981 Sweden - 0.48 £ 0.07(8) - 125150

1985 (Nov) Monaco 20+ 5(1) <0.2 19+5 -

1986 (Jan) Monaco 20 + 10(1) - 15+8 -

1986 (Mar) Monaco 90 + 5(1) - 23+0.2

1986 (May)  Monaco 20000 = 2500(1) - 0.23 =006 -

1986 (Jun) Monaco - 3.6+ 0.8(1) - 206

4.2.3 Accumulation in plants, microorganisms, and animals

Readily soluble pertechnetate ions in soil may compete with nutrient ions for uptake
by plant roots possibly leading to accumulation in foodstuffs,
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Soybean (Glycine max.) and wheat (Tricicum aestivium) plants were grown in silt
loam amended with “TcO, ranging from 0.001-5 pg (0.63-3145 Bq) *Tc per gram
of soil. At the 0.001 and 0.01 ug/g levels soybean plants were similar in appearance
to the controls. Howcever, at the 0.1 pg/g level, growth did not occur beyond cotyle-
don expansion. At the 5 ug/g level growth ceased 3 days after emergence. *I'c was
mobile in the soybean plant with the highest concentrations in the cotyledon, fol-
lowed by the lcaves, stem, and bud. Marked enrichment in ®Tc concentration up
to 380 pg/g in the aerial portion of the plant occurred with increased soil concen-
tration up to 5 ug/g [46]. Observation of mitotic figurcs did not reveal any chromo-
some aberrations, micronuclei or chromosome bridges. It is quite probable that the
growth effects are duc to chemical toxicity, possibly duc to nutrient competition
and/or substitution in uptake or metabolism. However, a radiation effect cannot
completely be excluded [47].

Toxicity symptoms in wheat were also observed at the 0.1 pg/g level. The plants
werc stunted and there was a necrosis of the blade tips and margins. Growth did
not occur at the 1.0 ug/g level. Wheat exhibited the highest *’Tc concentrations in
the blade [46]. The piant affinity for TcO, applicd to soil is high and generally
excceds that reported for other non-nutrient nuclides arising from the nuclear fuel
cycle [48].

The accumulation of **Tc by tumblewced and cheatgrass on arid soils was mea-
sured. The initial soil concentration of 10712 g *Tc/g added to the soil as pertechnetate
was traced by ®™Te. At the three month harvest time the uptake of the added Tc ran-
ged from 23 to 82 % for tumbleweed and 10 to 69 % for cheatgrass [49].

Pea plants (Pisum sativium) were grown in diluted Hoagland nutricent solutions at pH
5.5 contaminated with diffcrent levels of *TcO;. No symptoms of toxicity werce observed
in the radioactivity range 63-63 - 10* Bg/l, only some delay in the maturation of fruits with
increasing concentration of *Tc was cstablished. The observation confirms the higher
resistance of Pisum sativium to *Tc in comparison to other species like soybean [46]. “Tc
is translocated to acrial parts. Leaves constitute the predominant repository of *Tc in the
pea plant. Concentration factors (radioactivity per g fresh weight/radioactivity per ml of
the nutrient solution) reached values of 10 for leaves [50). The translocation of **Tc from
soil to lcaves of Pisum sativum is reduced in soils rich in organic matter, indicating some
TcO, modification in soils with time [51].

In order to quantify the interception and retention of Tc by herbaceous vegeta-
tion as a consequence of direct deposition and uptake from soil, field experiments
were performed. A simulated rain containing a solution of ®*™TcOj; was applicd to
plots of bare soil and plots with standing vegetation. Vegetation standing during
application obtained *™T¢ from both direct foliar interception and root uptake.
The concentrations of *™Tc in emerging vegetation decrcased with time by an
cffective first-order rate constant of 0.016 days,”! equivalent to an environmental
hali-life of 43 days. The rctention of *™Tc¢ by vegetation recciving direct contami-
nation varied with half-lives ranging from 15.9 to 18.7 days. The results indicate
that ®™Tc¢ is removed from vegetation, regardless of whether the Te content in
vegetation is from direct deposition onto plant surfaces or root uptake from soil
[52].
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'The uptake of *TcO, by mature Swiss chard plants from sandy and peaty soils
revealed that *“Tc is predominantly translocated to the shoots. In sand, where the
sorption capacity of the soil is negligible, ®Tc uptake was four orders of magnitude
higher than from peat [53].

The sorption of " TcOj by roots of hydroponically grown soybean seedlings (Gly-
cine max.) was shown to be lincar from 10 7 M pertechnetate solutions for at least 6 h
and to exhibit characteristics of carrier-mediated transport commonly associated with
the sorption of nutrient ions in higher plants. Analyses of *TcO} uptake in the pres-
ence of individual nutrient anions revealed the sorption to be competitively inhibited
by sulphatc, phosphate, selenate. and molybdate indicating the use of common trans-
port mechanisms [54].

To assess the relative extent of Tc sorption and its mobility, plants were grown for
40 days in hydroponics amended with 10 + M *TcO, . Uptake rates in roots and leaf
concentrations after 48 h were determined (Table 4.3.A).

Table 4.3.A Comparison of *’I'c uptake rates and leaf concentrations in different plant species [55].

Plant Plant Plant leaf
uptake rate (48 h)
lug-h™ g“1 dry wt root] concentration
lug- g dry wt]
Spanish bunch onion (A/lium cepa) 0.57 7.7
Garden bunch onion (Allinm cepa) 0.80 4.1
Yellow bulb onion (Allium flavum) 1.1 13
Garlic (Allium sarivun) 0.16 4.6
Leek (Allium porrunt) 0.40 59
Radish (Raphanuts sativis) 44 62
Mustard (Brassica juncea) 3.7 79
Soybean (Glycine max.) 2.1 130
Alfalfa (Medicago sativa) 29 94
Pea (Pisum sativium) 0.98 46
Lettuce (Lactuca sativa) 1.4 12
Cabbage (Brassica oleracea) 23 28
Carrot (Daucus sativa) 0.87 23

Sorption rates for the 13 plants studied ranged from 0.16 to 4.4 ug *Tc h 'g™' drv wt
root. Leaf concentrations ranged from 4.1 1o 130 pg *Tc - ¢! dry weight after 48 h. The
five Allium specics exhibited both the lowest sorption rates and the lowest leaf concentra-
tions. Obviously. there arc substantial differences in sorption rates and leaf concentrations
among plant species. Frequently, greater than 90 % of the *°Tc contained in the tissuc is
soluble in water. If the soluble fractions are further fractionated by ultrafiltration, it
appears that thc majority of ?”Ic accumulated in tissues is in a form other than 1cQO; . The
data suggest that *”T¢ accumulated by plants is predominantly incorporated into soluble
plant macromolccules or complexed by plant metabolites [55].
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When NH,”TcO, was administered in subtoxic levels to spinach plants (Spina-
cea oleraces) growing in nutrient solutions, it was shown that *?Tc is transported in
the plants as *TcO7, that free " IcQj is present in growing lcaves. that uptake
and incorporation arc directly proportional to the pertechnetate concentration of
107°-10 * M in the nutrient solution and that rates of uptake and mectabolization
decrease with increasing age of the leaves. In the roots and petioles of spinach
plants of four weeks of age about 60 % of all “Tc¢ is present as TcO, . Accumulated
TcO, is continuously metabolized as shown by a decrease of the 1cQ, fraction as
a function of time [56].

In the leaves Tc is almost exclusively concentrated in the chlorophyll containing
cells. In addition, fixation occurs in thosc cells and organs of nitrogen reducing organ-
isms containing nitrogenase. Such observations support the idea of reduction of TcO,
in cell compartments which generate high reducing power. Illuminated samples of
broken chloroplasts isolated from spinach plants indicate that TcO, might be reduced
in reactions linked to the photochemical events [57].

Isolated spinach chloroplasts, thylakoids, and purificd compounds of the photosyn-
thetic electron transport chain were incubated with ®TcO, . After illumination. the
quantity of reduced #TcO, was mcasured with gel filtration chromatography. Iso-
lated thylakoids showed reduction of ®TcO7 in the light, suggesting direct interfer-
ence of TcQ, with the clectron transport chain. **TcQ, is reported to be mainly
reduced to an extractable Te(V) compound. The stable complexes in vivo are sup-
posed to originate through ligand exchange with strong complexing agents such as
thiol compounds. The normal electron acceptors O, and NADP* (nicotinamide-
adenine dinucleotide phosphate) inhibit reduction of #TcO, [58].

Corn plants (Zea mays) were grown under greenhouse conditions in a nutrient so-
lution containing 2.2-2.3 MBq *™TcO; /1. After six weeks almost 40 % of the ™ T,
biologically incorporated into corn leavcs via root uptake, was present in plant tissue
in forms that are not readily extractable. The bound forms of technetium in the lcaves
appear 1o be mostly complexes with proteins and polysaccharides of the plant cell
walls [59Y].

The uptake of *?Tc by trees such as red maple (Acer rubrum), yellow poplar (Lirio-
dendron tulipifera) and clm (Ulmus spp.), intercepting contaminated groundwater
from a radioactive waste storage site, was studied in a forest ecosystem. Although
technetium was accumulated progessively over the growing season in leaves, average
concentrations in wood and twigs werc cqual to or greater than concentrations in
leaves. Tree wood was the major above-ground pool. The most important return path-
way for "Tc to the forest floor was lcal fall [60]. Chromatography of the ethanol-
waler extract from the wood of maple tree {Acer sp.) and the alkalinc cxtract from
leaves demonstrated **Tc to be complexcd in molecules of a molecular weight > 1000.
In the leafl ¥ TcO, is converted to less soluble forms apparently associated with struc-
tural components of Icaf cell walls [61].

Gross subcellular distributions of TcO, and ¥SO3~ were shown to be similar in
soybean scedlings. In vitro assay of chloroplast-based *SO3 reduction and incorpora-
tion systems showed *TcO, to be reduced and incorporated into amino-nitrogen con-
taining products [62].
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To investigate cytological effects of “Tc, soybean sccdlings were exposed to
#TcO; at various concentrations in dilute culture solutions. Reduced primary leaf
midrib length was observed with 67 h exposures to >6 uM *Tc. After 43 h or longer
exposure, cellular cifects were observed consistently by a light microscope. Already at
lower “Tc levels, abnormal cells were interspersed among cells of normal appearance.
Abnormal cells displayed blockshaped nuclei that frequently demonstrated incipient
plasmolysis. At levels of >13.2 uM *TcO, , cellular damage was extensive. Cells were
reduced in sizc and were highly plasmolyzed, cell walls were distorted and intercellu-
lar spaces werc reduced or became non-existent. Mitotic activity was observed at
'1'cO; concentrations < 9.9 uM. The cellular cffects are attributed to the alteration of
membrane permeability characteristics [63).

Experiments on the transfer of >™1'cO, from soil to ricc and wheat plants were carried
out. The soil/plant transfer factors of *>™Tc for rice plants were < 0.005 on dry weight basis
for hulled grains and 1.1 for the lower leaf blade. In contrast, much higher transfer factors
were found for wheat plants, i. e. 0.027 for the hulled grains and 230 for the lower leafl
blade. The level of **Tc¢ in the soil solution collected from the flooded soil used for rice
plants was found to decrcase rapidly with time. For wheat plants grown in non-flooded
soil, the decrease of the *Tc level in the soil solution was rather slow. Obviously,
9mTeO] was readily transformed under the reducing conditions in the flooded soil to
insoluble forms of *>™T'c, which could explain the low transfer factor for rice plants [64].

Similar experiments for evaluating transfer factors of *>™T¢ from soil to vegetables
resulted in the following average values based on Bq of dry weight of gram of soil and
vegetable (Table 4.4.A),

Table 4.4.A Transfer factors of “™I'c from soil to cdible parts of vegetables [65].

Cabbage (Brassica oleracea) 13+ 16
Chinesc cabbage (Brassica campestris) 0.8 +0.8
Spinach(Spinacia oleracea) 17 8
Komatsuna (Brassica rapa) 11 +£95
Carrot { Daucus carota) 19 =02
Onion (Allium cepa) 05 =04
Sweet potato (Ipomuaea batatas) 0.08 £ 0.01
Tomato (Lycopersicon esculentiun) 0.3 =0.1

Transfer factors for leaf vegetables such as spinach or komatsuna are considerably
higher than those of edible parts of non-leaf vegetables. Technetium taken up through
roots was not retained in roots, but transported into the leaves [65].

The deposition, migration, and annual variation of *Tc fallout in carpets of lichen col-
lected during the period 1956-1981 in Finland. Sweden, Iccland, Norway, Spitsbergen,
and Yugoslavia were investigated. *Tc showed a shorter mean residence time in the
lichen carpet than '3’Cs. The maximum concentration of **Tc of ca 60 mBq per kg of dry
weight lichen occurred in 1967 in Sweden at the sampling site in the Lake Rogen district
[66].
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The biochemical effects of *TcO, were studied in microorganisms like non-sul-
phur purple bacteria, blue-green algae, protozoa, diatoms, heterotrophic bacteria, red
algac and green algae. Sensitivity to pertechnetate. as measured by growth, ranged
from marked inhibition at 1 ug ?"Te/ml for the non-sulphur purple bacteria to no
effect at 600 pg **Tc/ml for green algac. The bluc-green alga (Agmenellum quadrupli-
catum) bound *’Ic from the medium containing 1.5 mM #TcO, to a level of 3 pg/mg
dry weight cells in the light, but little or nonc in the dark. TcO; in the medium caused
a rapid but temporary increasc in ATP levels of Agmenellum quadruplicarum and the
protozoan Tetrahymena pyriformis. Respiration of Tetrahymena pyriformis and Bacil-
lus subtilis and photosynthesis of Agmenellum quadruplicatum were immediately slo-
wed by the uptake of #TcO; [67].

Bioaccumulation and chemical modification of TcO,, traced with >™TcQ, ., by
aerobically and anaerobically grown soil bacteria and by pure cultures of sulphate-
reducing bacteria (Desulfovibrio sp.) were investigated. Acrobically grown bacteria
did not accumulate Te¢ nor modify its chemical form. Anacrobically grown bacteria
exhibited high bioaccumulation and reduced TcO, . The concentration ratio values
observed over a 200 h period ranged from 50 to 600. The reduction of TcO, was a
metabolic process. Association of Tc with bacterial polysaccharides was found only in
culturcs of anacrobic bacteria. Sulphate-reducing bacteria efficiently removed Tc
from solution and promoted its association with organics. Up to 70 % of the total Tc
in the growth medium was bioaccumulated and/or precipitated [68].

For measuring the bioaccumulation of “™Tc in fishes and snails a small experimen-
tal freshwater pond was spiked with *>™T¢. The concentration factors based on the
calculated body burden (fresh wt) for carps (Caprinus carpio), mosquitofishes (Gam-
busia affinis). and snails (Helisoma sp.) were 11, 75, and 121, respectively. The effec-
tive biological half-lives were 2.5, 4.3 and 21.3 d. respectively [69].

For two freshwater specics, the crayfish (Pacifastacus leniusculus) and the snail (Juga
silicula) whole-body concentration ratios of 1.6 and 41, respectively, were obtained when
PmTcQ, was used as a tracer. lissue distribution data showed that 79-100 % of the cray-
fish body burden was in the exoskeleton and digestive gland, whercas the soft tissues of
the snails contained 82-96 % of the whole-body activity [ 70].

9mTcO; was accumulated rapidly from a freshwater pond by periphyton, zoo-
plankton, and algae. Aquatic insccts such as adult backswimmers (Notonectidae), dra-
gonfly nymphs (Libellulidae) and others (Coleoptera, Diptera, Hemiptera, Odonata,
Trichoptera) concentrated *>™Te by factors of 3-8, based on wet weight. Macrophytes,
¢. g. Elodea canadensis, very rapidly reached tissue concentrations of *™T¢ equivalent
to the water concentrations and continued to accumulate until the concentration fac-
tor was equal to the upper range of those reported for terrestrial plants. A comparison
(Table 4.5.A) of concentration factors for (reshwater and marine organisms shows
that, with the exception of brown algae and lobsters, the bioaccumulation of techne-
tium by similar organisms is in relatively good agrecment despite marked differences
in environmental and experimental conditions {71].

Experiments with goats showed that ™Tc given orally as pertechnetate is readily
sorbed from the gastrointestinal tract. Within 1 h after administration thc concentra-
tion was about 0.1 % of the administered activity (S MBq) per liter of blood plasma.
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Table 4.5.A Comparison of technetium concentration factors (CF) for freshwater and marine organisms

[71]. Sce literature cited in [71]

Freshwater CF Marine CF
Periphyton Phvtoplankton
Slide samples 40 Heterocapsa pygmaca 17
Mixed flagcllates 1
Phytoflagellates 1
Algac Algac
Green algae 1-10 Brown algae 250-2500
Red and green algae 1-20
Macrophytes
Elodea canadensis 61
Zooplankton Zooplankton
Diaptomus reighardi 36 Artemia salina 3
Difflugia LEuphausiid 1
Ostracods
Other crustaceans Other crustaccans
Shrimp crab, isopod 2-12
amphipods
Crayfish Lobster 1000 1400
Pacifastacus leniusculus 1.6 Hormarus gammarus
Cambarus 30
Molluscs Molluscs
Margaritifera margaritifera 0.9 Mytilus edulis 2
Corbicula manilensis 1 Mytilus galloprovinciallis
Mytilus californianus
Crassostrea gigas
Snails Red abalone
Helisoma sp. 121 Haliotis rufescens 100-200
Juga silicula 41
Gastropod
Aporrnais pespelicana 3
Aquatic insects 3-8 Fishes
Notonectidae Pleuronectes platessa 9
Belostomatidac Raja clavata 8
Chironomidae Blennius pholis 2
Dytisidae
Tricoptera
Odonata
Amphibians
Taricha granulosa 11
Fishes
Cyprinus carpio 11
Gambusia affinis 75

However, the concentration fell rapidly and after 24 h it was about 0.005 %/1, there-
after the decrcase was slower and the concentration was still about 0.001 %/1 cight
days after administration. A similar pattern was seen in milk, where as much as 1.5 %/
1 was secn the first S h alter administration. After 2-3 days the concentration in milk
was 0.005-0.05 %/1. In muscular tissues thc measurcd amounts of *>™T¢ were often
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below the detection limit, which indicates that the transfer of TcO, from grazing ani-
mals via meat to humans is of minor importance [72].

The transfer of *™L'cO; from pasture to milk of goats was much lower than that for
1311 under identical ficld conditions. The transfer of '*'I to goat’s milk was about 5600
times more than that of *™Tc¢ after S d of grazing contaminated pasturc. It is apparent
that the food chain behavior of ™Tc is very different from that of '*'1. The transfer of
9mTe from pasture to milk is affected not only by the reactions in the rumen, but also by
reactions with pasture vegetation. The results of this study are most applicable when aer-
ial deposition is the main source of technetium contamination [73].

The intestinal sorption of ™T¢ given as ™ TcOQ; was studied in female goats and
swine. Only 0.1 % of the dose administered orally was found in the milk of goats,
90 % was found in feces. Swine retained **™Tc in the thyroid gland with a biological
half-life of 20 h. goats with 30 h. 200 h post-administration the liver in swine contained
three times as much ®™Tc as the thyroid or kidneys. The conclusion of these experi-
ments would be that the concentration of *>™Tc does not present a hazard to humans
from consumption of milk or meat |74].

9mTc was administered as pertechnetate to sheep. Urinary excretion amounted to
only 1 % of the dose. Most Tc was excreted within 4 days by the fcces. Highest spe-
cific activities were found in thyroid followed by liver and kidney. Considcrable activ-
ities were also detected in skin and wool. Wool may constitute an casily accessible
indicator to asscss the extent of a *T'¢ contamination [75].

Japanese quail (Coturnix japonica) are often considered suitable substitutes for
commercial laying hens, because of their lower fecd consumption compared to domes-
tic chickens. Concentration ratios and transfer cocfficients for this specics were deter-
mined using fecd containing 0.74 - 10* Bq “™T¢/g. The data showed that the %™ T¢
content in males and females differed principally because ™ Tc was preferentially
deposited in oocytes and albumin. The highest *>™Tc concentrations in tissues of lay-
ing quail were in oocytes, followed by the fully formed unlaid egg. The corresponding
concentration ratios (Bg-g! wet tissue/Bq-g ! air dry food) were 0.01 and 0.003,
respectively. The shelled egg contained five times the daily ingested dose found in
muscle, liver, gizzard, and heart combined. Transfer coefficients for males indicated
that gizzards contained about 53 % of the total amount of *™Tc¢ in ediblc tissues, fol-
lowed by muscle, liver, and heart. Both the concentration ratio and the weight-based
transfer cocfficient show that liver, and gizzard present a greater potential for transfer
by ingestion than do muscle or heart |76].

4.2.4 Occurrence in the marine environment

Only a limited number of **Tc concentration data in surface scawater are available
(Table 4.6.A)

99T¢ can reach the sea from both fallout from nuclear weapons testing and releases
trom the nuclear fuel cycle. The considerably high concentrations of *”I'c of 4.5 and
even 108 mBg/l in the Irish Sea may originate from the Scllaficld nuclear fuel repro-
cessing plant at Scascale, UK. with perhaps a contribution from the Capenhurst
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Table 4.6.A “’Tc activity concentrations in surface waters from different areas [2].

Year of Sample area "Tc [mBg/l] (average)
collection

1969 Irish Sea 4.5
1972 Irish Sea 108
1980 North Sca 0.7
1981 North Sea 3.5
1985-86 Mediterranean 0.07
1986-87 Mediterranean 0.03
1983 Baltic Sea 0.07
1986 Baltic Sca 0.04
1980 Norwegian Sca 0.36
1980 Barents Sea 0.56
1984 Davis Strait 0.04
1988 Greenland Sea 0.08

enrichment plant via the Dce Estuary [77]. Most of the *Tc¢ activity concentrations in
Table 4.6.A range between 0.03 and 0.56 mBq/l. Around Japan valucs of 0.1 mBg/I
were measured [78].

More recently, the concentration of *Tc in coastal seawater samples collected 1993
in Fukuoka (Kyushu) Japan was determined by TCP-MS. *“Tc was enriched by copre-
cipitation on iron hydrated oxide and scparatcd from impuritics by solvent cxtraction
and ion exchange techniques. The **Tc concentrations found were only 1-7 uBql. The
activity ratio of *T¢/!37Cs was 2.7 - 1074, which is very close to the value expected for
fallout from nuclear tests {79).

Several sea scdiments were analyzed for *°Tc (Table 4.7.A).

The sediments exposed to weapons testing or adjacent to nuclear facilities have
accommodated significant amounts of Y9Tc. The Bravo Crater, Eniwetok, Marshall
Islands, contains calcareous debris rather rich in ®Tc. The JAEA sediments were col-
lected ncar the reprocessing plant at Bombay, India. There was a measurable *Tc
content in the coastal sediments collected off the coasts of Peru and Chile. This might
be related to the mineral phosphorite. Samples of Whitchaven Harbour scdiments
were taken near the Sellaficld, UK, reprocessing plant outfall. *Tc was also detected
in sediments from the Clydc Estuary, UK, but with no evident differences from those
taken from anoxic or from oxic arcas [80].

In the marine environment, green, red. and brown algac as well as phancrogams
arc primary producers of organic matter. The green marine alga Acetabularia acetabu-
Ium showed concentration ratios for *™TcO; of some hundred (activity incorporated
g '/activity ml™! seawaler) while for the green alga Ulva laciuca a concentration ratio
of 11 was found. The green alga Boergesenia forbesii, on the contrary, appeared to be
incapable of accumulating *>™Tc. All studicd brown algae such as Ascophyllum nodo-
sum, Cystoseira compressa, Ectocarpus confervoides, Fucus serratus, and Fucus vesicu-
losus concentrated *™T¢ by ratios ranging from 6 to 85 [81].
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Table 4.7.A **Tc in marine sediments [80].

Sample “Te [By/kg]
Bravo Crater, Eniwetok Island

Muarshall Islands 187 + 6
[TAEA sediment (SD-B-1) 78+ 5
Saanich Inlet. Washington USA

0-6 ¢cm not detected
Santa Barbara Basin. California, USA

(1960 1962) not detected
Peru 107 £ 10
Santa Monica Basin, California, USA not detected
Chile 78+04
Soledad Basin, Mexico not detected
Marzatlan, Mexico not detected
Sediment dredge, San Onofre

California, USA not detected
Whitchaven Harbour, UK

Surface (silt) 77 +04
Clyde, UK

Anoxic 9.2+08

Along the east coast of Sweden ?°Tc activity concentrations of 1.3 Bq per kg dry
weight of the brown alga Fucus vesiculosus were found in 1982, whercas on the south
coast higher values of 4.5 Bg/kg were observed. The west coast even showed values of
around 80 Bg/kg. The reason appears to be an inflow {rom the North Sea. Surface
water activities for *Tc of 68 mBg/m? in the Baltic Sea result in activity concentration
ratios Fucus/seawater of about 40000 [82].

In batch experiments the macrophytic brown algac Sargassum vulgare, Cysto-
seira complexa, Dictyopteris membranacea, Dictyota dichotoma implexa, and the
macrophytic green alga Ulva rigida were contacted for 72 h at 20 °C with Mediter-
ranian scawater containing 18.5-10% Bg/l *™TcO, . Concentration factors between
7 (Ulva rigida) and 300 (Sargassum vulgare) were obscrved demonstrating the ten-
dency of lower pertechnetate uptake of green algae compared to brown algae [83].
Fixation of **I'c by brown algae appcars to be an aclive process rather than one
of simple, passive sorption. The uptake is both temperaturc- and light-dependent
with rapidly growing parts of the plant showing the highest activitics per unit
weight [84].

The uptake of “*™Tc¢ added to marine algae in seawater as ™ TcQ, was localized
by autoradiography. In the brown species (Ascophyllum nodosum, Fucus spiralis and
Fucus vesiculosus) as well as in the red species (Porphyra umbilicalis), the distribution
of 9™ 1c was heterogeneous. The nuclide was mostly accumulated in those parts of
the algae which bore reproductive cells or contained young tissues. A close relation
was suggested between active cellular metabolism and *>™Tc¢ accumulation. Since
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brown algac have high concentration factors they could constitute an important link
in the transfcr of technetium through the food chain (Table 4.8.A) [85. 86].

Table 4.8.A Tcechnetium uptake by green. red. and brown marine algae [85]. Sce literature cited in [85].
The concentration factor is defined as the ratio Bq - g ! alpac (wet wt)/Bg - mi L)’”"1‘604 solution.

Species

Concentration factor

Green algae

Acetabularia acetabulum 348
Boergesenia forbesii 0.7
Bryopsis hypuoides 350
Caulerpa prolifera 0.6
Lnteromorpha intestinalis <1
Ulva lactuca 11
Ulva rigida 7
Red algae
Chondrus crispus 4
Iridaea splendens 1
Porphyra umbilicalis (L1-5
Rhodvmenia palmata 8
Brown algae

Ascophyllum nodosum 9000
Colpomenia sinuosa 14
Cystoseira complexa 332
Cystoseira compressa 53-85
Cvstoseira sp. 2500
Dictyota dichotoma 31
Dictyopteris membranacea 21
Ectocarpus Confervoides 30-49
Fucus serratus 12000
Fucus spiralis 51000
Fucus sp. 88000
Fucus vesiculosus 100000
Fucus virsoides 1100
Laminaria digitata 400-800
Nereocystis pyrifera 1000
Sargassum vulgare 1300

Brown algae from Tki Island, Nagasaki Prefecture, Japan, showed 99T¢ concentra-

tions of 1.2-107* to 5.8-107% Bg/kg wet algae and concentration factors ranging
between 13 and 583 [78].

“mTcQ; was added in picomolar quantitics to monocultures of seven species of
marinc phytoplankton. including a green alga (Dunaliella tertiolecta), a diatom (Tha-
lassiosira pseudonana). a bluc-green alga (Oscillatoria woronichinii), a prasinophyte
(Tetraselmis chuii), two haptophytes (Emiliania huxlevi and Cricosphaera carterae),
and a dinoflagellate (//eterocapsa pygmaea). None of the species appreciably concen-
trated »™Tc in 4 days. Wet weight concentration factors never exceeded 20 for any
species. The results indicate that phytoplankton are likely to have negligible influence
on the cycling of technctium in marine systems [87].

The aquatic microorganisms Favobacrerium halmephilum, Uronema marinum,
Chlamydomonas reinhardtii, and Dunaliella bioculata arc capablc of fixing *>™T¢ or
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¢, In spite of the fact that both Chlamydomonas reinhardiii  and Dunaliella
bioculata are wall-less, the first microalga accumulates Tc with a concentration factor
of 90, whereas the second one concentrates T'c with a factor of only 0.3. On the other
hand. the cell wall appears not to be a barrier to the penctration of Tc inside algal
cclls, because the unicellular alga  Acetabularia, which possesses a thick cell wall,
strongly accumulates Tc up to a concentration factor of 400 [88].

For three species of mussel, Mytilus edulis, Mytilus galloprovincialis, and Mytilus
californianus, steady state concentration factors for “™Tc, following uptake of
95“‘TCO4 from labelled scawater, ncver exceceded a value of 2. The samce low value
applies for the oyster Crassostrea gigas. Other members of the phylum Mollusca do
not show the same low concentration factors [89]. For the red abalone Haliotis rufes-
cens, the whole-body concentration factors for ™ T¢ ranged from 135 to 205 and the
biological half-life was 60 days. The highest activitics were in the order of digestive
gland > gill > kidneys > heart > gonad > columnar muscle. The total radioactivity was
partitioned nearly equally between soft tissue and shell [90, 91].

Pronounced differences have been observed in the uptake behavior of Te in crusta-
ceans, i. ¢. shrimps, crabs, isopods, and amphipods in contrast to lobsters. With the
exception of lobsters, all the specics mentioned exhibited whole body concentration
factors that range between 2 and 12. For lobsters, values between 1000 and 1400 were
recorded [92]. Particularly high concentration factors of 10* occur in the lobster hepa-
topancreas |89].

Among the invertebrates, seastars display a particularly marked ability to assimi-
late and retain a variety of heavy elements such as vanadium, plutonium, americium.
and californium. The subcellular distribution of *™Tc was studied in the seastar
Marthasterias glacialis, the food of which was labelled with *™TcO, . The majority
(96 %) of %"Tc was taken up and rctained in the pyloric caeca. the gland responsible
for digestive and food storage processes. In the pyloric cacca “™T'c was largely asso-
ciated with the lysosomes. Chromatography indicated the presence of two distinct pro-
tein compounds which were responsible for binding virtually all of the technetium in
the soluble fraction. The anionic protein may play a role in metal detoxification at the
cellular level [93].

Within the phylum Annelida, polychaetes have shown a variation in their biokinetic
behavior of Tc not unlike that observed for molluscs and arthropods. Three species of
polychactes cxposed to *TcOj in scawater for a period of 40 d exhibited concentra-
tion factors ranging between 10 for Arenicola marina and 1100 for Perinereis cultri-
fera. Nereis diversicolor showed intermediate values of 100 and Nereis sp. concentra-
tion factors of more than 500 [89, 92].

Few cxperiments that deal with uptake of technetium in marine fishes have been
reported. The plaice Pleuronectes platessa showed an equilibrium concentration factor
of around 9 after 61 days, when *™TcO, was added to scawater. The highest concen-
trations were attained by kidney and the lowest by muscle. A mean biological half-life
of 46 days was observed [92]. The thornback ray Raja clavata attained cquilibrium
concentration factors near 8. The distributions of *™Tc at the organ/tissue level in
these two specics of fish were remarkably similar for both the direct water uptake and
the labeled food experiments. The data may be compared with the concentration fac-
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tor of 2 obscrved in the blenny (Blennius pholis) following 40 d of cxposure to
mrcQ, labeled scawater. The seabass Dicentrarchus labrax fed with %™Tc labeled
worms (Marphysa bellii) over a period of 18 days cxhibited an activity retention of
22 %. 48 % of the incorporated isotope was lost during a period of only 1.1 d [89]. The
marine fish Serranus cabrilla treated in scawater with TcQ, showed a concentration
factor of only 0.2. However, when the fishes were fed with labeled molluscs, 20 % of
the ingested *“Tc was assimilated [94].

A graphical represention of concentration factor data for some marine organisms is
given in Fig. 4.3.A. The data relate to direct uptake of >™TcQ, from scawater. It is evi-
dent that sentinel organisms for monitoring the change of “TcO, levels in seawater
would be relegated to brown macroalgae, certain species of polychaetes and lobsters. Of
these target materials, brown macroalgae appear to be the logical candidate [89].

4.2.5 Conclusion

Technetium-99, produced at high yicld by nuclear fission, is often thought to be a sig-
nificant long-tcrm risk to humans. It sprcads morc rcadily in the cnvironment than
many other radionuclides. TcOy is highty soluble and will not be sorbed in significant
quantities on soil and sediments without reduction. It was shown to be mobile in soil
and water and available for uptake by biota. Information is scanty on %*Tc¢ toxicity to
humans and animals, even though this is the decisive criterion for assessing the conse-
quences of the occurrence of *°Tc in the environment. Studies on rats given relatively
large amounts of NH,*TcO, for several months, revealed that thyroid damage as
well as cffects on pregnancy could be observed only after 10 pg °I'c per gram of food
was administered; 1 pg **Tc per gram of food yielded no changes. The radiological
toxicity of Tc might be even less than its chemical toxicity. It appears unlikely that
%Tc contamination levels in the environment would ever rcach levels that could lead
to scrious cffects, even in developing organisms [95].
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Fig. 43.A Maximum concentration factors for *»Tc¢ in marine organisms |89].
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The use of YT, the short-lived metastable isomer of **Tc, in nuclear medicine for
diagnostic organ imaging has dramatically increascd over the past two decades.
Already in 1973 concern was expressed about the impact of *™Tc disposal on the
cnvironment [96]. The relcase of medically used *™Tc can come from the wastes of
laboratories and from the excreta of patients. The diagnostic doses of **™Tc are in the
range of 20-1000 MByq. It is assumed that more than half of the radioactivity excreted
by patients can enter the sewage system. An inventory of the use of “™Tc by the
major hospitals in the sampling area of Cincinnati, Ohio, for example, showed that
already in the early 1970s in a typical weck about 710" Bq was administered to
paticnts and that around 1.1-10'"’ Bq per week was released to the Ohio River [97,
98]. However. the amount of long-lived *Tc produced from the decay of *™Tc is gov-
erned by the ratio of the decay constants and would be, even now, negligible.
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5 Isotopes and isomers

At present 22 isotopes and 9 isomers of technetium are known, and arc summarized
in ‘lable 5.1.A. The half-lives range from 0.3 s to 4.2 million years. As cxpected, long
half-lives arc obscrved in the range of mass numbers where electron capture decay
turns to § -decay. Long-lived isotopes are *"Tc (2.6-10° a), *¥I'c (4.2- 10° a). and **T¢c
(2.1-10° a). In this range of mass numbers, stablc isobars of the neighboring clements
molybdenum and ruthenium are known. Thus, according to Mattauch’s rule [6], no
stable technetium nuclide should exist (Fig. 5.1.A). An cxplanation for the absence of
S-stable isotopes of technetium regarding the odd number (43) of protons was given
as carly as 1951 [7].

Table 5.1.A Isotopes and isomers of technetium {1-5]. Spin values not determined experimentally are
put in parentheses.

Nuclide  Production Atomic mass  Spin and Parity Half-life Mode and energy [keV] of decay
{amau.] [h/2r]

“Te Mo(p,3n) 89.923810 1+ 8.7s £7900: 6950; 948

me “"Mo(p,3n) 6+ 4925 B3 71054: 948; 945 ..

e “Mo(p.2n) 90.918430 (92)+ 3.14 min B 72451 1639 1605; ...

Yimpe “Mo(p.2n) (1/2)- 3.3 min B 653, 503: 928; .

P Te “Mo(d.2n) 91.915257 (8)~ 4.23 min £'4300: 4100; 71510; 773; 329: ...
“Mo(p.n)

e “Mof(d,n) 92910246 9/24 2.75h T807: & 713632 1522; 1478; ..
"Mo(p,;)

Hmre “Mo(d.n) 12 43.5 min 1'1392; &, Y2645: 3129; 3221; ...
Mo(p.)
PNb(r4n)

HTe PNb(a.3n) 93.909654 7+ 4.883 h £ B7800; y871: 8501 916 ..
(”Mo(d,Zn)
‘”Mn(p,n)
Nb(*He,2n)

HnTe “Nb(a.3n) ()~ 52.0 min Br2A20; 58715 1869; 1522: ..
“"Mo(d.2n)

] “Mo(p.n)
" Te “*Mo(p.n) 94.907657 912+ 200 h £2-766; 1074; 948; ..

"fM()(d.n)
PMo(d.2n)
e "*Mo(p.n) 172~ 61d e 87700: 492: TT; 204: 582; 835; ...
“Mo(d.n)
PMo(d.2n)
*Te *'Nh(z.n) 95.907870 7+ 4.28 d £ +778: 850: 813: ...
PMo(p.n)
Mo (d.2n)
¢ P*Nb (2.n) 44 51.5 min 1134 5 -778; 1200: 481: ..
%Mo (pn)
Mo (d.2n)

LI I
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Nuclide  Production Atomic mass  Spin and Parity Half-life Mode and energy |keV] of decay
[a.m.u.] [h/2x]
“"Te daughter "Ru  96.90636+4 972 26-10°%  «
Mot(d.2n) (4.0 10° a)[5)
I ""Motd.n) 172 90.1 d IT97
""Mo(p,n)
“'Mo(d.2n)
e “\Mo(p.n) 97.907215 (6)- 42-10%a  FT397:.745: 652
“Te fission. 98.906254 912+ 213-107a f292:203
daughter Mo
e daughter Mo 1/2- 6.000 h ITI40: 143: 0 322;233
10 P re(n,y) 99.907657 1- 1585 £73380: 2880; 7540 5912 1512; ...
"Mo(p.an)
"*Rh(n.)
WlTe daughter Mo 100.907327 2 14.22 min A71320: 1070, 7307: 545; 127: ...
" daughter ""Mo  101.909208 1+ 5.28's £ 4150: 3400; 2200; +475; 105; 628 ...
W2orpe 192Ry(n.p) 4.5) 4.35 min £ 1600: 3200; 7475: 628; 630; .. . T
fission
1 Te fission 102.909172 512+ 542 £72200: 2000; 7136 346: 210; ...

MR u(nap)

mRu(r.p)
1041

Tc fission 103.911460 (3+) 18.3 min f5100; ... 1 7358 5315 535; ...
””Ru(n,p)

05T fission 104.911820 7.7 min B 3400: 7143; 108: 159: ..
191¢ tission 105914510 (1.2) 36 £ 5270: 2239: 1969; .
07 fission 106.915230 212 £ 7103 106: 177, ...
e fission 107.918420 (2-3) 5.7 f75242:732: 708 ...
e fission 108.919580 0.86 s s
[ Y fission 0.92s £:y241
e 0.30s 8

Ru94 | Rugs

St8min 165h

Tc94 | Tc95 | Tc 96 | Tc 97 | Tc 98 | Tc 99 | Tc 100 | Tc 101 | Tc 102

53min | 49n 60 d| 20 h[52min[43 d[91d| 26105 4.2108a [60h|2110°% 1585 w2mn  f3min[53s
- b 95 Mo 99 Mo 102
L . _ =] 660h %6 min | 1.2 min

I

Fig. 5.1.A A modificd scetion of the nuclide chart of some technetium isotopes and isotopes of ruthe-
nium and molybdenum. The stable isotopes are indicated by the hatched squares.

5.1 Production and isolation of 9°T¢

Small quantities (11g) of the three long-lived technetium isotopes *’Tec. ¥Te. and "¢
were produced for the first time by bombarding molybdenum metal with 22 MeV pro-
tons [8]. Small amounts of *’T¢ are also accessible by ncutron irradiation of ruthcnium

[4]:
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%Ru(n. }')07RL1 f;ﬁﬁ _ 9T ()Ioid e

9Tc can be obtained in milligram quantitics by prolonged neutron irradiation of
purified natural molybdenum {9,10]:

QSMO(H. ‘/')ggMO(ﬁﬁ —*gngC (,%h __J)‘)TC

To produce quantitics of *Tc sufficient for chemical studies, 5.7 kg of pure natural
molybdenum metal powder was irradiated for one year in an average thermal neutron
flux of 5- 10! nem=2s 4. The irradiated molybdenum was dissolved in cone. sulphuric acid
and distilled. The distillate was diluted to 4 M, heated to boiling and treated with brominc
water. Platinum sulphide was precipitated to co-precipitate “I'c. The precipitate was dis-
solved in ammonia containing hydrogen peroxide. This solution was cvaporated to dry-
ness. the residue taken up in conc. H,SO; or HCIO,, and *Tc was separated from the pla-
tinum by distillation. Since the original molybdenum powder contained 3 ppm of rhe-
nium, which was concentrated together with technetium, the two metals were separated
by ion-exchange chromatography using strong base anion cxchangers. The overall yiclds
ranged from 30-65 % of the theoretically expected 2.8 mg of “Tc [11].

However, gram and kilogram amounts can be obtained by fission of 2**U with ther-
mal neutrons in the high, cumulative fission yield of 6.13 atom% [12]. This fission
vield results in the production of about 1 kg of ®Tc from 1 ton of uranium ( 3%
enriched in 2*U) after burnup in a nuclear reactor [13]. Reactors with a power of 100
MW produce about 2.5 g of *Tc per day [14]. #Tc is also formed in high yield
(atom%) from thermal neutron fission of 2*U (4.8), 2*?Pu (5.9), and fast ncutron fis-
sion of >*Pu (5.9), 28U (6.3) and 2*Th (2.7) [15). Compared to the high fission yield
of 6.13 atom% for *”lc. the fission yicld for **Tc by fission of 2*>U with thermal neu-
trons is only 8.7+ 10 7 atom % [12].

During recycling of the fuel, “*Tc follows the majority of the other fission products
into the waste solution. The *Tc content in solutions to be processed amounts to 5—
100 mg/l. After storage for several years, the level of radioactivily in the waste solu-
tions falls sufficiently to allow the extraction of long-lived fission products including
99T¢. The first 18 g of *Tc was isolated in 1952 [16]. [AsPh,|TcO, was precipitated in
the presence of perchlorate as a carrier. The mixed salts were dissolved in conc.
H-SO, and the solution was electrolyzed at platinum electrodes. The black deposit
obtained (TcQ,) was dissolved in HCIO,, and Tc,05 distilled out of the solution. The
elcment was finally isolated by precipitation of Tc»S> which can be reduced by hydro-
gen to the metal. The disadvantages of using [AsPh4]Cl for precipitation are the high
cost of the reagent and its high rate of consumption, since the clectrolysis procedure
decomposes the [AsPhy]™ ions. In order to recover [AsPhy|Cl, the tetraphenylarso-
nium pertechnetate/perchlorate precipitate was dissolved in ethanol and the solution
passed through the bed of a strong basic anion exchanger in the chloride form. TcO;/
ClOj are strongly absorbed and finally cluted with 2M HCIO,. [AsPhy]Cl in the efflu-
ent could be isolated and purified by recrystaltization [10].

The extraction of TcO; with pyridine [17] appears to be onc of the most suitable
processes of recovering ?Tc from the waste solutions of the nuclear fuel cycle. The
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scheme described in Fig. 5.2.A was used at Oak Ridge National Laboratory for the
extraction of ?’Tc from the wastes of the Purex process. The composition of typical
metal recovery waste solutions after the refining of nuclear fuel in the Purex process
is given in Table 5.2.A.

L Waste from Purex process ]

I Evaporation Precipitate 3°Zr, %Nb 1
[ Precipitation of Fed*with NH af pH 2.5 f———=f  Precipitate Fe(OH); +Ru ]

Precipitation of rare earth metals with Precipitate to be used for separating
NH; af pH 8 e and *'Pm
Precipitation of alkaline earth metals with Precipitate 3%, Ca, Ba carbonates o
Na, C0; be used for separating *0Sr
Reduction of TcO, with NyH,. Co-precipitation Solution to be used for separaling
of Fe(OH); and Tc with NH; Higs
Dissotution of fe(QH); +Tc in HNG;. Fe(0H)y precipitate with admixtures of
Precipitation of Fe3* with NH; fission products
Adjustment of solution to 0.25M NaOH and
. - o ————-—‘ Agque hase fo waste
2.0M No,C05. Extraction of Tc0, with pyridine queous eha " —l

Organic phase for steam distillation fi Recovery of pyridine j

lSuturution of aqueous phase with  (NH, ),C0, I————L Crystaltization of NH, IO, J

[ Recrystallization of NHK,TcG, HNHJCUL chemical purity 99.99 % ]

Fig. 5.2.A Scheme of the extraction of *Tc from a Purex process waste solution [18].

The wastc solution (Fig. 5.2.A) is evaporated and thc cake containing °°Zr and
%Nb is removed. To separate Ru, iron(1IT) hydrated oxide is precipitated with ammo-
nia. Rare earth metal ions arc removed by precipitation of the hydrated oxides with
ammonia. Thereafter, alkaline carth mctal ions including *Sr are precipitated by add-
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Table 5.2.A Composition of a metal recovery waste solution (3.9 M HNOj;) remaining from the Purex
process [10).

B7Cs 4.4 Ci(163 GBg)/1 ~ 73 mg/l
OS¢ 4.6 Ci(170 GBg)/l ~ 48 mg/l
106Ry 9.0 Ci(333 GBg)/l ~ 4mg/l
M Ce 88.7 Ci(3280 GBqg)/1 ~ 40 mg/1
YPm 17.0 Ci(629 GBg)/l ~ 26 mg/l
“Te 7.0-10 'Ci(0.026 GBq)/l ~ 41 mg/l

ing Na,COj. To concentrate #Tc, TcOj is reduced with 0.1 M hydrazine and TcO»-
hydrate co-precipitated with iron(II1I) hydrated oxide by adding NH;. The precipitate
is dissolved in nitric acid and a second precipitation of Fe(IIT) follows, which docs not
co-precipitate *Tc because of its oxidation by nitric acid to TcO, . The TcOj solution
is neutralized and then adjusted to 0.25 M NaOH and 2.0 M Na,COj; for extraction of
TcO, with pyridine. Under these conditions the partition cocfficient of TcO,
amounts to 740. The pyridine phase is stcam-distilled. pyridine is distilled off and the
aqueous solution containing TcO, is saturated with (NH4),CO; and cooled to 0°C
for crystallization of NH TcO,. After three recrystallizations NH TcO, exhibits a
radiochcemical purity of over 99.998 % and chemical purity of more than 99.99 % [18].

Therc have been bricf communications concerning a method of obtaining *Te during
processing of spent nuclear fuel in gascous diffusion plants. I'cFg is formed along with
UF, during fluorination of uranium. By adsorbing TcF, on a bed of magnesium fluoride,
technetium can be concentrated and separated from uranium [19]. In another procedure
pertechnetate is extracted with 2.4-dimethyl pyridine, steam distillation of which leaves
behind pertechnetate, which is then extracted with trioctylamine in benzene to remove
organic impurities. Purc NH,TcQy is isolated from an aqueous solution of NH;NO; by
means of a series of crystallizations. Reduction with hydrogen at 400-500 °C gives techne-
tium metal of more than 99.9 % purity [20]. The use of these methods was reported to
reduce the cost of isolating technetium and to increase its production [19,20].

5.2 Nuclear properties of “Tc

“Tcisawcak f emitter of 292 KeV f~cnergy. In addition the nuclide emits 203 keV f§
rays, however, with a very low probability of only 1.2- 10°° % [21] (Tablc 5.3.A).

Table 5.3.A Nuclear data of “Tc

Atomic mass 98.906254 amu

Decay mode f oy

/i -cnergy 292:203 (1.2 107 %) keV [21]
Half-life 213:10%a

Spec. activity 17.0 mCi(629 MBq)/¢
Cross-section 20 barn [24]

(Mepermy)

Nuclear spin 9/2 h/2n

Nuclear magn. moment +5.6847 nucl. magneton [24]

Elect. quadrupole momeint (.129 barn [24]
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12+ 0
213105 a
B1e
B 1.2-10°%
B >99.9 % 3/2* 89

18.9 ns

5/2+ ¥ 0

99
24Bu

Fig. 5.3.A Decay scheme of *I'c. Energies in keV [21].

The f~ emission of *Tc is not accompanied by y-radiation. An 89 keV ;-linc
belongs 1o the 89 keV level 3/2+ of “Ru (Fig. 5.3.A). With the hal{-life of 2.13- 10 a,
9Tc decays into the stable nuclide *?Ru. The nuclear spin of 9/2 h/2x [22] can also be
derived from 10 hyperfine structure lines in the EPR spectra of paramagnetic *Tc
complexes [23].

5.3 Laboratory handling of technetium nuclides

The handling of *Tc on a small scale (<20 mg) docs not present a danger to health
provided some ¢lementary precautions are taken. The walls of ordinary laboratory
glassware give adcquale protection against the weak f~ emissions. Small amounts of
very soft X-rays are produccd by the action of the 5~ rays on glass. Therefore the
operator should maintain a distance of at least 30 cm from the working arca. More-
over, it is advisable to wear glasses as a protection against - and X-rays. which may
cause clouding of the eye lenses.

Technetium can be handled in a well ventilated fume hood; glove boxes arc usually not
required. Nothing unnecessary is placed into the hood. Standard semimicro techniques
are easily adapted for experimental work. Evaporations of solutions should be carried out
using a rotation cvaporator; however, it is advisablc to cvaporate concentrated solutions
to dryness in a desiccator. The vessel containing a technetium solution is covered by a
watch glass or an inverted beaker to avoid contamination by spraying. Above all, opera-
tions that might introduce Tc-containing fumes or dusts into the atmosphere must be rig-
orously avoided. Incorporation of Tc, which constitutes the main health hazard, could
result from inhalation; in addition, extensive contamination could occur. For example,
carc must be taken in evaporating solutions of pertechnctic acid to prevent volatilization.
The transfer of powdery dry solids should be performed carcfully without the formation
of dusts; sometimes it may be necessary to transfer a powder as a slurry in benzenc or
ether. If reactions of technetium cannot be carried out in closed systems, radioactive
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material carried along with a gas current has to be absorbed in scrubbers containing oxi-
dizing alkaline solutions. The working area should be monitored from time to time by
means of a counter provided with a thin window. Finally, workers should be familiar with
safety regulations for protection of persons exposed to ionizing radiation [25].

“Tc and other isotopes and isomers of technetium are nuclides of medium radio-
toxicity [26]; licensing limits, annual limits of intake and maximum permitted air con-
centrations arc compiled in Table 5.4.A.

Table 5.4.A Licensing limits, intake limits, and maximum permitted air concentrations of technetium
nuclides |27].

Nuclide Licensing Annual intake limit Controlled area
limnit inhalation ingestion max. perm. air concentr.
[Ci(Bq)] ICi(Bq)] [Ci(Bg)] [Ci(Bq)/em’]

e 1L.0-107%(3.7 - 10%) 4.4-107%(1.6-107) 4.8:107(1.8-107) 2.9-1071(1.1)

e 1.0-10 *(3.7-1¢7) 3.6-107%(1.3-10°)  23-107%8.5-10%) 2.4-10 ¥(5.6-10 %)
TImTe 1.0-107%(3.7-10%) 2.3-10 48.5-10% 8.4-10 %(3.1-10%) L.5-101%(5.6- 107
e 1.0-107%(3.7-10%) 44-10 %(1.6-10%) 3.8-10 (1.4-10% 29107811105
omere 1.4-107(5.0-10%) 8.1-10 *(3.0-10%) 5.4-107(2.0-10% 14-1071(5.2-10 1)
“Te 1.4-10 #(5.0-10%) 2.4-107(9.0- 10%) 1.1-1073(4.0 - 107) 5.9.10 4(2.2-10

For §f emitting nuclides that are not included in Table 5.4.A the licensing limits depend
on the half-lifc ¢ 5, being 104 Ci (3.7 - 10° Bg) for t;,, <1hand 10°°Ci (3.7- 10* By) for ¢, »
> 1 h. The annual inhalation and ingestion intake limits are 5.7-107% Ci (2.1 10* Bq) and
1.1-1077 Ci (4.1 10° Bq), respcctively. The maximum permitted concentration of these
nuclides in the controlled area air is confined t0 3.7- 1075 Ci (1.4 - 10~ Bq)/cm?.

The maximum permitted body burdens of technetium nuclides are given in Table
5.5.A.

Table 5.5.A Maximum permitted body burdens of some technetium nuclides [28].

Organ Maximum permitted body burden [Ci(Bq)]

%mTc %Tl‘ 97mTc 97Tc 99m-rc ‘JQTC
Kidneys 610 “(2.2- 109 107°(3.7-10%) 2-107%(7.4-10%) 6-107°2.2-10% 8-10%3.0-10) 10 °(3.7-10%)
Liver 310 %(3.0-107) 2-107%(7.4-10% 2-10%(7.4-10% 8-10*3.0-107)  10723.7-10% 2-10"(7.4-10%
Lungs 210 %(7.4-10") 5-107(1.8-10") 2-107%(74-107) 9-10 *(33-10%) 2-10%(74-10%) 2-10 *(7.4-10")

N

2
Bone 10°(3.7-10%) 2-107%(7.4-107) 7-10%2.6-107) 6-10 *(2.2-10%) 2-107(7.4-10%) 5-107%(1.8-107)
Skin 2107410 107%3.7-10% S-10%1.8-10) 3-10%(L1-10) 10 '(3.7-10%) 4-107%1.5-107)
Total body 7-10 (2.6-10%  10°(3.7-10°) 2-10%7.4-10%)  107(3.7-10") 2-10*7.4-10% 2-107%7.4- 10"
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6 Some fundamentals of technetium
chemistry

The chemical bechavior of technetium. a true sccond-row transition element, closely
rescmbiles that of the third-row congener rhenium, duc to the prolonged cffects of the
lanthanidc contraction, whereas the chemical propertics of both clements differ con-
sidcrably from those of manganese. As a conscquence of the lanthanide contraction.
the atomic radius of technetium of 1.358 A proved to be only 0.015 A smaller than the
radius of rhenium, while the difference between the atomic radii of technetium and
manganese is almost 0.1 A. Technetium and rhenium often form compounds of analo-
gous composition and only slightly differing properties. Corresponding compounds
were frequently shown to be isostructural. However, technetium compounds appear
to be more easily reduced than analogous rhenium compounds and, according to pres-
ent knowledge, technetium compounds arc frequently morc reactive than their rhe-
nium analogues. Technetium differs from mangancse, for example, in the high stability
of the +7 oxidation state, in particular in the form of pertechnetate, compared to per-
manganatc. Furthermore, divalent technetium exists in strong complexes, but not like
Mn?~ as a hydrated ion.

The electronic configuration of neutral, gaseous technetium atoms in the ground
state is [Kr|4d°5s% [1] with the term symbol °Ss;,. The valencc electron configuration
corresponds to those of the congeners manganese and rhenium. Scveral reviews, how-
ever, presented the assignment [Kr| 44% 5s! for technetium, obviously caused by mis-
interpretation of some publications [2, 3|. In the first detailed spectrum of Tel, the
ground state of the valence clectrons of neutral atomic technetium was given as
4d°55?(5Ss,2) and the first metastable statc by 4d°5s' (°Dyy,), only 2573 cm™ higher [4].
In addition, the 4d°5s? configuration was more recently predicted by ab initio effective
core potential calculations to be lower in energy than the 4d°5s* configuration [5].

A total of seven valence electrons are availablc for bonding. Compounds of techne-
tium in the formal oxidation states from +7 to -1 have been synthesized. Tc*” (d°) is
verified for example by TcO,. An example of the -1 oxidation state is the pentacar-
bonyl anion [Tc(CO)s| [6], but no structure determination or magnetic susceptibility
measurement have been reported.

Some redox potentials of manganese, technetium, and rhenium are compared in
Table 6.1.A.

The potentials of the couples TcO,/TcO; and TcOy /Tc are intermediate between
those of the corresponding couples of manganesc and rhenium; however, they are
drastically lower than those of the manganese couples, indicating the higher stability
of pertechnetate compared to permanganate. TcO, is only a weak oxidizing agent,
although somewhat stronger than ReO,. On the other hand, the potential of the
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TcO»/Tc couple turns out to be somewhat higher than those of the corresponding cou-
ples of manganesc and rhenium.

Table 6.1.A Redox potentials Eh [V] of the VII subgroup clements in acidic aqucous solutions [8-10)

Manganese Eh[V] Technetium Eh[V] Rhenium LEh|V]
MnOI/Mn()) +1.679 TCO4 /TcO» +0.747 Re();/RcO: +0.510
Mn();1 /Mn +1.781 TCO;/TC +0.477 Re();4 /Re :0.368
Mn(b/Mn +0.115 TcO-/Te +(0.281 ReO,/Re +0.251

6.1 Electrochemistry

In view of the numerous oxidation statcs, an extensive oxidation-reduction chemistry
of technetium is expected. Polarographic reductions of pertechnetate in aqueous and
in non-aqueous solutions, supplemented by coulometric and cyclic voltammetric
measurements, were conducted to study the electrochemical behavior of technetium.
to identify some oxidation states and to synthesize new technetium compounds. Elec-
trode reactions frequently proved to be irreversible and thercfore not adequate for
calculating thermodynamic data. The clectrochemistry of technetium is reported in
detall in scveral review articles [11-13].

The polarography of pertechnetate in acidic aqueous solutions often revealed ifl-
defined, irreversible waves and led to conflicting results [14-17]. In general, the cur-
rent gradually increascd up to the hydrogen discharge. Conflicting results may be
explained by rapid chemical reduction of strongly acidic pertechnetate solutions in
contact with metallic mercury [18,19]. Taking precautions to overcome the chemical
reduction by mercury. the polarographic reduction of pertechnetate appears to pro-
ceed in acidic media in two main steps. Both steps were observed as irreversible and
more or less pH dependent waves. The first halt-wave potential £y, appearcd at -0.17
V vs SCE and corresponds to a four-electron process, the sccond wave at -0.73 V.
which probably involves a threc-electron step producing a deposit of technetium met-
al on the mercury drop [20].

The polarographic reduction of pertechnetate in neutral aqueous solutions resulted
in two discernible waves. The first wave at £1,=-0.8 V vs SCE showed an alternating
current efficiency of 70-90 %, demonstrating a relatively high reversibility of the cor-
responding electrode reaction which involves the reduction of Te(VIT) to Te(V) [21].
The second ill-defined wave at [£;, = —1.2 V may be partially attributed to catalytic
hydrogen discharge [21] probably arising from the lowering of the overpotential of
mercury due to the deposition of metallic technetium |11, 17].

In aqucous alkaline solutions containing 0.1 to 1.0 M alkaline hvdroxide, the polar-
ograms revealed four waves. The first wave at £, = —0.8 V vs SCE exhibited an alter-
nating current efficiency of nearly 90 % [21] and can be attributed to a two-clectron
change [14. 21. 22]. The second wave at E;;; = ~1.1 V was found to be well scparated
from the first wave and corresponded Lo a three-clectron process of low reversibility.
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The third and fourth wave commencing at = -1.2 and = -1.4 'V, respectively, are ill-
defined and affected by catalytic hydrogen discharge [21].

To assess the number of clectrons transferred in a polarographic reduction step, the
likovi¢ equation js used which. howcever, contains the frequently unknown diffusion
coefficient. The diffusion coefficicnt of TcO; at infinite aqueous dilution
D°=1.48-10"" cm”-s ! was calculated from the limiting ionic equivalent conductance
of TcO, o 1°=55.5 Q'-cm? at 25°C. As expected, N°(ReO;)=1.456-10" cm*-5~!
was found to be only slightly smaller than D°(TcOy) [23, 24]. In addition. self-diffu-
sion coeflicients D of TcO, were determined in the presence of different supporting
clectrolytes using the capillary method, in order to evaluate the influence of the
supporting electrolytes on the diffusion and the clectron transfers found for the
polarographic reduction of TcO,. The D values of 10 M TcO; in 1 M NaOH and
I M LiCl at 25°C arc 1.27- 107 and 1.24-10 5 cm?-s7!, respectively. Whereas the sup-
porting clectrolytes obviously affect the self-diffusion of TcO, . the changes of the
clectron transfers hereby induced can be neglected [25].

The polarographic reduction of pertechnetate in aqucous solutions was supplemen-
ted by controlled-potential coulometric studies {14, 18, 19, 20, 22, 26, 27, 28] and cyclic
voltametry [22, 28]. Controlled-potential electrolytic reduction of aqueous pertecchne-
tate solutions on metallic cathodes is generally accompanied by deposition of surface
films, probably of TcO;-hydrate or, at more necgative potentials, of metallic techne-
tium [29]. Such films seriously interferc with the coulometric determination of reduc-
tion steps [13].

When pertechnetate is electrochemically reduced in aqueous alkaline solution in
the presence of gelatin using the techniques of controlled-potential coulometry,
chronoamperometry, and double potential step chronoamperometry, at the mercury
electrode surface the technetate ion TcOj3~ is reported to be produced:

TcO7 <= TcO? .

TcO;~ undergoes rapid disproportionation:
2TcO;™ — TcOp ~TeO] .

However, gelatin scems to block the electrode reaction:
TeOj™ “— TcO} .

The dependence of the disproportionation rate constant on ionic strength con-
firmed that the reacting species is doubly charged [30].

In acetonitrile or dimethylsulphoxide the polarographic and controlled-potential
coulometric reduction of the tetramethylammonium salts of permanganate. pertech-
netate, and perrhenate yiclded as the first reduction step a one-electron transfer: the
half-wave potentials vs SCE observed in solutions of acctonitrile are £,,=-0.60 V,
-1.74 V and -2.30 V, respectively (Fig. 6.1.A). The limiting ionic cquivalent conduc-
tance of TcO] was determined in acetonitrile and dimethylsulphoxide to be 1°=127.5
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and 1°=26.2 Q ' cm?, respectively, at 25°C, and the corresponding diffusion coeffi-
cients of TcO, are D°=3.40-107° and 0.70- 10~ cm?-s ! [31]. The slightly soluble tet-
ramethylammonium salts of dark green manganate(VI), violet technetate(VI), and
olive green rhenate( V1) were prepared most purcly with a yicld of more than 90 % by
controlled-potential electrolytic reduction of MnOj, TcO;, and ReOj at a platinum
clectrode in deaerated acetonitrile containing 0.04 M [(CH;),N]ClO,. Tetraoxotech-
netate(VI) and -rhenate(V1) proved to be considerably morc sensitive to oxygen and
moisture than tetraoxomanganatc(VI). TcO?~ was shown to undergo rapid dispropor-
tionation [31] to pertechnetate and a Tc(+5) species according to

2 Te(+6) — Te(+7) + Te(+5)

Some vyears later the detection and production of transient hexavalent technetium
in aqueous alkaline media by pulsed radiolysis and very fast scan cyclic voltammetry
were reported [32]. More recently, the mechanism of the stepwise reduction of TcOy
to Tc(+6), Te(+5) and Te(+4) in alkaline solution was reinvestigated in detail by
pulsed and dc polarography [33].

Some standard oxidation/reduction electrode potentials of fundamental technetium
couples arc summarized in Table 6.2.A



6.2 Thermodynamic data 47

Table 6.2.A Redox potentials Eh| V] of some technetium couples in aqueous solution at 25°C.

Reaction Potential References
Eh[V]
TeOQ +4H"+3¢7=TcO+2H,0 +0.747 {9]
+0.738 [34]
+0.782 135]
+0.769 [36]
TeO +8H+7e™=Te+4I1,0 +0.472 [35]
+0.477 8]
TcO,+4H ' rde™=Te-211,0 +0.272 [34]
+0.240 [35]
+0.281 [8]
TeO] +¢  TeO] +0.61 [32]
10.65 (8]

Only potentials that refer 1o couples of chemically defined species arc quoted. Cou-
ples containing compounds or ions like TcOs, Tc [8], TcO3, TcO3™ [12] or other
hypothetical species like Tc304, TcyO7, and hydrous oxides of low-valent technetium
[37]. the existence of which has not been proved till now, are neglected.

6.2 Thermodynamic data

Soon after the first isolation of milligram amounts of technetium, thermodynamic
properties of the element and of several technetium compounds were determined [8].
Currently known thermodynamic data on enthalpics 4H°;, entropies S°, and Gibbs
frcc energies AG°% are compiled in Table 6.3.A.

Technetium metal melts at 2413 + 20 K [45]. The melting point is ncar those of
other elements in the same period of the periodic system, ¢.g., molybdenum (2893 K)
or ruthenium (2723 K). Rhenium melts more than 1000° higher (3453 K) than techne-
tium, while the melting point of manganese (1533 K) is considerably lower. The heat
of melting of technetium was estimated to be 5.5 kcal-molc™! [37], the entropy of
fusion 4;S$ to be 3.3 cal - mole™ - K™ [38], the heat of sublimation at 298.15 K as 152 +
2 kcal - mole ' [47], the normal boiling point at 4900 K and the accompanying heat of
vaporization is 138 kcal - mole™ [37]. The hcat capacity of technetium metal increases
slightly from 6.87 cal-mole™ - K~! at 1000 K to 7.34 cal-mole™ - KT at 1600 K [46],
the liquid heat capacity was calculated as 11.2 cal-mole - K ! [38], and the heat capa-
city for monoatomic technetium vapor as 4.98 cal - mole ! K-! at 298 K [37].

TcO, does not decompose up to 1400 K and sublimes in vacuo at temperatures
above 1300 K [48]. For the dissociation TcO;(g) — Te(g) + 2 0(g) the enthalpy 4H at
298 K is cstimated to be 255 + 14 kcal/mole [49].

The melting point of Tc,O; was determined to be 392.6 £ 0.1 K [50]. Extrapolation
of the vapor pressure of liquid Tc,O5 yielded a boiling point of 584 + 2 K [51]. The
vapor pressurc of crystalline and liquid Tc,O7 follows a two-term equation between
298 and 533 K [51]:
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Table 6.3.A Thermodynamic data of clemental technetium and some of its compounds at 298.15 K.

Substance Enthalpy Entropy Gibbs free encrgy
[kcaﬂgo‘lc’]] Ical»m(;le"-K'l] [kca‘ll»ﬁotlc"‘] Method References
Te (eryst) 0.0 7.4+02 0.0 - 8]
— 8.0 — estim. [37]
- 7.89 + 0.08 — calc. [38]
Te (gaseous) - 4326 £0.01 cale. [8,37]
TcOs (cryst) -109x 1 13.0 -96+2 calor. [39.40]
-104 =2 149103 -91+2 potentioni. [8.33]
-101 - 88 potentiom. [34]
TeOs5 (cryst) ~129%35 173+ 0.6 -110£5 estin. 18.35]
Te,05 (cryst) -266£3 46+ 2 -224+3 calor. [8.35]
2702 - - calor. [41]
Ter04 (gaseous) 2362 108+3 -213+4 calc. [42]
HTcOy (cryst) -167 £ 1 33+2 141 =1 calor. {8,35]
KTcO, (cryst) -243+2 39.7+0.1 219+2 calc. [8.35]
245+1 39.38 22042 calor. [42.43]
TcO4 (aq) -173+1 46.0x 0.1 -151£1 calor. (8,35]
- 472103 — calor. [43]
-171+1 47603 -149£2 calc. [42]
TcFg (cryst) — 60.65 = 0.06 - calor. [44]
Ka[ TeCly] (cryst) - 801 ~ ~ 8]
Crystalline Tc,O: log P [mmHg] = 721(?5 + 18.279
Liquid Tc,0O-: log P [mmHg) =- 0 +8999

The cnthalpy of solution of crystalline Tc;O5 in water was measured calorimetri-
cally. The value AH® (solution) at 298.15 K is 11.0 + 0.3 kcal - mole™' [41].

KTcO,4 melts at 813 K and sublimes without decomposition at about 1300 K [52].
The heat capacity of KTcO,4 was determined over the temperature range of 10 to
310 K. The standard heat capacity C,° at 298.15 K is 29.47 cal -molc '-K ' [43].

Tck,, melts at 310.6 K to a yellow liquid that boils at 328.5 K [53]. The heat capacity C,°
of TcF,, was found to be 37.76 cal - mole™! - K1 at 298.15 K [44]. At the melting point the
heat of sublimation is 8.355 kcal - mole™!, the heat of vaporization 7.427 kcal - mole ™!, the
heat of fusion 1.128 kcal - mole !, and the entropy of fusion 3.63 cal - deg ' - mole™ [53].

TcO5TF has its melting point at 291.5 K, the boiling point of the ycllow liquid is
about 373 K. as cxtrapolated from vapor-pressure measurements. The heat of fusion
is 5.377 kcal - molc !, the heat of sublimation of the solid 14.832 kcal - mole™!, and the
heat of vaporization of the liquid 9.453 kcal - mole ! [54].
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TcOF, melts at 407 K and has a boiling point of 438 K. Tts heat of fusion is 6.7 kcal -
mole ' the heat of vaporization 11.6 kcal - mole™. the heat of sublimation above 357.5 K
is 18.3 keal- mole !, and the vaporization enthropy 26.5 cal - deg™' - mole ! [55].

6.3 Stability and reactivity of technetium compounds

Thermodynamic stability, bonding strength, and kinetic lability of technetium com-
pounds are highly significant for characterizing technctium chemistry, in particular
to compare with the chemistry of the congener rhenium. Such characterizations arc
of special concern for the development of *™Tc and '*'*¥Re¢ radiopharmaceuti-
cals and their application in nuclear medicine. Qualitatively. there is some experi-
mental evidence that under similar conditions the compounds of technetium fre-
quently appear to be more reactive than the corresponding rhenium compounds.
However. only a few quantitative results on stability, bond strengths and reactivity
arc available to date [56]. Alrcady more than 30 years ago comparative studics
were first accomplished on hexahalide complexes of Te(1V) and Re(I'V) (Tables
6.4.A and 6.5.A).

Table 6.4.A Formation constants, force constants, and crystal ficld stabilization energies of Te(IV) and
Re(IV) hexahalide complexes [S7-59].

Parameter [TcCl]* [ReCl [TcBrg]>™ [ReBrg]>
Formation constant & [10* - mole !-1] 4.6 220 0.38 18
Stretching force constant f; [mdyne - A 1.44 1.62 131 1.35
Crystal ficld stabilization encrgy C.IES.I [keal - mole™) -83.6 -98.4 -64.1 -72.0

'The stepwise formation constants k4 of hexachloro- and hexabromotechnetate(IV)
and -rhenate(IV) were measured potentiometrically in 3M HCIQ, solutions at 15 °C.
The easy decomposition of the complexes by hydrolysis required strongly acidic solu-
tions. The formation constants of both the chloride and bromide complexes of Te(IV)
turn out to be lower by almost a factor of 50 compared with the formation constants
of the corresponding rhenium compounds, thus demonstrating the considerably lower
stability of the Tc complexes under the same conditions [57]. The metal-halogen
stretching force constants of the complexes were calculated in the valence force field
on the basis of the vibrational frequencics measured by IR and Raman spectroscopy
in the range 1000-45 ecm™! [58]. The chlorine bond and the bromine bond of techne-
tium arc wecaker than the analogous bonds in rhenium complexes, yet less so for the
bromide complexes. The formation constants kg and the stretching force constants f;
suggest lower bond energies for the technetium complexces, which may be partially
related to the lower crystal field stabilization energies (C.ES.E.) [57]. For octahedral
d* complexes the stabilization encrgy is —12 Dq. The crystal ficld splitting parameters
10 Dg were derived from the polarized electronic absorption spectra of the Te(IV)
and Re(IV) hexahalide complexes [59].
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The rate of isotopic cxchange by ligand substitution is the most uscful estimate of
the lability of complexes. An isotopic exchange reaction essentially involves no overall
enthalpy change and the Gibbs free energy is given by the entropy of isotopic mixing.
‘The ligand exchange rate of 10°2M solutions of the hexachloride and hexabromide
complexes of Te(IV) and Re(1V) in corresponding 8 M hydrohalic acids was mea-
surcd at 60 °C after the complexes were labeled with the f--cmitter *°Cl and the § -,
+-emitter 2Br, respectively (Table 6.5.A).

Table 6.5.A Cxchange rates R and activation cnergies £, of chloride and bromide isotopic exchange in
‘Te(1V) and Re(IV) hexahalide complexes [57).

Ligand exchange reactions R(60 °C) E,

(10~ mole I }-h7Y) keal-mole™
[TeCls™ P +CI = TeCleJ? +°CI 29.0 28.4
[ReCIs*CIP +Cl—[ReCle]? +7°CI 1.29 303
[TeBrs™Br> +Br -« +[TcBr, ] +*Br 5030 2.8
[ReBrs**Br]™+ Br —|ReBrg]” +*'Br- 81.6 275

The isotopic exchange rate R is defined by the expression [60]

R=-In(1-F) &)1

where Fis the degree of exchange, a the complex concentration, b the free ligand concen-
tration, and ¢ the time. The radioactivity of **CI~ and ®?Br~ in the hydrohalic acid solutions
was measurcd as a function of time after precipitation of the complexes with Cs*. Under
the same conditions the ligand exchange rate R of [TeClg]* was found to be more than 20
times higher than the exchange ratc of [RcClg)>. For the bromide complexes the rates
even differ by a factor of more than 60. Obviously the technetium hexahalide complexes
exhibit a considerably higher reactivity [57], which may qualitatively be understandable
in view of the lower crystal ficld activation energy (C.EA.E.) [68, 69].

Another example demonstrating that technetium compounds are more reactive than
the analogous compounds of rhenium is the racemization of the penicillamine complexes
of Te(V) and Re(V). The complexcs are six-coordinate in solution with one tridentate
and one bidentate penicillamine (pen) and one oxo ligand. Both mixed ligand anionic
complexes | (D-pen)(L-pen)TcO]™ and [(D-pen)(L-pen)ReO] undergo a unimolecuiar
racernization by exchange of carboxylates at the site rrans to the oxo ligand:

H3C 0 C CHy

X H} H3C 0

H3cj;s\M/s CHy == HsC S~ S FCHy

RN SN HNN- I ON AT H

Co- O 0  COp
0 0

M = Tc: k=940 s 1, E,=13.4 kcal/mole
M = Re: k=155 571, E,=18.5 kcal/mole
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The kinetics of these processes were measured at 25 °C by complete line-shape
analysis of the 'H NMR spectra. The racemization reaction of [(D-pen)(L-pen)TcO]-
proceeds nearly 60 times faster than the racemization ol the corresponding complex
of rhenium [61].

The displacement of water in the analogous complexes trans-| TcYO(OH>)(CN),]
and rrans-[ReYO(OH,)(CN),;] by NCS ions in an aqueous medium was monitored
spectrophotometrically [62] using a stopped-flow technique [63]. The substitution of
water by thiocyanate can be represented by the bimolecular reaction:

[MO(OH,)(CN),] +NCS~—[MO(NCS)(CN),]>+H,0, M=Tc or Re

IR and X-ray structural analyscs [64] established the N-bonding of the NCS ligand in
both complexes. The rate constant k(Tc) for the reaction of trans-[TcO(OH,)(CN )]~
with thiocyanate at 25 °C was found to be 22.2 mole '-s7!, while k(Re), cvaluated under
the same conditions, was only 3510~ mole™!-s7! [62,65]. The rate constant k(Tc) turns
out to be over 6000 times higher than k(Re) of the rhenium complex.

The kinetics of pyridine (py) exchange on the cations trans-[TcYOs(py)s]' and
trans-{[RcYOy(py)s]~ were followed by 'H NMR in deutcrated nitromethane using
deuterated pyridine as the reacting ligand (Table 6.6.A).

Table 6.6.A Fxchange rates of pyridine in Te(V) and Re(V) trans-dioxopyridine complexes (661,

Ligand exchange reactions Rate constant & (25 °C)
[10°557")

[TcOx(py)a]™ + 4py-ds . €:NO: [TeOx(py-ds)s]™ + 4py 40.000

[ReOs(py)a]* + 4py-ds . CONO» | [ReOa(py~ds)a]™ + dpy 5.3

The rate law for pyridine exchange was first-order in both complexes and zero-
order in pyridine (py-ds). The rate-detcrmining step in the exchange rcactions is a dis-
sociative mechaaism. The ratio of the pyridine exchange rate constants k(Tc)/k(Re)
at 25 °C was found to be more than 7000 [66].

These examples also demonstrate the higher reactivity of the technetium complexes
with respect to the analogous compounds of rhenium. Qualitatively, the results scem
to be independent of the anionic or cationic character of the complexes, the oxidation
state of the central atoms, the presencc or absence of an MO>* or MQ," core. and the
reaction order. However, it was recently reported that the exchange of oxygen
between water and the oxo core complexcs [TcYO(DBDS)| and [ReVO(DBDS)]
{DBDS=N,N"-bis(mercaptoacctyl)butane-1,4-diamine}:

[MYO(DBDS)] + "OH; de-vyso [MY 7O(DBDS)] + H,O

yields rate constants at 25 °C of 7.1 - 10* mole™" -s ' for [TcYO(DBDS)] 'and 7.5- 1073
mole™ -s 1 for [ReYO(DBDS)] , demonstrating a rate constant ratio k(Tc)/k(Re) < 1
= (.1. These oxygen exchange reactions arc base catalyzed and no ecxchange was
detected without the addition of base. Sodium methoxide was used as a catalyst and
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de-DMSO as the solvent. The rate of water exchange was measured with 7O NMR.
‘The rate law can be expressed as

R = k[MVO(DBDS)| [CH;0] .

This rate law is consistent with an associative mode of activation. Base attack on
the metal center leads to the expansion of the coordination number of the metal from
5 to 6. The supposed stronger Te=0 bond generates larger kinetic trans effects and
makes associative attack by CH;O ~ less favorable than the somewhat weaker Re=O
bond. The six-coordinate complexcs mentioned above may react by a dissociative acti-
vation mode [67].

Additional resuits for comparing analogous compounds of technetium and rhenium
with respect to both reactivity and thermodynamic stability would be desirable, taking
into account electron configurations, molecular structures, and strength of bonding
and of ligand ficlds.
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7 Analytical chemistry

Progress in technetium chemistry obviously depends on sensitive analytical methods
to detect this radioelement, to cfficiently separate it, and to detcrmine technetium
accuratcly. Several reviews on the analytical chemistry of technetium have been pub-
lished [1-7]. Even the discovery of technetium was conclusive only because separation
techniques known at the time for the homologous element rhenium were used [§].
Furthermore, the detection of naturally occurring technetium or the determination of
the clement in the environment presupposed the application of highly sensitive meth-
ods. The clfective extraction of pertechnetate into organic solvents for the isolation of
technetium from {ission product waste solutions is, in addition, an cxample of the sig-
nificancc of appropriate techniques in analytical chemistry.

7.1 Determination methods

7.1.1 Radiometry

An obvious method for the detection and determination of ‘I'c is based on the ™ activ-
itv of “°Tc whose specific activity amounts to 3.7698 - 10* disintegrations per minute
and microgram. *”Tc emits only 3~ particles and no y quanta. However, the low energy
of the f~ particles (E,,.x=292 keV) imposcs several difficulties on the quantitative
determination, caused by self-absorption in the sample, back scattering of § particles,
and the geometry of counting. In order to avoid errors, the sample should be carefully
prepared for counting. Preparations like electrodeposition are recommended to form
thin lavers on a film of mica or collodion. The film is rendered conductive by vacuum
evaporation of gold onto the surface [9]. In practice, ordinary end-window counters
with a thin mica window can detcrmine about 0.1 pug of *Tc. The use of special low-
background apparatus permits onc to raise the sensitivity by another two or three
orders of magnitude [5]. For example, low background f° counter was employed to
count ?*T’c fractions isolated from pitchblende. The background was about 0.7 counts
per min [10].

Low background f~ counting was also used to determine **Tc in seawater. The
nuclide was preconcentrated from seawater by adsorbing *TcOgz on an anion ex-
changer. It was purified from other radionuclides by scavenging with iron(111)-oxide
hydrate and extracting from sodium hydroxide solution into methyl ethyl kctone.



Finally, “Tc was electrodeposited from an oxalic acid medium onto a bronze disc and
counted. The overall recovery was >90 % and the precision £0.2 pCi (7.4-10~ Bq) at
a technetium level of 0.6-1.0 pCi/l seawater [11].

To recover and measure *TcOj from a variety of types of water, a method was
devcloped that is based on the elution of *TcQjz from an ion-exchange column using
thiocyanate, extraction of the formed thiocyanate complex into butane-2-onc, evapor-
ating the solution onto a planchet and counting the *Tc - emission with a Geiger-
Miiller tube. The method recovered as little as 10 g of “*Tc in 500 ml of seawater
[12].

High counting efficicncies can be achieved by using gas-flow counters, while liquid
scintillation counters are most suitable when the samples arc soluble in the scintilla-
tion liquid [13]. The determination of “’T¢ in urine gave a better limit of detection
with a gas proportional counter than with liquid scintillation methods. The recovery of
“T¢ using a gas proportional counter was 80 % and the detection limit 20 mBq, hav-
ing a counting time of 20 minutes, a counting efficiency of 24 % and a background of
1.3 counts per minute [14]. For the determination of *Tc in environmental samples
like rainwater, riverwater, seawater, biota, soils. and sediments, using anti-coincidence
shiclded Geiger-Miiller-gas flow counters, the background could be reduced to 3 mBq
and the counting efficicncy enhanced to 42 %, which results in a detectable activity of
1.4 mBq for 1400 min counting [15,16]. Tc activities measured with a gas-flow pro-
portional counter in air samples from 1965-1967 ranged between 2.6 and 0.2 pBg/m?
[17].

PTc was determined in vegetation with a scintillation counter. The samples were
wet-ashed without significant loss of technetium, which was separated by co-precipita-
tion with CaCOs, purified by anion-exchange chromatography and clectrodeposition.
The detection limit for **Tc in a sample weighing about 10g was 3.7 mBq for a 3000
min count {18]. Liquid scintillation counting was also used to determine **Tc in efflu-
ents from nuclear plants [19] and in soil samples [20]. To determine *Tc in urine by
liquid scintillation counting the nuclide was co-precipitated with tetraphenylarsonium
perchlorate. The limit of detection was about 74 mBq in 50 ml of urine. The procedure
did not require any concentration of urine samples and gave reproducible yiclds near
100 % |21].

A highly sensitive mcthod for the determination of trace amounts of **T¢ is neutron
activation analysis. The sample containing “*Tc is irradiated with thermal neutrons
after separation of interfering nuclides. The radioactive isotope %"Tc with a half-life
of only 15.8 s is formed by the reaction

P Te(n,y)! I,

The relatively large cross scction of *“Tc for thermal ncutrons is g=19 barn [22].
With a probability of about 94 % '°Tc decays through 3.38 McV f§ rays 1o the stable
190Ru. Most of the remaining 6 % decays through 2.88 MeV § rays, followed by the
0.59-0.54 McV -7 cascade [23,24].

A procedure for the determination of trace amounts of Y*Tc in filter paper and
vegetation samples by ncutron activation analysis has been developed. The procedure
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consists of the separation of *Tc from the sample, irradiation with thermal neutrons
at a flux of about 5- 101 n-cm *-s7! to produce '"Tc, post-irradiation separation and
purification of '®T¢ from other activated nuclides, and the counting of '*Tc¢ in a low-
background f counter. The detection limits were 5-10° 12 ¢ *Tc in filter paper sam-
ples and 9- 10712 ¢ “Tc in vegetation samples [24.25].

Using the 7-3 cascade of 0.59-0.54 MeV emitted by '"Tc, *Tc was dctermined in
samples of 1-2 mg of technetium complex compounds by neutron activation analysis.
Moderate sample activities were obtained after an irradiation time of 20 s at a ncutron
flux of about 10'> ¢cm 2-s 1. Good agreement between cxpected and found *’Te con-
tents was observed. The uncertainty of the mean value could be restricted to less than
| % [26].

Recently, the determination of ?*Tc in mixed fission products by neutron activation
was reported. #TcOjz was separated from the bulk of fission products and other cle-
ments in dissolved nuclear fuel by an iron(IlI)-oxide-hydrate precipitation. The fil-
trate containing **TcO37 was loaded on an anion exchange resin and **Tc¢ bonded on
the resin was cxposed to a ncutron flux in a nuclear reactor for only onc minutc. The
counting of the 539 keV +-rays of '®Tc was performed with a germanium detector and
a multichannel analyzer. The minimum dctectability was 0.3 ug *°Tc limited by resin
impuritics and capsule materials {27].

A disadvantage of the above mentioned ncutron activation analysis is the rather
short 'Tc half-life of 15.8 s. Therefore, other activation reactions were proposed for
the determination of *Tc. When ®°Tc was irradiated by fast reactor neutrons in a flux
of 5.5-102 cm™2-57!, the reaction

99T¢(n,n")*™Tc

was observed. The cross section of the cxcitation reaction was found to be 0.24 barn
[28,29] which is in good agreement with recent evaluations [30]. The half-life of **™T¢
of 6.0 h allows a more convenient elimination of interfering radionuclides than the
15.8 s half-life of '""Tc. The method was applied to the detcrmination of *Tc in a
9MTe generator alter decay of **™Tc and *’Mo. The detection limit for “Tc was cal-
culated to be about 2 Bq. when the 140 keV activity of “*™Tc was mcasured for a peri-
od of 3000 s by a Ge(Li) detector [28].
In addition the nuclear excitation process

99TC(‘,’,}")90mTC

was used for the activation analysis of *Tc. Bremsstrahlung of a maximum cnergy
of 50 McV, produced by converting clectrons from a lincar electron accelerator.
was irradiating *Tc compounds such as [BuyN][TcOCl,] at a temperature below
-100 °C. The production rate of **™T¢ per pg **I'c was linearly correlated with the
flux of bremsstrahlung. The dctection limit was cstimated to be on the order of
10%g of ®’Tc under the optimum irradiation conditions [31]. The determination of
?Tc by nuclear excitation must take into consideration the interfercnce of the fol-
lowing nuclear reactions:
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H)UM()()',H)QQM() /{7_' ‘)()nvl‘Q

m“Ru(‘,‘,p)()”m'I‘C,

92 90 [;T 90
and “‘Mo(y.2n)""Mo - - ""Nb

The last reaction forms “’Nb which emits 7 quanta of 141 keV and cannot be readily
discriminated from the 140 keV quanta of *™I'¢c [32].

For routine determination of *Tc¢ in solutions a fast and convenient method was
reported that uscs the measurement of bremsstrahlung emitted by conversion of *Te
B particles at the wall of a vial containing the *Tec compound in a suitable solvent. A
samplc of 0.1-0.5 mg *°Tc in 5 ml solution was transferred to a vial and mcasured
within a well-type j-ray Nal(TI) scintillation dctector. The background was about
1000 counts/min, the counting efficiency 39.4 counts/min for 1 ug of ®Tc. The elemen-
tal composition of the sample and the solution density did not affect the determina-
tion [33].

7.1.2 Spectrometry

The arc and spark emission spectra of technetium are uniquely characteristic of the
clement. The measured wavelengths range from 2261.30 (ultraviolet) to 8829.80 A
(near infrared). More than 2300 lines that are characteristic of Tc atoms, Tcl, or
unipositively charged Tc' ions, Tcll, were recorded. The strongest Tcl lines have
the wavelengths 4297.06, 4262.26. 4238.19, 4031.63, and 3636.10 A. The strongest
Tell lines are obscrved at 2543.24, 2610.00, and 2647.02 A [34-37|. Several lines
are frec from ruthenium or rhenium interferences [38] and are useful for detecting
?Tc in concentrations of the order of 1077 [35]. As little as 0.1 pg of technctium
electroplated onto copper clectrodes may be detected by using the line at 4031.63 A
[36].

The three strong Tell lines werc used as sensitive emission lines for the determina-
tion of **Tc by inductively coupled plasma optical emission spectrometry (ICP-OES),
which achieves a detection limit of around 4 pg *°Tc/l. The convenicnce of this
approach makes it particularly suitable for on-linc HPLC detection in speciation stud-
ies at enhanced environmental technetium levels [39]. Examples of this type of proce-
dure for the determination of clements arc described in reviews [40.41].

The determination of technetium by atomic absorption spectrophotometry was
studied with a ®*Tc hollow-cathodc lamp as a spectral line source. The sensitivity for
technetium in aqueous solution was 3-10 ®¢/ml in a fucl-rich acetylene-air flame for
the unresolved 2614.23-2615.87 A doublet. Cationic interferences were eliminated by
adding aluminum to the sample solutions. The applicability of atomic absorption spec-
trophotometry to the determination of technetium in uranium and a uranium alloy
was demonstrated [42]. A detection limit of 6-10 '' g was achicved for measuring
technetium by graphite furnace atomic absorption spectrometry. In using the same
doublct and both argon and ncon as fill gases for the lamp. 6-107!1 (0 3-107 g of
technetium was found to be the range of applicability [43].
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Several X-ray fluorescence spectrometric determinations of technetium were re-
ported. The lines K,»=0.67927 A, K,1=0.67493 A, K;;=0.60141 A, and K= 0.59018 A
can be uscd for detection and determination of the element [30,31]. From ncutron
irradiated molybdenum milligram quantities of *”I'c could be isolated and detected by
the K,; and Kp lines [46]. Because of its simplicity and sclectivity, an X-ray fluores-
cence method was developed for the determination of technetium in solution. At con-
centrations of less than 1.0 mg “’Tc per ml no interelement cffects were observed.
Therefore, it is possible to ascertain technetium in its compounds without their prior
decomposition, provided the compounds are soluble in water or dioxane. The detec-
tion limit is about 4-107¢ g “Tc {47]. For the determination of *Tc in nuclear fucl
processing wastes by X-ray fluorescence. a rapid. simple, and accurate method was re-
ported [48].

The mass spectrometric determination of technetium is a highly sensitive and fre-
quently applied method. Te isotopes formed upon bombardment of a molybdenum target
with 22 MeV protons were identified by mass spectrometry. The technetium fraction was
separated and purified by anion exchange chromatography and the isotopes (abundance)
9Tc (0.5 %), “7Tc (56.0 %), *®*Tc (17.3 %), and *Tc (26.7 %) were detected in about 1 ug
technetium on a mass spcctrometer for the first time (Fig. 7.1.A). As little as 5-10°% g of
technetium could be measured by mass spectrometry [49].

An improved isotope dilution mass spectrometric technique was developed for the
analysis of ®Tc in environmental samples. *?Tc is isolated from the sample, after spiking
with ®’Tc as a yield tracer, by ion-exchange chromatography and solvent extraction. Tech-
nctium is then concentrated onto a pair of anion exchange beads of 0.3 mm in diameter.
Determination of 10712 g of technetium was achicved through the enhanced ionization
efficiency afforded by the resin bead source [50]. Spark source mass spectrometry was

~
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L l L Fig. 7.1.A Mass spectrogram of technetium produced by the irradia-
—~— tion of molybdenum metal with 22 MeV protons [49].
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uscd for survey elemental analyses on compounds of *"Te. The method allowed the simul-
tancous detection of numerous elements within the ppb range [S1].

Recently. inductively coupled plasma mass spectrometry (ICP-MS) was proven to
be an extremely sensitive method of high resolution, high precision, and short measur-
ing time [52]. It was used for the detection and determination of technetium [53] in
environmental materials. To determine ®Tc by 1CP-MS the sample has to be com-
pletely purified from ""Ru. Technetium was cfficiently extracted as pertechnetate
from 1 M K,CO; by cyclohexanone; the decontamination factor for ruthenium was
found to be 7-10%. when the sample was pretreated with hydrogen peroxide [54]. Scv-
eral methods were studied for the separation of technetium from ruthenium [55]. Soil
and scdiment samplcs were analyzed [56,57]. ‘The detection limit of 1.73- 107" g was
found to be lower than for liquid scintillation or low background gas flow counting
[54]. P?Tc was determined by ICP-MS in coastal scawater after reduction of TcOj and
enrichment of Tc by co-precipitation with iron(Ill)-oxide hydrate. A detection limit
of 1.1 uBg/1 (1.73- 107" g/l) *Tc was achieved [58]. Technetium analysis at the ultra-
trace level was performed with high-resolution inductively coupled plasma mass spec-
trometry (HR-ICP-MS). By means of a double focusing analyzer the mass resolution
was improved and the background reduced, since no photons rcach the detector due
to a longer and more complicated ion flight path and the use of narrow slits [59]. Inter-
tidal coastal and estuarine sediments of the Irish Sea were analyzed by HR-TCP-MS
for %Tc and other radionuclides discharged from the Sellaficld nuclear fuel reproces-
sing plant [60]. By using HR-ICP-MS in combination with an ultrasonic nebulizer a
detection limit for ®Tc of 810 ¥ g/m] was reported [61].

In addition, laser resonance ionization mass spectrometry (RIMS) was employed
for the detection of trace amounts of technetium. Three-step lascr resonance photo-
ionization combined with a mass measurement results in an almost unambiguous
clement and isotope assignment. A detection limit of 107 atoms can be reached if the
ionization is performed via an autoionizing state and the mass measurement with a
conventional time-of-{light mass spectrometer [62]. A reflectron time-of-flight spec-
trometer enhances the cfficiency of RIMS by about onc order of magnitude, enabling
the detection of about 10° atoms (1.6- 1071 g of "”I'c) [59]. A chemical proccdure for
the isolation of *Tc from environmental aqucous samples and its detection by RIMS
has been presented [62]. Negative thermal ionization was shown to be a possible
means of performing high ionization efficiency mass spectrometry. Technetium was
measured as the TcOj ion. Samples of technetium from 107 down to 107!1° g were suc-
cessfully analyzed with ionization efficiencies of more than 2 %. Such sensitivity sim-
plifies the determination of *Tc in environmental samples, because the sample weight
requirement may be reduced to a few grams [63].

7.1.3 Spectrophotometry

The spectrophotometric methods developed for the determination of technetium are,
in general, less sensitive than the sophisticated spectrometric techniques. However,
spectrophotometry is often simple and rapid.
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Aqucous solutions of pertechnetate display rather strong absorptions in the UV
range. A simple method of ascertaining technetium involves the measurement of the
optical density of aqueous TcOj solutions at the absorption maxima of 244 nm
(40.98- 10° cm ') and 287 nm (34.84 - 10° cm !) with molar absorbance indices of 5690
and 2170 mole ! -1-em™!, respectively {3, 64]. Beer’s law is obeyed up to a concentra-
tion of 107 mole-1 L. Thus, less than 1 ug of technetium can casily be detcrmined
spectrophotometrically. This method is particularly advantageous in the simultaneous
determination of technetium and rhenium. The spectrum of TcOj bears a remarkable
resemblance to those of the isoelectronic species ReO3 and MnOg, which display a
shilt to higher and lower wavenumbers, respectively [38,64].

[TeCle)*, [TeBrg)?" and [Tcl]*~ dissolved in the corresponding hydrohalide acids
have higher molar absorbance indices [65]. However, a disadvantage of these com-
plexes is their easy hydrolytic decomposition. A procedure for determining techne-
tium spectrophotometrically was developed using [TcClg]*. It is based on reducing
pertechnetate with conc. HCI to hexachlorotechnetate(1V) and measuring the absor-
bance at 338 nm, where less than 1 pug Te/ml may be determined in the presence of
microgram amounts of rhenium or molybdenum [66]. The cited molar absorbance
index &(338 nm)=32000 should be corrected to 10600 mole™ -1-cm ! [63].

Pertechnetate. reduced in acidic aqueous solution in excess thiocvanate, forms a
red-violet and simultancously a yellow complex [67]. The red-violet complex
[Tc!V(NCS)e]*~ and the yellow complex [Te"™{(NCS)]* [68] are coupled in a redox
system, the potential of which was found to be Eh = +0.53 V at 25°C in 1 M H,S0,
[69]. The molar absorbance indices of [T¢!Y(NCS)4]> and [Tc'(NCS)s]* in aquecous
solutions arc (503 nm) = 2.7-10* mole~'-1-cm ! and ¢(403 nm) = 1.7-10* molc !-
1-cm™, respectively [69]. The disadvantages of this spectrophotometric method are
the long reaction time, the simultaneous formation of two complexes and the interfer-
ence of Mo, U, and Fe. An improved technique was used for the determination of Tc
in uranium materials [70] and in nuclear fuel solutions [71]. Laser induced photoa-
coustic spectroscopy (LLPAS) was used to determine Tc in solution by formation of
[Tc(NCS)s])*". The determination limit could be improved down to a concentration of
10 mole - 17! [72].

Microgram amounts of TcOj can be ascertained by measuring the absorbance of
the colored complex, formed with toluene-3.4-dithiol in 2.5 M HCI, after extraction
into carbon tetrachloride. One hour must be allowed for the development of the color.
The molar absorbance index at 450 nm is 1.5-10% mole™'-1-¢m . Beer’s law is fol-
lowed over the range of 1.5 to 16.5 |g Tc/ml. Because many cations interfere, an initial
scparation of technetium is necessary |73]. The same complex was used for the deter-
mination of technetium in urantum fission clement alloys after separation of Tc by
distillation from sulphuric acid [74]. 'The complex formation of technetium, rhenium,
and molybdenum with tolucne-3,4-dithiol and its analytical application have becn
studied in detail [75].

Thioglycolic acid reacts with pertechnetate at pH 8.0 to a green complex which is
dctermined by measuring the absorbance at 655 nm. Beer’s law is obcyed over the
range of 2 to 40 ug Te/ml. The molar absorbance index at 655 nm is estimated to be of
the order of 1800. A tenfold excess of F-, CI-, Br, I, PO3 . SOi~, WO7 . and ReQ,
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does not disturb the measurements. Significant interferences have only been observed
in the case of molybdate, dichromate, and ruthenate [76].

4-thiocresol reduces TcQy. presumably to Tc(V), in acetic acid solution and forms a
yellow-brown complex that is readily extracted by chloroform, carbon tetrachloride, ben-
zene, and ether. Unless the concentration of 4-thiocresol is >0.1 % and the concentration
of acetic acid is high. ReOj7 is not reduced. The absorbance of the technetium complex
was mcasured at 410 nm, wherc the molar absorbance index is about 7350. The clements
of the platinum group Ru, Pd, Pt. and Rhinterfere and must be removed [77].

Spectrophotometric studies on technetium and rhenium were carried out with
K4[Fe(CN)¢], sulphosalicylic acid, and a-picolinic acid using pertechnetate or perrhe-
nate as starting compounds and bismuth amalgam. SnCl, or ascorbic acid as reducing
agents [78].

a-Furildioxime dissolved in acctone forms a raspberry colored technetium complex,
when TcOg is reduced with SnCl; in hydrochloric acid solution. After 2.5 h the molar
absorbance index attains a maximum of 1.3-10* mole~'-1-cm ! at 520 nm. Between 1
and 10 pg/mi Tc the relationship of the optical density and the Tc concentration was
shown to be linear. Tenfold amounts of Mo or Re almost do not affect the photo-
metric determination of technetium [79].

A method was devcloped to ascertain technetium in the range of pg/ml by reduc-
tion of TcOz to Tc(1V) with 1,5-diphenylcarbohydrazide and subsequent complexa-
tion of Tc(IV) with the reagent. The absorbance was measured at 520 nm after extrac-
tion of the complex in carbon tetrachloride. The molar absorbance index was found to
be 4.86-10* mole ! -1+ cm ! [80].

Around 1078 g of technetium were detected by treating an aciditied aqueous solution of
pertechnetate with a saturated solution of potassium ethyl xanthate. An immediate pink
to purple coloration was produced, which is readily extractable into chloroform or carbon
tetrachloride. Re, Mn, and Ru did not react, but Mo gave a similar reaction. Pertechne-
tate. reduced with SnCl, in HCJ, reacts with dimethylglyoxime in ethanol to give a bright
green coloration that is stable even at boiling temperature. The test appcars likely to be
specific for technetium. The limit of identification was 0.04 ug. Aqueous thiourea solution
produces by rcaction with an aciditied T'cOj solution an orange-red color, when the reac-
tion mixture is heated for some minutes at 80 °C. Re, Mn, and Ru did not interfere. The
identification limit was again 0.04 pg [81].

Microgram amounts of pertechnetate can be assessed by IR spectrophotometry. TcOg
is precipitated with [AsPhy]Cl in the presence of KClO, as a carrier. The precipitate is
dried and mixcd with KBr for preparing a disc according to the IR pcllet technique.
[AsPh;|TcO, reveals a strong sharp band at 11.09 um (901.7 cm ') which belongs to the
stretching vibration v3(F5). The TcOg concentration is determined by plotting a calibra-
tion curve. ReQ3 and MnQyj intcrfere with the evaluation of TcOy4 [82].

7.1.4 Gravimetry

Weighable amounts of technctium are readily determined gravimetrically. However,
nonc of the mcthods is specific. The most common procedures involve weighing of
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the precipitate in the form of tetraphenylarsonium pertechnetate [83.84] or nitron per-
techncetate.

The precipitation of [AsPhy|TcO, is performed from neutral or alkaline solution at
pH 8-9 by adding an exccss of tetraphcnylarsonium chloride. Since the precipitate is
slightly soluble in water, the total volume of the solution should be kept to a mini-
mum. In order to avoid significant losses, at least 40 mg of the precipitate is required,
since solubility losses of about 1 % have to be taken into account. The solubility prod-
uct of [AsPhy]TcQ, is estimated to be 8.6-10"'" at room temperature [85]. The use of
a special microtechnique [86] permitted the precipitation. weighing, and determina-
tion of about 2 pg of technetium with a standard deviation of £0.08 ug. The precipitate
is filtered, washed with ice-cold water, dried at 110°C, and weighed as [AsPhy]TcO,.
Perrhenate, permanganate, perchlorate, periodate, iodide, fluoride, bromide, and thio-
cyanate anions as well as vanady! cations and nitrate concentrations above 0.5 M
interfere with the determination. [AsPhy]TcOy is soluble in alcohol.

According to the gravimetric proccdure for the determination of rhenium as nitron
perrhenate [87], technetium may be ascertained as nitron pertechnetate. The precipi-
tation is carried out in slightly sulphuric or acctic acid solution using a 10 % nitron
{1,4-diphenyl-3-(phenylamino)-1H-1,2 4-triazoliumhydroxide}  acetatc  solution.
Cy0H7N4TcOy is appreciably soluble in water, thus the volume is kept again to a
minimum and before filtration the solution is cooled in ice. The precipitate is washed
successively with nitron acetate solution, saturated nitron pertechnetate solution and
finally with a little iced water. The precipitate is dried at 110 °C. Perrhenate, pcrman-
ganate, perchlorate, periodate, nitrate, chloride, bromide, and iodide ions interfere.
Technetium can be recovered as NH TcQO, by dissolving nitron pertechnetate in cthyl
acetate and shaking the solution with dilute ammonia. Pertechnetate passes into the
aquecous layer, but nitron remains in the cster [88].

Finally, the gravimetric determination of metallic technetium may be taken into
consideration. Several compounds are easily reduced to metallic technetium in a
stream of hydrogen at temperatures of 900-1000 “C. However, this method excludes
any compounds that do not decomposc and/or volatilizc under the conditions of the
reduction {1].

7.1.5 Electrochemical methods

The existence of various oxidation slates of technetium indicates the possibility of
using polarographic, coulometric, and potentiometric techniques for its determina-
tion.

7.1.5.1 Polarography

The polarographic reduction of TcOg at a dropping mercury clectrode was studied in
several supporting clectrolytes.

Pertechnetate in 4 M TICI was found to undergo reduction to Tc(IV). A double
wave was observed corresponding to a one- and a two-electron transfer. The corre-
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sponding half-wave potentials (£y,2) of the irreversible and poorly defined waves are
—-0.52 and -0.68 V vs SCE [89]. The polarographic reduction of TcQOy in 0.01 -4 M
HCIO, appeared in two stages. Iy, of the more positive wave shifted from -0.17 to
+0.10 V vs SCE with increasing perchlortic acid concentration, and coulometric meas-
urements indicated a four-clectron process. The second wave at - 0.73 V scemed to
involve a three-electron step for the reduction of Te(I1D) to Te(O) [90].

[n neutral and acidic sulphate solutions TcO7 is reduced to Te(IV), in alkaline me-
dium in a one-electron step to TcO3™ [91]. In a 0.5 M KClI solution. acidified to pH 2
by adding HCI, TcOj3 cxhibited three diffusion-controlled waves with £, -0.14,
-0.91, and -1.12 V vs SCE. For the first wave the diffusion current constant proved to
be rather constant in the range of 0.01-0.2 mM TcOj, suggesting that Tc in concentra-
tions as low as 0.01 mM can be estimated with an accuracy of 0.8 % [92.93]. 1 M LiCl
and 1 M NaOH solutions of TcOj in the concentration rangc of 10 *-10* M were
studied with dircet and alternating current polarography. Four waves were observed.
The first two waves with £, —0.85 and —1.15 V vs SCE arc clearly recognizable only
in alkaline solution (Fig. 7.2.A). They correspond to the electron transitions n=2 and
n=3 and can be used for the determination of technetium. The third and fourth wave
are not diffusion controlled [94.95]. For the wave at £, = —0.85 V alternating current
efficiencies of 70-90 % were obtained depending on the type and concentration of the
supporting electrolyte. Thus, technetium may also be determined by alternating cur-
rent polarography, which is advantageous on account of its higher separation capacity
compared with direct current polarographic methods [94]. In the range 5-1075-8-10 7
M TcOy3 the element could be ascertained by employing the polarographic wave at
E\in=-0.8 Vvs SCE, which was observed in 1 M NaClQ, [96].

For direct current polarographic determination of TcOj7 in the concentration range
0.1-1.1 ppm in fission product solutions, a phosphate buffcr of pH 7 was rccom-
mended. £,» of the wave used was —0.68 V vs SCE. Neither rhenium nor ruthenium
nor other fission products interfered. However, [AsPhy]Cl, present in certain fission
product solutions, must be separated out [97]. A rapid method was developed for the
determination of *’™Tc in fission product mixtures. It consists of a selective reduction
of ¥mTcQy at a dropping mercury electrode at ~1.55 V vs SCE in a medium of 1 M

LA
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-0i5 085 125 -85 -205  Fig. 7.2.A Polarogram of 0.206-10 * M KTcO, in 1.0 M
Evs SCE (V) NaOH [94].
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sodium citratc and 0.1 M NaOIl. **"TcQ, is probably reduced to **™T¢ mctal, which
is soluble in mercury. The mercury [90] was removed from the solution of fission prod-
ucts and the amount of “™Tc determined in nitric acid solution of mercury by -
counting. The precision obtained for *™T¢c was about 1 % and the decontamination
factor from other fission products about 107 [98].

7.1.5.2 Stripping voltammetry

Onc of the most sensitive electroanalytical methods, stripping voltammetry, was uscd
to determine low technetium concentrations in the presence of molybdate or perrhe-
natc ions. Technetium was concentrated, probably as TcO, hydrate, on a hanging mer-
cury drop clectrode from alkaline solutions of 6.0- 10~ M KTcO, by electrolysis at a
potential of -1.0 V vs SCE. Anodic stripping yielded a characteristic stripping curve.
The height of the peak current at —-0.38 V proved to be linearly dependent on the con-
centration of technetium in the range of 107*-3-10 7 M. Tc could be detected with an
accuracy of 4 %. The determination of 0.5 ug of Tc was feasible in a 10? fold molar
excess of ReO7 or MoO3~ [99).

Pertechnetate and Te(1V) could be more sensitively analyzed in acidic media in the
presence of thiocyanate by adsorption stripping voltammetry at the hanging mercury
drop clectrode using the differential pulse mode. Determinations down to 5-10 '! g
Tc per ml were [easible. An inicnse current signal at —1.32 V vs SCE was observed if
only technetium and thiocyanate were present in the solution. Larger quantities of
salts, e.g. chlorides and sulphates, decreased the sensitivity of the method consider-
ably. This, however, could easily be avoided if, after electrodeposition was completed,
the primary electrolyte was replaced by a pure solution of dilute acid for the stripping
voltammetric step [100].

The stripping voltammetric determination of pertechnetate by means of a glassy
carbon electrode, chemically modified with a tetraphenylarsonium chloride loaded co-
polymer film, was reported. A detection limit of 10 M TcOy was achicved after a 5
min cnrichment time [101].

7.1.5.3 Titration techniques

A controlled potential coulometric titration has also been developed for the determi-
nation of technetium. Pertechnetate was titrated in an acetate buffered (pH 4.7) aque-
ous solution of sodium tripolyphosphate (NasP;01g) at a potential of -0.70 V vs SCE.
Under these conditions TcOz was found to be quantitatively reduced to Tc(1I). In
the range of 0.5-5 mg of titrated TcO,, the relative error of the method was about
1 % and the relative standard deviation 0.5 %. The ions Fe(Ill), Mo(VI), Ru(IV),
U(VI), V(1V), F~, and NO; interfere strongly. Technetium can be removed from
these ions by distillation from conc. sulphuric acid solution [102].

Several titration methods were studied for determining Tc(IV) or Te(VII) in the
concentration range of 10 41073 M. Tc(IV) was titrated volumetrically with Ce(TV)
using potentiometric, biamperometric, and bipotentiometric detection of the equiva-
lence point. The most precise results were obtained by coulometric titration of TcOg
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with eclectrogenerated Sn(If). The supporting electrolyte was a mixture of 2.5 M
NaBr, 0.15 M SnCly, and 0.2 M HCL. The titration reaction was very fast and currents
of up to 40 mA could be readily emploved for the detection of the equivalence point.
In addition, a conductometric titration of TcO4 based on the precipitation of
[AsPhy]1cO, or [PPhy]TcOy4 was proposed [L03].

7.2 Separation methods

7.2.1 Volatilization

Owing to the volatility of Tc,O- and pertechnetic acid, Te(VI1L) may be co-distilled
with oxidizing strong acids [46,104] (Fig. 7.3.A). The usc of HCIO, results in superior
yiclds. About 75 wt% of technetium is co-distilled with the first 20 wt% of perchloric
acid. With nitric acid, aqua regia, sulphuric acid, and fuming sulphuric acid the distilla-
tion of technetium proves to be incomplete. The addition of oxidants like KBrOs,
K»Cr,0O+, NayS$,0g or KMnO, to the acids such as H,SO,4 or H3PO, considerably
increascs the extent of co-distillation. HCI, HBr, and HI do not volatilize technetium,
because these acids reduce Te(VII) to form non-volatile hexahalide complexes of
Tc(IV). However, a more detailed study of the co-distillation with sulphuric acid
revealed that technetium can be distilled quantitatively with H,SO,, provided the
acid, thc sweep gas, and the distillation apparatus arc free from contaminations.
Reducing agents only inhibit the distillation, but do not affect the completc separation
of technetium. If, for instance, reducing bromidc is prescnt, the technetium distillation
begins at 155 °C instead of 110 °C, because it is rcoxidized by sulphuric acid [74].
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Totol acid distilled {%) Fig. 7.3.A Co-distillation of technetium with acids [46].
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The property of pertechnetate to be reduced by hydrochloric acid can be used for
separating ReO, from reduced TcO3 by distillation in a mixture of H,SO,4 and HCI at
180 °C [8]. Under these conditions most of rhenium passes into the distillate. but
almost all the technetium remains in solution. Another distillation procedure involves
reduction of TcOy by hydroxylamine. Perrhenic acid is distilled with steam from sul-
phuric acid. Up to 10 mg of rhenium can be scparated quantitatively from traces of
technetium [105]. Partial separation of TcOjz from ReQ, is achieved by distillation
from perchloric acid, because the first fraction is enriched by technetium. However,
ruthenium is oxidized by perchloric acid to RuQ, and volatilizes together with techne-
tium [104]. Due to considerable differences in vapor pressures of HI'cO4 and HReOy,,
technetium may bc almost quantitatively separated from rhenium by alternate cva-
poration with nitric and hydrochloric acid [106].

For separating tcchnetium produced by neutron irradiation of molybdenum. the
distillation method using sulphuric acid proved to be cfficient. For cach gram of
molybdenum 6 ml of conc. sulphuric acid was added and distilled leading to a yield
of 75 wt% of Tc in the distillate. When doublc the amount of acid was added,
about 90 wi% of Tc was recovered on distilling to a dry molybdic oxide residue.
More than 98 wt% of Tc was extracted after two distillations [46]. HTcO,4 may also
be distilled at 120-200°C from a mixture of HCIO4/H-PO,. Phosphoric acid forms
a phosphomolybdatc complex, tending to hold the molybdenum in solution
[107,108].

Dry distillation and gas phase separation of technctium oxides from oxides of rhe-
nium, osmium, iridium, and ruthenium by temperaturc-programmed gas chromatog-
raphy using O, as rcactive gas was reported [109]. Furthermore, the separation of
technetium chloride (TcCly) from volatile chlorides of numcrous elements by thermo-
chromatography combincd with complex formation was investigated. The separation
tube had a tempcraturce gradient from 600 to 25 °C and was coated with KCl, CsCl,
NaCl, and BaCl, [110].

7.2.2 Solvent extraction

The extraction of technetium with organic solvents was extensively used in numerous
scparation and concentration procedures. Technetium is extracted as pertechnetate.
predominantly in the form of large organic cation salts. or in lower oxidation states in
the form of complex compounds.

7.2.2.1 Pertechnetate

The principal disadvantage of the extraction methods is the introduction of organic
compounds which may reduce TcOj and cause difficultics in subsequent steps. There-
fore, it is advisable to have some small amounts of an oxidizing agent, such as hydro-
gen peroxide, present during the extraction. The extraction of TcO; from aqueous
acid, neutral salt, and alkaline solutions by a wide varicty of organic liquids, including
alcohols, ethers, esters, nitro-compounds, nitriles, amines, hydrocarbons, chlorinated



68 7 Analytical chemistry

hydrocarbons, organo-phosphorus and organo-nitrogen compounds, dissolved in non-

polar liquids, was studied in detail. The gencral conclusions are [111]:

e The cxtraction of pertechnetate from aqucous solutions by aliphatic, aromatic, and
chlorinated hydrocarbons is ncgligible, cven when the latter possess relatively large
diclectric constants.

e A necessary but not sufficient condition for efficient extraction by a pure liquid
appears to be the presence of an electron donor atom, c.g. a basic oxygen or nitro-
gen atom. The posscssion of an appreciable diclectric constant favors extraction by
a liquid even when only weak donor atoms are present.

o The extraction of pertechnetate decreases within a homologous serics on increasing
the hydrocarbon character of the molecules of the extracting agent.

e As a rule, extraction is more efficient from acid than from neutral salt or alkaline
aqucous solutions.

The dependence of the pertechnetate extraction with cyclohexanol on the concen-
tration of acid, initially in the aqueous phase, demonstrates the rapid cxtraction
incrcase upon the addition of small amounts of acid. After a maximum cxtraction
coefficient is rcached, an cxponential decrease sets in (Fig. 7.4.A). Curves similar to
those in Fig. 7.4.A were also obscrved with cyclohexanone, tri-n-butyl phosphate
(TBP), and with solutions of TBP in a liquid hydrocarbon.

In general. tertiary alcohols arc more powerful extractants than secondary or pri-
mary alcohols of the samc oxygen-to-carbon ratio. Aromatic or alicyclic alcohols
reveal higher extraction cocfficients than straight-chain alcohols of the same oxygen-
to-carbon ratio. Among a series of isomeric ketones methyl ketones have the largest
and symmetric ketones the smallest extraction ecfficiency. Aromatic or alicyclic
ketones show higher extraction cocfficients than n-aliphatic ketones of the same oxy-
gen-to-carbon ratio. Polycthers are more effective extractants than normal ethers of
the same O:C atom ratio. Compared with tri-n-butyl phosphate at equal concentra-
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tions in an inactive solvent, the more stongly basic tri-n-alkyl-phosphine oxides are
substantially morc effective. In going from primary to sccondary and tertiary aminc
solutions in cyclohexanc the extraction from acid solutions increascs. Among the ter-
tiary amines extraction coefficients decrease with decreasing basicity. Quaternary
ammonium salts dissolved in inert solvents ensure efficient extraction not only from
acid but also from neutral and alkaline solutions [111].

The dependence of the extraction cocfficient of pertechnetate on the salt concentration
and on the kind of anions being in the aqueous solutions is shown in Fig. 7.5.A, the data
are for TBP as the extractant. With all solvents studied including cyclohexanol, methyl
ethyl ketone, and cyclohexane, pertechnetate is extracted most efficiently from Na,SO,
and east from NaClQ, [111]. The slight extractability of TcOj from perchlorate solutions
and the almost non-extractability by non-polar solvents may be used for the re-cxtraction
of TcQ, into the aqueous phase by either shaking the organic phase with perchlorate solu-
tion or by diluting the extractant with a non-polar solvent [112].

TcQj can be extracted by the following main types of reactions:

TcOyu(aq) + H'(aq) — HTcOy(org) (1
TcOj(ag) + M*(aq) — MTcOq4(0rg) 2)
TcOz(aq) + MX(org) — MTcOy(org) + X (aq) (3)

In process (1) solvents like cyclohexanol or TBP containing a donor group have
been used. In process (2) large cations M such as [N(But),]', [PPhy]™ or [AsPhy]
with hydrophobic groups can be employed together with organic solvents like chloro-
form. In process (3) the cation M* has such large hydrophobic groups (e.g. trilauryl-
ammonium ions) that it is insoluble in the aqueous phase. The extraction will then
take place through an ion exchange rcaction [113].
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Tri-n-butyl phosphate (TBP)

The solvent extraction of KTcOy4 from aqueous nitric or hydrochloric acid solutions
by TBP dissolved in n-dodecane was studied over a wide range of TBP, HNO; or HCl
concentrations at 25, 40, and 60 °C. The extraction [114,116] was found to proceed
according to the reaction:

3TBP(org) + H'(aq) + TcOx(aq) — [HTcO, - 3TBP](org)

The composition of the extracted complex is in agreement with the results of for-
mer investigations [118]. In the absence of HNOj pertechnetic acid is reported to be
coordinated with 41TBP [119]. The distribution coefficients D-e=[T¢]oreanic/[ T¢aqueous
at 25 °C as a function of nitric or hydrochloric acid concentration and the vol% of
TBP in n-dodecanc are plotted in Figs. 7.6.A and 7.7.A. D increases with increasing
acidity and increcasing TBP concentration. However, for the HNO;-TBP system
(Fig. 7.6.A) D1, passcs through a maximum near 0.8 M HNO3 [115.117] and dccrcases
rapidly at higher nitric acid concentrations, while D in the HCI-TBP system
(Fig. 7.7.A) was found to increase smoothly. The difference in behavior can be attrib-
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uted to the relatively large amounts of TBP bonded to HNOj that reduce the amount
of free TBP available to extract pertechnetate. The amounts of TBP bonded to HCl
are negligible over the range ol conditions studied. D-.. decrcases in both systems
HNO;-TBP and HCI-TBP with increasing temperature. D proves to be considcrably
higher for the latter at 25 °C under similar conditions of acid concentrations and TBP
vol% [114, 116].

In addition, the extraction of MTcO4 (M=H, L.i, Na, K, Rb. or NHy) by TBP from
aqueous solutions of MCl was examined as a function of temperature and concentra-
tion. The distribution of the pertcchnetate salts to the organic phase increased in the
order Rb<K<Na<NH,<Li<H. The stoichiometry of the extraction reaction was deter-
mined [120] to be

M*(aq) + TcOgz(aq) + 3TBP(org) — MTcO,-3TBP(org).
Uranyl nitratc substantially increases the distribution coefficient ). This was

explained by the formation of a mixed nitrato-pertechnetato-TBP complex of UO%™
[121,122] according to the equilibrium:
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[UO2(NO3), - 2TBP](org)+TcO4(aq) —[UO(NO;)(TcO,) - 21BP](org) + NO; (aq)

A technique for the separation of pertechnetate from mixed fission products by sol-
vent extraction with TBP was described. The extraction was almost quantitative from
a sulphuric acid solution. Sodium fluoride was used to provide the zirconium-niobium
decontamination and a cation cxchange column ensured the decontamination from
metallic ions. “Te yields of 92 % were obtained [123].

Distribution coefficients of pertechnetate in some other organo-phosphorus com-
pounds are given in Table 7.1.A.

Table 7.1.A Distribution coefficients D .. for the extraction of pertechnetate from aqueous 1 M HINO;
with organo-phosphorus compounds [124].

Extractant Dy,
Trichloroethyl phosphate 39
Diisoamyl methylphosphonate (50 %) in decane 117
0.2 M 'Triisohexylphosphine oxide in decanc 57
0.5 M Tri-n-octylphosphine oxide in decanc 27
0.2 M Dioctylphenylphosphine oxide in decane 4.3
Ketones

Pertechnetate is extractable from a basic aqueous solution of 2-6 M NaOH with ace-
tone. The NaOH concentration provides a separation of the acetonce and the aqueous
phase. In 4 M NaOH a distribution coefficient D.=10 was achieved at room tempera-
ture, 92 % of TcO4 was cxtracled into the acctone phase. Almost the same distribu-
tion coefficient was obscrved when the basic aqueous solution contained 75 g/l
Na>MoQy. This procedurce allows the extractive separation of TcOj from neutron-irra-
diated molybdenum [125].

Using methyl ethyl ketone as the extracting agent, D+, values up to about 400 were
obtained in the presence of 6 N K,CO; and after addition of 190 g/l Mo as molybdatc
to the aqueous solution. Without addition of molybdate, D decrcased to 300, while
6 N KOH resulted in a Dy of Iess than 100. The distribution coefficient of molybdate
studied at concentrations between 10° and 2 M MoOj7 did not exceed 51074,
demonstrating again the possibility of scparating TcO, efficiently [126]. Detailed sep-
aration procedures for *™Tc production based on the cxtraction with methy! ethyl
ketone have been communicated [127,128]. Furthermore, isobutyl methyl ketone can
be used to extract ™TcOj from MoO7 in the wide pH range of 0.5-13.0 almost
quantitatively [129].

The extraction of TcO4 with cyclohexanone proved to be an unusually rapid, effi-
cient, and sclective method. More than 95 % of TcO3 was extracted from 0.2 N to
7 N H,S0y solutions in a single cquilibration that is achieved in about 5 minutes. At
higher aciditics the phase volume ratio changed drastically because of increasing
solubility of cyclohexanone in the aqucous phase. The scparation was applicd in the
dctermination of the number of fissions occurring in a short neutron irradiation of
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uranium by measurement of *™Tc. and to the separation of *Tc from long-lived fis-
sion products for burnup analysis [130]. Also for determining ®*Tc in environmental
samples, an extraction of TcOy with cyclohexanone was used. In the concentration
range from 0.2 to 4.0 N H.SO, distribution coefficients Dr. from 82 to 200 werc
achieved [131].

Organo-nitrogen compounds

As alrcady described in Sect. 5.1, pertechnetate is efficiently extracted by pyridine
from alkaline solutions. Pyridine extracts TcOjz almost quantitatively from 4 M
NaOH with a distribution coefficient Dy.= 7.78-10° at room temperature [132].
Pyridine and methyl-substituted derivatives were applied as extractants in the iso-
lation and purification of technetium from aqueous NaOH, Na,CO3, and NaNQO;
solutions. D1, was found to incrcase with increasing NaOH concentration, while
nitrate decreased the distribution coetticient. Methyl-substituted derivatives of pyr-
idine are useful in scparating TcO, from appreciable amounts of nitrate ions.
D=110 of aqueous solutions of TcOj containing (.25 M NaOH/2.0 M Na,CO;
and 0.25 M NaNOQOj; allows the ready decontamination of TcQOj3 from other fission
products like '*7Cs, " Ru, %Zr, ©Nb, 12155Eq, and ?°Sr [133]. Later, 2,4-dimecthyl-
pyridine and 2-methyl-5-ethylpyridine werc recommended to extract TcO3 from
alkaline solutions. 2-methylpyridine appeared to be less suitable with respect to its
solubility in aqucous alkaline solutions. Table 7.2.A summarizes some distribution
coefficients.

Table 7.2.A D values for the extraction of pertechnetate from alkaline solutions by pyridine bases at
room temperature [134].

Composition of the pyridine 2-methyl- 2,4-dimethyl-  2-methyl-5-  quinoline
aqueous phase pyridine pyridine ethylpyridine
I M NaOH 180 474 314 470 150
1M LiOH - - 1280 1130
3M NaOIl 239 1970 1670 930 356
1 M NaOH +
2 M NaNO; - 78 146 143 49
0.5 M NaOH +
1 M Na,CO; 150 1840 700 1000 236
1 M NH,OH +
1M (NI14),COs - 286 405 708 522

The best conditions for the cxtraction of TcOj7 by 2,4-dimethyl- and 2-methyl-5-
cthylpyridine arc provided by 1 M LiOH and 3 M NaOH [134].

The cxtractant 4-(5-nonyl)pyridine in benzene displays considerable advantage
over pyridine and mecthyl-substituted pyridines in that its solubility in water is
almost negligible. However, the distribution coefficients proved to be rather low.
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In various nitric acid concentrations the maximum D-. value at 25 °C was found to
be around 10 at 0.5 M HNO; [135]. More recently D, =60 was reported for a 0.5
M HNO; solution of pertechnetate using a 0.1 M solution of 4-(5-nonyl)pyridine in
benzene [136].

Early extractions of pertechnetate, dissolved in 1 N H,SOy, with a (.1 M solution of
tri-n-octylamine (TOA) in cyclohexane resulted in distribution coefficients of
Dy.=110 at 25 °C [111]. Recently, D was determined as a function of the nitric acid
concentration using 0.01 and 0.1 M solutions of tri-n-octylamine in benzenc. The dis-
tribution coefficients increased with increasing acidity until a maximum was reached
ncar 0.1 M HNQO;. At higher concentrations of nitric acid, D fell rapidly becausc of
competition from the sumultaneously extracted nitric acid, which reduces the concen-
tration of free tri-n-octylamine available to cxtract TcOjz (Fig. 7.8.A). The extraction
is considerably affected by the temperaturc. A lincar rclation is obtained between
D+ and the concentration of TOA. The slope of 1.0 indicates an extractant:Tc ratio
of 1:1. The extraction of pertechnetate from aqucous HNO; solution may be rep-
resented by the equation [117]:

H'(aq) + TcOz(aq) + TOA(org) < [HTcO,- TOA](org)

A mixture of tri-n-octylamine and xylenc (30 %v/v) was used for cxtracting TcQOy
from mineralized scaweeds collected at the coast of the Ibaraki Prefccture in Japan.
A specific activity of ®I'c in the fresh seawced Eisenia bicyclis of 503 mBq/kg was
determined [137].

The distribution coefficient of TcOj for the extraction with 0.1 M tri-isooctyla-
mine (TIOA) in cyclohexane from 1 N H,804, Dy, =72 at 25°C, is somewhat
lower than that of tri-n-octylamine (TOA) under identical conditions [111]. A pro-
cedure for the separation of **™TcOj from ncutron irradiated MoO; by extraction
with TIOA was described. MoO; was dissolved in 1 M NaOH and *™Tc extracted
from 1 M HCI into a solution of TIOA in 1,2-dichlorocthanc. At a concentration
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of 3-1073 M TIOA. a distribution coefficient Dy. =30 was obtained. Less than
0.5% of **Mo was found in the organic phase [138]. For cnvironmental studies
TcO3 was extracted from aqueous sulphuric acid solutions with 5 % TIOA/xylene.
Unexpectedly high distribution coefficients D, were measured, decreasing from
4.7-10% 10 1.6 - 10° in the concentration range of 0.5 to 4.0 N H,SO,. Almost 100 %
of the pertechnetate could be extracted when the aqueous and the organic phasc
were shaken for only 1 min [131].

5-1072 M N-Benzoyl-N-phenylhydroxylamine (BPHA) in chloroform extracts per-
technetate from 4-7 M aqueous solutions of HCIO,; with distribution coefficients D
between 2 and 500 at 25 °C. D strongly increases with increasing HCIO, concentra-
tion. The extraction is represented by the reaction [139]:

2H*(aq) + TcOy4(aq) + BPHA(org) — [HTcO,- HBPHA(org)

The distinctly lower distribution coeflicient of ReOj provides a method for separat-
ing TcOjy and ReOy4 [140].

Pertechnetate is efficiently extracted from aqueous solutions by rhodamine-B
hydrochloride (RH*Cl ) in nitrobenzene. At pH 4.7 and 28 °C an cxtraction coeffi-
cient of 7.96-10* was reported when 10 ml of the organic phasc contained 5 mg of
RH*CI". The extraction equilibrium was reached within 2 min and the separation of
the two phases was rapid. The extraction process may be formulated as

TeO3z(aq) + (RH*CIM)(org) «— (RH*TcO3)(org) + Cl(ag)
Separation factors greater than 107 could be achieved for Ni(11), Mn(II), Zn(IT),
Sn(1V), and Sb(III) [141].

Alkyl- and arylammonium salts

Tetra-n-butyl, -pentyl, -hexyl, and -heptyl ammonium iodides, dissolved in benzene or
chloroform, can be used to extract 'TcOg from aqueous solutions. Such cations act as
liquid anion e¢xchangers. Distribution coefficients are compared in Table 7.3.A.

Table 7.3.A Distribution coefficients D, {or the extraction of 107 M pertechnetate at pH 5 with 107
M tetraalkylammonium iodide in chloroform [142).

Alkylammonium iodide [|But,N]1 [Pent;N]1 [Hex NI [Hept,N]I
Dy, 3.40 9.29 9.10 9.89

The two phases were cquilibrated in a separating funncl for 15 min. The expected
reaction is

TcOz(aq) + [(alkyl)4N]I(org)«>{(alkyl);N]TcOg4org) + I (aq)
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The separation of TcQ, from MoQji~ was carried out at pH 10.5 with tetra-n-
heptylammonium iodide dissolved in benzene. The separation factor Do/Dy, of 14
requires only a few cycles to cfficiently scparate both anions [142].

The chief decontamination step for the radiochcmical separation of pertechnetate
from mixed fission products was the extraction of TcO, from a 4 M NaOH solution
into a tetrapropylammonium hydroxide/bromoform mixture in only 30 s [143]. This
rapid and quantitative extraction was proposed for the separation of Tc¢ from the fis-
sion products Mo, Ru, Rh, and Pd. D values of 10?2 were obtained for the concentra-
tion of 0.12 M tetrapropylammonium hydroxide in 4 M NaOH, whereas the distribu-
tion cocfficients of the other fission products were only around 107 [144].

Extraction with a 0.15 M solution of methyltricaprylammonium chloride in
chloroform results in the quantitative isolation of pertechnetate from aqueous
media. ranging from 4M sulphuric acid or 9 M hvdrochloric acid to pH 13. The for-
mation of a 1:1 organic cation-pertechnctate salt appears to be requisitc for the
cxtraction at any pll:

TcO3(aq) + [CH3(CyH 5)3N]|Cl(org) — [CH3(C7H;5);N]TcOy(org) + Cl (aq)

Depending on the concentration of H>SO,4, HCl or KOH, distribution cocfficients
D between 7 and 175 at 24 °C werc reported. ReOj follows TcOjg so closely that
their separation from each other appears to be difficult [145].

Pertechnetate is efficiently extracted {rom aqueous solutions of HNO5 and LiNO;
by trilaurylammonium nitratc dissolved in 2-xylene according to the anion exchange
reaction:

TecOz(aq) + {(C12H25):NHINOs(org) — [(Ci2Hzs)sNH]TcOy4(0org) + NOs(aq)

D1 decreases from 156 at 10 * M HNO; to 1.8 at 0.9 M HNO; and from 140 at
5-107 M LiNOs; to 2.6 at 0.9 M LiNO; using a concentration of 1.5-10 2 M trilauryl-
ammonium nitrate at a temperature of 25 “C [113].

Distribution coefficients D of 10* can be achicved when pertechnetate in 1M
H,SO, is cxtracted with triphenylguanidinium chloride dissolved in f,f-dichloro-
diethyl cther. Dy, decrecases with increasing H,SO, concentration. similar to Dg,. The
separation of TcOj from RcO3 and even from MoO3~ is not possible by a single-stage
extraction [146].

Tetraphenylarsonium salts

The extraction of [(Ce¢Hs)4As|T'cO4 into chloroform and the application of the extrac-
tion procedure to scparate TcO7 produced from molybdenum or uranium were stud-
ied very carly. The extraction proceeds according to the equation [147]:

[(CeHs)aAs] ' (aq) + TcOz(aq) « » [(CoHs)sAs[TcO4(org)
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The distribution coefficient Dy incrcased with dccreasing concentrations of
mineral acids, while the extraction of molybdate was negligible. Using 0.05 M solu-
tions of tetraphenyl arsonium chloride in chloroform D-p>10% are reported for <0.1 M
concentrations of H,SO,4 or HCL At high supporting acid concentrations the decreasc
in TcO, extraction may be attributed to the depressed dissociation of HTcO,. At low
acidities TcOj could be separated from neutron-irradiated Mo with very high sclectiv-
ity. Use of 0.05 M H>SO, results in a separation factor of 10° for technetium and
molybdenum [148].

D, strongly depends on the concentration of [(Ce¢Hs),As]Cl in chloroform. For
the extraction of pertechnetate from 3 M HNOj a distribution coefficient of around
100 is attained when the concentration of tetraphenylarsonium chloride in chloroform
is raised to 1 M. TcOy can be scparated from 3 M 1INO; by extraction with >0.1 M
[(CeHs)1As]Cl in chloroform, whereas [TcClg]* is not extracted under the same con-
ditions [149]. Dilute solutions of [(CgHs)4As]Cl (<1072 M) in CHCl; extract TcOy at
pH valucs from the alkaline to the weakly HCI acid range with a high distribution
ratio of more than 107 [150]. Even from saturated NaCl solutions pertechnetate can
be extracted almost quantitatively [151].

7.2.2.2 Complex compounds

In strongly acidic media. cupferron, the ammonium salt of N-nitroso-N-phenylhy-
droxylamine, seems to form with TeOg the adduct [(Cupf)'(TcQOy4)7| or an adduct
with pertechnetic acid, which can be extracted from 6 M HCI into cther by 99 %.
The occurrence of any significant reduction was not obscrved. Tc(I11), prepared by
coulometric reduction of pertechnetate, was extracted as a cupferrate into ether up
10 26 % [lSZJ

Potassium xanthate reduces pertechnetate and forms a technetium complex in a
1.5 N aqueous solution of HCI, H,SO4 or HCIO,, from which more than 99 % of tech-
netium could be extracted into carbon tetrachloride at 20 °C. The concentration of
potassium xanthate was (.1 M. Perrhenate remained entirely in the aqueous phasc.
thus separation {rom technetium could be readily achieved. Instcad of carbon tetra-
chloride, other extractants like chloroform. 1.1.1-trichlorocthane, xylenc or isopropyl
cther are also suitable [153].

In addition, tetramcthylenedithiocarbamatc was used for reduction of TcOg, chela-
tion, and extraction of the complex into chloroform from hydrochloric acid solution.
More than 99 % of the technetium can be extracted into chloroform when the HCI
concentration is >>0.01 M. In contrast to technetium most of the accompanying radio-
nuclides in low-level radioactive wastes are not extracted into the organic phase at
high HCI concentrations, ¢.g. 4 M HCL. except *°Co and "9™Ag. The suitable concen-
tration of tetramethylencdithiocarbamate ranged between 1-10 % and 1.5-107 M
(154].

Potassium thiocyanate reduces pertechnetate in aqueous hydrochloric acid solution
and forms thiocyanato complexes of technetium that are extractable by a solution of
0.1 M 2-hexylpyridinc in benzene. Also Mo(VI1), Au(T11), As(III). Fe(IIT), Zn(IT). and
Hg(1l) are extracted under similar conditions. The equilibrium is attained in about 3
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min. Around 70 % of technetium can be extracted at 5 M HCl in the presence of 0.02
M KSCN |155].

Tc(IV), obtained by reduction of TcOj with hydrazine in 0.5 to 3 M HINQs;, was
extracted with a solution of 15 vol% of dibutyl phosphoric acid. Distribution coeffi-
cients only between 2 and 3 were observed for -2 M HNOj;. Somewhat higher coclfi-
cients (D4.=8.5) could be achieved when Tc(IV) was extracted with thenoyltrifluoro-
acctone from aqueous solutions of pH 6.5 to 9. Under thesc conditions more than
90 % of Tc(IV) was extracted in a single equilibration step [156]. Some systematic
studies on the extraction of Te(IV) with several complexing cxtractants have been re-
ported [157].

To conclude Scct. 7.2.2, Table 7.4.A summarizes the significant distribution coeffi-
cients D for the solvent extraction of pertechnetate from aqueous solutions.

‘Table 7.4.A Solvent extraction of pertechnetate from aqueous solutions

Extractant Aqueous phase Distribution coefficient References
Dvl'(

3-Pentanol I N H,S0, 95  (25°C) [111)

2-Methyl-2-butanol 1 N H,80, 104 (25°C) [11]

Cyclohexanol 1 N H,S0, 32 (25°0C) [111]

Acetone 4 N NaOH 10 (room temp.) [123]

Mecthyl ethyl ketone 6 N K,COz1190g/t Mo 400 (room temp.) [126]

Cyclohexanone 1N H;80, 93 (25°C) [111]

2-Pentanonc 1 N H,S0, 38 (25°C) (1]

3-Pentanone 1 N1LSO, 35 (25°C) [111]

Tri-n-butyl phosphate 4N HCI 900 (25°C) [116]

(80 vol% in n-dodecanc)

Trichloroethyl phosphate 1N HNO;4 39 (room temp.) [124]

Di-iso-amylmethy! phosphonate 1 N HNOs 117 (room temp.) [124]

(50 vol% in decance)

0.2 M Tri-iso-hexylphosphine oxide 1N HNO; 5.7 (room temp.) [124]

(in decane)

0.1 M Trihexylphosphine oxide 1 N H-80, 46 25°C) [111]

(in cyclohexanc)

0.1 M Trioctylphosphine oxidc 1 N H,.50, 41 (25°C) [111]

(in cyclohexane)

0.2 M Dioctylphenylphospine oxide I N HNQO; 43 (room temp.) [124]

(in decane)

0.1 M Tridecylphosphine oxide I N H,S0, 49 (25°C) (111}

(in cyclohexane)

Pyridinc 4 N NaOH 778 (room temp.) [132]

2-Methylpyridine 3 N NaOll 1970 (room temp.) [134]

2.4-Dimethylpyridine 3N NaOH 1670 (room temp.) [134]
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Table 7.4.A Continucd

Extractant Aqueous phase Distribution coefficient References
l)vrc

2-Methyl-5-cthylpyridine I N LiOH 1130 (room temp.) [134]

4-(5-nonyl)pyridine 0.5N HNO; 60 (room temp.) [136]

Quinoline 3 N NaOH 356 (room temp.) [134]

0.1 M 'Tri-n-octylamine 1 N H,S0, 110 (25°C) [111]

(in cyclohexane)

5-10 2 M N-Benzoyl-N-phcnyl- 7N HCIO, 500 (25°C) [139]

hydroxylamine (in chloroform)

5-10 % % Rhodamino-B hydrochlor- pH 4.7 7961 (28 Q) [141]

ide (in nitrobenzene)

0.1 M Cetyl-dimethyl-benzyl- 1N H,50, 105 (25°C) [111]

ammonium chloride (in tolucne)

0.1 M Dimethyl-didodecenylammo- 1 N H;S0, 100 25°C) (111]

nium chloride (in tolucne)

0.12 M Tetrapropylammonium 4 N NaOHl 100 (room temp.) [144]

hydroxide (in bromoform)

10 * M 'Ietrabutylammonium iodide pH 5 340 (room temp.) [142]

(in chloroform)

10~ M Tetrapentylammonium iodide pHS5 9.29  (room temp.) [142]

(in chloroform)

10 M Tetrahexylammonium iodide pHS5 9.10  (room temp.) [142]

(in chloroform)

10 * M Tetraheptylammonium iodide pH S 9.89  (room temp.) [142]

(in chloroform)

0.15 M Methyltricaprylammonium 6 N HCl 175 (24°C) [145]

chloride (in chloroform)

1.5-10' * M Trilaurylammonium 10~ N HNO; 156 (25°0C) [113]

nitrate (in xylenc)

Triphenylguanidinium chloride 2 N 11,580, 1000 (room temp.) [146]

(in B.8-dichlorodicthy! ether)

0.05 M Tetraphenylarsonium 1N H,50,4 >1000  (room temp.) [148]

chloride (in chloroform)

7.2.3 Chromatography

7.2.3.1 Ion exchange chromatography

Pertechnetate is strongly adsorbed by strong-base anion exchangers and can be cluted
only by ions with a high affinity for the resin, such as ClO4~. Recently, the adsorption
behavior of pertechnetate on the anion cxchanger Dowex 1-X8 was studicd as a function
of the acid concentration in chloride, nitrate or perchlorate solutions at constant ionic
strength and also in dependence on the hydroxide concentration, demonstrating the pro-



80 7 Analyiical chemistry

minent cluting properties of perchloric acid [158]. Using Dowex [-X8, various factors
such as quantity of the resin, eluant concentration, and clution flow rate for the scparation
of TcO, from environmental waters were optimized. The average recovery was 91 % of
TcO,4 when the resin was cluted with 12 M HNO; [159].

Perrhenate is almost as strongly adsorbed as pertechnetate. but the separation of
both anions can be carried out if a strong base exchanger is used [160]. Early, pertech-
netate and perrhenate were separated on a Dowex-2 resin using as the eluent a mix-
ture of 0.1 M (NF,;)>SO4 and 0.1 M NH,SCN adjusted to pH 8.3-8.5. The two elution
peaks were only partially resolved. In spite of some cross contamination, pertechne-
tatc was obtained in a purity of over 99 % [161]. A better separation of TcOj3 and
RcO; was attained (Fig. 7.9.A) when perchlorate solutions were used as cluents [160-
164]. Maximum separation factors of 10*-10° could be achieved on a Dowex 1-X4
resin of 200-400 mesh. At high perchloric acid concentrations (0.1 M), a broadening
and distortion of the technetium peaks was observed, indicating reduction of pertech-
netate by the resin [164].

To separate manganese. technetium, and rhenium. MnQy is reduced with hydrogen
peroxide to Mn“~ which is not adsorbed on the anion cxchange resin Amberlite IRA-
400. Mixtures of TcOz and ReO3 in 0.1-0.3 M HCI arc passed through the Amberlite
and both anions arc adsorbed. Rhenium is eluted with a 5 wt% solution of NH,SCN
in 0.1-0.2 M HCIL. After washing the column with water, technetium is cluted with 0.1
M HNOs;. The separation is reported to be most satisfactory. 10 pg of technetium can
be separated from 15 mg of manganese and 0.8 mg of rhenium, however, the clution
of the three elements requires a total time of about 24 h [165].

Again the thiocyanate-hydrochloric acid medium was applied to separate by anion
¢xchange perrhenate from molybdate and pertechnetate. Rhenium is first eluted with
a 0.5 M NH,SCN/.5 M HCI solution while MoO?- and TcQ, remain strongly
adsorbed on the anion exchanger Dowex 1-X8. Molybdate is then removed quantita-
tively by passing a 2.5 M NH4NOj; solution through the column. Pertechnetate is
eluted with 4 M HNOj;. Microgram to a few milligram quantitics of perrhenate can be
quantitatively scparated from tracer quantities of pertechnetate [166].
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The scparation of *TcO3, formed by ncutron bombardment of molybdenum, from
its molybdenum matrix, was accomplished by means of the Amberlite anion exchange
resin IRA-400. Irradiated molybdenum was dissolved in NH4OH + H,05 and molyb-
date was eluted from the anion cxchanger with a mixture of potassium oxalate and
potassium hydroxide, while the clution of pertechnetate was achicved with 0.5 M
NH,SCN. 80 to 93 % of the calculated **I'c could be recovered from the irradiated
molybdenum [167].

For the anion-exchange scparation with Dowex-1, the distribution coefficients of
pertechnetate, molybdate, perrhenate, and tungstate were determined in hydrochloric
acid (Fig. 7.10.A). The results indicate that the best separation of TcO4 and MoQ3~
should occur in about 1 M HCI. Molybdate is removed from the anion-exchange col-
umn with 1 M HCI, then pertechnetate with 4 M HNO;. The recovery of pertechne-
tate in the first 4.4 ml of nitric acid was 98 %. A drawback of this scparation might be
the isolation of pertechnetate from the rather strong nitric acid [168].

The cationic thiourea complex of technetium is adsorbed from nitric and perchloric
acid on the cation-exchanger Dowex S0WX4. In dilute HNOj; and HCIO, (pH 1) dis-
tribution coefficients of 10° and >10%, respectively, were observed. Technetium was
cluted with 8 M TICl or a mixture of 5 M HNO; and 10 % H,O, [169].

1000

, N R Y T Fig. 7.10.A Dependence of the distribution
¢} 2 4 6 8 10 2 cocfficiecnt Ky at 25 °C on the HCI concentra-
MOLARITY OF HYDROCHLORIC ACID tion with Dowex-1 [168].
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7.2.3.2 Adsorption chromatography

Paper chromatography can be employed for separating pertechnetate from perrhe-
nate and molybdate. Using Whatman No.1 paper the separation of TcO,4 and ReQy is
rather satisfactory, in a mixture of butanol and conc. HCI (50/50 vol%) as the mobile
phase. Hydrochloric acid causes selective reduction of TcO, with the formation of a
chloride complex that is less mobile in this system. The R; values of technetium and
rhenium are 0.70 and 0.77, respectively [170]. The solution chemistry of pertechnetate
and reduced specices in different concentrations of hydrochloric or hydrobromic acid
was studied by paper chromatography [171-173]. Another paper chromatographic
method uses the formation of a technetium complex with thiourea in nitric acid. TcO3
is reduced by this reagent, in contrast to ReOy [174]. Pertechnetate and molybdate
arc separated by high-voltage electromigration in paper using a 0.15 % solution of
CH3;COONH, and a gradient of 60 V/em [175].

To extract *™T'¢c from molybdenum irradiated by neutrons or separated from ura-
nium fission products, inorganic adsorbents, in particular aluminum oxide. werc
widely used. In preparing a ?*™Tc generator, irradiated MoQOj; was dissolved in conc.
HNO:j, the solution was diluted and passed through a column of acid aluminum oxide.
The column was then eluted by 0.2 N H,SO, to extract 2™ Tc [176]. 1f molybdatophos-
phate instead of molybdate is adsorbed by aluminum oxide, the exchange capacity
increases from 1.2 to 8 g per 100 g of AlO5 [177]. In order to obtain *™Tc in high
specific activitics, carrier-frec ®’Mo, produced by fission of >*>U, is passed in dilute
nitric acid of pH 1-2 through a column of chromatographic aluminum oxide. **™Tc
can be easily eluted with 0.1 M HNO3, while molybdatc is retained on the column.
The radiochemical purity of **TcQy was >99.99 % [178]. Instead of ALLOs, kieselgur
supported with di-2-cthylhexylphosphoric acid (30 %w/w) was proposcd for an easy
and rapid separation of Mo and *™TcOy, [179].

In addition, thin-layer chromatography was employed for the separation of techne-
tium and molybdenum. Neutron-irradiated molybdate was separated from produced
PmTcQy on cellulose MN 300 using butanol saturated with I M HCI [180]. Molybdate
was identified in pertechnetate solutions by means of thin layers of silica gel or Al,O3
with mixtures of 1 M HCl/methanol or 1 M HCl/ethanol as solvents. The TcO, spot
revealed a higher mobility than the MoO3 spot [181].

To rather selectively separate pertechnetate, with more than 90 % yiceld. from solu-
tions of acid fission products it was proposed to use finely divided cadmium sulphide.
The overall yield of the radionuclide pure **Tc, finally extracted as [(CoHs)4As|TcQy,
was 68 % [182,183]. In addition, activated carbon was used to efficiently separatc per-
technetate from high-level liquid waste. Distribution cocfficients of more than 500
were observed when pertechnetate was separated with activated carbon from a 2 M
HNO; solution [184]. Effective separation and recovery of *?TcOy4 from contaminated
groundwater with activated carbon have been reported very recently [185].

Studies on the sorption of technetium by various minerals demonstrate that only a
few percent of pertechnetate arc sorbed by tuff and basalt and that granite, dolomite,
and shale sorbed only small amounts (<10 %). However, minerals containing copper,
fead or iron sulphide. e.g. bournonite. galena, and chalcopyrite, sorbed pertechnetate
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strongly up to more than 99 %. Reduction of TcO, may occur by minerals containing
Cu, Pb?* or Fe? ions [186).
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8 Uses of technetium-99

Among the technetium isotopes, only “Tc, a pure f~ emitter (=029 MeV) with a
half-life of 213 000 a, can be obtained (Sect. 5.1) in amounts adequate for studying the
technical applicability of the element and its compounds. However, the widespread
use of technetium is necessarily restricted by its radioactivity. The application of the
metastable isotope **™Tc in nuclear medicine has quite superior significance and will
be described in detail in Part B.

8.1 Radiation source

The decay characteristics of **Tc, in particular the abscnce of 7 radiation and its
long half-life, suggest the application of this isotopc as a standard source of wecak
f radiation. Its specific activity of 17.0 uCi/mg or 629 kBq/mg remains practically
independent of time. **Tc can be isolated to a high degree of chemical and radio-
chemical purity, for instance by cathodic clectrodeposition of **TcO,-hydrate on a
thin silver foil of 0.005 mm thickness from 2 M NaOH solutions of pertechnetate
at —0.75 V vs SCE. The self-scattering and self-absorption characteristics are such
that °I'c makes an excellent 8 standard [1]. Another procedure utilizes the
solubility of some pertechnetates in organic solvents, e.g. in acetone, for preparing
film sourccs containing **Tc. When a film forming substance is added to the solu-
tion, a film with a uniform distribution of **TcOj is obtained after drying or poly-
merization [2].

Metallic *Tc foils of 23 um thickness and 15 x 20 cm? surface coated with a thin
layer of acryl lacquer were used for ff-radiography [3]. In the determination of hcavy
elements by X-ray fluorescence. *Tc was proposed as radiation source for the excita-
tion of the K-fluorcscence radiation [4]. In addition, *“Tc was considered as radiation
source for ionization detectors in gas chromatography [5].

8.2 Catalyst

In view of the excellent catalytic properties of rhenium and the related platinum met-
als, it was expected that technetium metal and compounds of technetium would also
be qualified to be specific catalysts 6.
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As early as 1968 the specific catalytic activities of a *’Tc metal catalyst supported
on silica or y-alumina at a concentration of 1 wt% were studiced in detail for the recac-
tions of benzenc with hydrogen in the temperature range of 100-235 ”C. Both techne-
tium and rhenium metal revealed catalytic activity in hydrogenation of benzene to
cyclohexane. At temperatures above 130-200 °C both metals. like ruthenium, also cat-
alyze benzence hydrogenolysis resulting in saturated normal aliphatic C,-C,, hydrocar-
bons. The catalytic activities of the metals for hydrogenation and hydrogenolysis
decrease in the order Ru>Pt>Tc = Pd>Re and Ru>Te>Re, respectively. The apparent
activation energics were found to be 7-11 kcal/mole for hydrogenation and 29-32
kcal/mole for hydrogenolysis. The activity of technetium for hydrogenation in the case
of a y-alumina carrier proved to be four times higher, the selectivity, however, six
times lower than in the case of silica supported catalysts |7].

Later on, the reverse reaction, e.g., the dehydrogenation of cyclohcexane, on
technetium metal supported on y-alumina was investigated between 260 and
500 °C. Benzene was formed with high selectivity. The apparent activation energy
of the reaction was 13.1 kcal/mole. At tempcratures higher than 410 °C cracking
processes increasingly dominated. The dehydrocyclization of n-hexane yielded
around 15 wt% of benzene and, in addition, rather high concentrations of toluene
and xylene at 510°C [8].

Similar studies were carried out on the aromatization of n-hcxane and n-heptane
on technetium metal catalysts supported by -AL O, MgO, Y,05, SiO; or activated
carbon. With an increase in the content of supported technetium (1 to 5 wt%) the
yicld of benzene (1.5 to 17.0 wt%) for the dehydrogenation reaction of n-hexane and
the yield of toluene (2.0 to 22.8 wt%) for the reaction of n-hcptanc generally
increased in the temperature range from 450 to 600 °C [10}.

Aluminum oxide containing 0.16-0.27 wt% of metallic technetium also catalyzes
the dehydrogenation of aliphatic alcohols to the corresponding aldchydes or kctones
in the temperature range of 150 to 300 °C. The catalyst activity was constant over 10 h
of continuous operation. CH;0H, C-HsOH and CH;CH(OH)CH; decomposed with-
out any side reactions. The highest rate and the lowest temperature (150 °C) for initia-
tion of the reaction were obscrved for the dehydrogenation of isopropyl alcohol to
form acctone:

CH;CH(OH)CII; ‘vs?&%’ H;CCOCH; + H,

The most active Tc metal catalyst was obtained at the lowest temperature used for
the reduction of TcO, to Tc metal. The apparent activation energy for the dehydro-
genation process was 13.7 keal/mole. At 220 °C 30 % of isopropyl alcohol was con-
verted to acetone. The activity of the technetium metal catalyst for the dehydrogena-
tion of isopropyl alcohol is superior to that of manganese and close to that of metallic
rhenium when, however. the content of rhenium in the catalyst was 30 wt% instcad of
around 0.2 wt% of technetium [11}].

In addition, the dehydrogenation of isopropyl alcohol was studied using technetium
metal supported on the oxides Y2Os;. PryO5, Nd,O;3 or Yb.Os. Table 8.1.A. sum-
marizes the results,
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Table 8.1.A Catalysts and activity for dehydrogenation of isopropy! alcohol [12].

Catalyst Degree of Dehydrogenation
Conversion selectivitiy
[%] [%]

Oxide Te (%) 300 °C 370 °C 300 °C 370 °C
Y204 0 0 22 7
0.016 10 24 95 47

0.030 28 64 100 100

0.057 33 82 100 100

Pr,0, 0 0 12 - 75
0.045 19 30 100 100

Nd-O; 0 0 36 92
0.08 40 95 100 100

Yb,0; 0 0 21 - 25
0.12 40 95 100 100

The outstanding catalytic properties of technetium mctal compared to rhenium and
palladium are illustrated in Fig. 8.1.A. On the ordinate the conversion rate of isopro-
pyl alcohol in ml/min is plotted. According to Table 8.1.A the catalytic properties of
the supporting oxides arc substantially changed by adding even small amounts of tech-
netium. The activity of the catalysts increases with increasing wt% of technetium. In
particular, the selectivity of the dehydrogenation attains 100 % [12].

For reforming naphtha to gasoline by hydrogenation a Pt-Tc/AlL,O; catalyst con-
taining 0.1 to 10 wi% Tc and 0.6 wt% Pt was employed at a pressure of 160 psig in
the temperature range of 66 to 220°C. The Pt-Tc catalyst exhibited greater stability
than did one containing only Pt [13,14].

A technetium catalyst prepared by reduction of an aqueous solution of HTcO, with
hydrogen at 200 °C under a pressure of 23 MPa was uscd for hydrogenation of succi-

ml/min
nt
5+
0
5 —
1 Fig. 8.1.A Dchydrogenation rate of isopropyl alcohol
0 on catalysts. Y>04(1), Y>03:10.06% Re(2), Y03+

L
250 306 350 W03 °C 006 % PA(3). Y,0:+0.06 % Tc(4) [12].
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nic anhydride, 2,2-dimethy! succinic anhydride, and glutaric anhydride in an autoclave
under the conditions of the catalyst preparation. The hydrogenation of succinic anhy-
dride resulted predominantly (66 wt%) in the formation of y-butyrolacton, in contrast
to the reaction catalyzed by rhenium which mainly promoted the formation of tetra-
hydrofuran (78 wi%). The hydrogenation of glutaric anhydride yielded prevailingly
tetrahydropyran. independent of the use of the technetium or the rhenium catalyst
[15).

The catalytic propertics of chlorophosphine complexes of technetium such as
[TeCly(Ph;P),]° for the hydrogenation of cyclohexene and octene-1, dissolved in ben-
zene., were studied in the presence of sodium amalgam and/or 0.1 MPa H,. The cata-
lytic activity of the technetium complexes was shown to be cvident but low as com-
pared to the most active complexes of Ru, Rh or Ir [16].

The catalytic activity of various complex compounds of technetium was tested in
the metathesis of olefins [17], cpoxide ring opening rcactions [18], epoxide ring forma-
tion by reaction of cyclohexene with teri-butylhydroperoxide [19,20], and the pre-
ferred production of trans-cpoxides in the liquid phase oxidation of cis/trans-n-alkcnes
[21].

The technetium carbonyl catalysts, [Tc,(CO)g]® and [Ter(CO)10]°/P(n-Cy4Hy)s pro-
mote the hydroformylation reactions of cyclohexenc, propene, and 1-octene in solu-
tion at 235°C and a pressure of 20 MPa. [Tc;(CO)yy]*/P(n-C4Hg); showed the best
results in activity and selcctivity within the anologous subgroup VII complexes stud-
icd, but proved 1o be a rather poor catalyst comparcd with the cobalt or rhodium car-
bonyl compounds [22].

In hydrogenation of carbon monoxide over supported catalysts of technetium metal
between 270 and 500 °C in a helium flow, predominantly methanc was formed. The
conversion of CO into methane increased with incrcasing temperature. Conversion
yields up to 100 vol% of CH, were obtained over a Tc/y-Al,O; catalyst [23).

Technetium in differcnt oxidation states appears to catalyze the oxidation of
hydrazine by nitric acid, a reaction which is otherwise very slow cxcept at elevated
temperatures and aciditics. The reaction between TcO, and hydrazine in acidic
nitrate media has attracted interest as a reaction occurring in the reprocessing of
spent nuclear fuel. The hydrazine oxidation displays an induction period followed
by rapid reaction. The induction period covers a slow reduction of Tc(VII) to
Tc(IV) by hydrazine followed by a Tc(IV)-catalyzed reduction of Tc(VII) by
hydrazine. The rapid rcaction commences when Tc¢(VIT) has been substantially
reduced to Tc(IV). The mechanism of the rapid rcaction is considered to be the
oxidation of Tc(IV) to Te(VI) by nitrate followed by reduction of Te¢(VI) to
Tc(IV) by hydrazine. On completion of the reaction, technectium is present pre-
dominantly as pertechnctate [24-27]. In addition, the oxidation of hydrazine by an
aqueous acid perchlorate medium is catalyzed by pertechnetate. The reaction again
shows an induction period followed by a fast stage of N, evolution, but no residuc
of unreacted hvdrazine is left, in contrast to the nitrate system. The concentration
of Tc(IV) in the perchlorate system goes through two maxima as the reaction pro-
ceeds [28]. The clucidation of the highly complex oxidation mechanisms of hydra-
zine needs further investigation.
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8.3 Technetium(VIl) as an oxidizing agent

The trioxo complexes of lechnetium in the oxidation state +7. [TcO:Cl(phen)]”,
[TcO3Clbpy) |7, [TcO:CI(5-NOx-phen)|°, [TcO;Cl(3,4,7.8-tetramethyl-phen)]® [eq.{1)],
and [TcOs-hydrotris(1-pyrazo-iyl)borate[° {eq.(2)] clearly oxidize olefins forming. in high
vields. the corresponding oxotechnetium(V) diolate complexes [29.30]:

Ct.
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From the diolate complexes the free diols can be releascd by hydrolysis with hydro-
chloric acid. The diols reveal cis-addition of the two hydroxyl groups. The rhenium
complex [ReOCI{OCH,CH,O)(phen)|® undergoes the reverse reaction by thermoly-
sis, releasing ethylene and producing [ReO;Cl(phen)]®. The results are consistent with
the periodic trends for second and third row transition elements of similar environ-
ments in which the sccond row elements are more easily reduced and the third row
clements are morc casily oxidized [29].

Methyltrioxotechnetium(VI), CH3TcOs, is also capable of adding olefins such as
cyclohexene and forming the glycolate complex of Tc(V) that releascs. by hydrolysis
in the presence of acids, the 1,2-diols. When cyclohexene was added, the stercospecitic
production of c¢is-1.2-cyclohexanediol was observed [31].

8.4 Pertechnetate as an inhibitor of corrosion

Already in 1952 the effectiveness of TcOjy ions in aqueous solutions for the corrosion
inhibition of iron and carbon stecls was discovered [32.33]. A specimen of stcel was
efficiently protected against corrosion at temperatures of up to at least 250 °C in acr-
ated distilled water containing 5-10°M TcOjz, onc-tenth of the concentration
required for corrosion inhibition by CrO3~. The test specimen remained bright and
unchanged in weight aftcr being exposed for 20 years in the aqueous TcO; solution at
pH ~ 6. To achieve inhibition under very corrosive conditions not more than 2.2- 10
technetium atoms per cm” must be deposited on the surface of the specimen, about a
tenth of a monolayer. However, an inhibited specimen corroded at oncc when
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rcmoved {rom the pertechnetate solution. or when the solution was diluted below the
limiting concentration of 5-10 ° M [34,33]. Perrhcnate does not inhibit corrosion. in
spite of the close resemblance between the properties of perrhenate and pertechne-
tate. Also pecrmanganate fails to inhibit corrosion cxcept at relatively high concentra-
tions of 10-! M [36]. The inhibition of TcQj3 depends on a labile state at the interface
that is quickly responsive to changes in the composition of the solution by adding clec-
trolytes. Addition of sulphatc ions in a concentration of 2.5-10 * M disturbs the inhi-
bition much more than perrhenate ions at the same concentration [37].

In the initial passivation process hydrous technetium oxide is produced and a ftilm
of mixced hydrous iron and hydrous technetium oxide is formed [38]. but the inhibition
cannot be ascribed to such a film in the absence of TcOyg [39]. The potential of the
passivated iron electrode immersed in TcQy solutions was found to be +0.157 V vy
SCE at a 'I'cO3 concentration of 4.7-10 * M and a pH of 6.4 in acrated aqueous solu-
tion. showing the iron clectrode more noble than the Flade potential in the presence
of dissolved air [40]. ReOyj has a less ennobling cffect than TcOj3 [41]. The passivation
cffect appears to be a combined action of oxygen and adsorbed pertechnetate and
arises from some intra-jonic property of the TcQy ion. It suggests a degree of internal
polarity sufficient to induce a short-range electrostatic polarization at the interface,
whereby the activation energy of the corrosion process is increased [35]. But there is
still no complete understanding of the corrosion inhibition of iron by pertechnetate.

Of course. the actual application of pertechnetate ions to corrosion inhibition of
iron and carbon stcels will obviously be a great problem because of the radioactivity
of “Tc, even in dilute solutions of *’TcOy. A pertechnetate concentration of 5-10 *M
corresponds to a specific radioactivity of 84.15 uCi/l or 3.11-10° By/l. Nevertheless.
the corrosion inhibiting property of #TcOg was proposed to be used in steam-generat-
ing nuclear reactors [42,43).
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9 Technetium metal

9.1 Preparation

Technetium metal is obtained by hydrogen reduction of ammonium pertcchnetate.
The initial reaction at 200-300 °C produces black technetium dioxide which prevents
the loss of ammonium pertechnetate by sublimation [1]. At a temperature of 500-
600 °C or, even better, 700-900 °C [2] the metal is left behind as a silver-grey spongy
mass according to the reaction:

NH4TCO4 + 2H2 — Tc + 4H20 +1/2 Ng

Heating of ammonium hexachlorotechnctate(IV) in an inert atmosphere, e.g. nitro-
gen, at a dull red heat, also yields technetium metal. The complex salt does not melt,
but decomposes under these conditions to leave technetium metal as a fine silver-grey
powder [3]:

(NH,)2[TcClg] — Tc + 2NH; + 2HCI + 2Ch,

In addition, hydrogen reduction of tetraphenylarsonium pertechnetate at 900-1000°C
produccs technetium as a light grey powder with the characteristic metallic luster [5].

Films of technetium mctal 5 mg/cm? thick can be clectrodeposited on to a copper
cathode, using a plating bath of 0.2 wt% technetium as NH4TcO, in 1 M H,SO,, and
a platinum anode. Agitation was by mcans of a circulating pump and gave a flowrate
of 50 ft/min across the electrodes, and the bath was initially at room temperature, ris-
ing during the clectrodeposition to about 40 °C. Technetium metal plates as a bright
silver deposit, but the deposition stops after about a quarter of the total technetium
has becen deposited. This appears to be due to the accumulation of technetium dioxide
hydrate formed by reduction of TcO,4. Complete deposition of technetium metal can
be obtained by the continuous addition of small quantities of H>O; just sufficient to
oxidize the brown-black TcO,-hvdrate back to pertechnetate [3.4].

Technetium metal is also electrodeposited almost quantitatively from dilute solu-
tions of TcOjz in acidic ammonium oxalate solutions. Films up to 18 mg/cm? were
deposited as dense adherent coatings on copper, gold, silver, and platinum cathodes at
a current density of 1.3 A/cm?®. At an oxalate concentration of 0.7 M, the molarity of
H,SO, required for the deposition of technetium metal varied between 0.45 M with a
copper cathode and 1.90 M with a platinum cathode. At lower molarities of H,SO,
technetium was deposited as oxide (Table 9.1.A).

The technetium metal deposits had a purity of about 99 % under optimal condi-
tions. Technetium was deposited on the cathodes in the form of microscopic spheres
and could easily be removed from the cathode when dried [6].
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Table 9.1.A Molarity of H>SO; required for deposition of *Tc at an oxalate concentration of 0.7 M

(6].

Cathode as metal as oxide
Copper 0.45 0.32
Nickel 0.87 0.58
Aluminum 1.14 0.71
Silver 141 0.87
Gold 1.41 0.87
Stainless Steel 141 0.87
Platinum 1.90 1.14

9.2 Physical properties

Technetium metal powder pressed into pellets at room temperature and a pressure
of 20 kg/mm? |7] can be transformed to the compact metal by arc melting under an
argon-helium mixture [8] or by electron beam meclting in a vacuum of 10 torr
[5.9]. Technctium is a bright silvery grey metal which is reported to tarnish slowly
in a moist atmosphere [10]. Although technetium is brittle it can be formed into
rod, foil, plate, and wire by using cold treatments and annealings. Cold-worked
technetium has the greatest strength while recrystallized technetium the greatest
plasticity. Cold-rolled technetium exhibits appreciably anisotropic mechanical
propertics. With increasing deformation, technctium mectal displays a rclatively
strong increase of temper [11,12].

Three determinations of the melting point of technetium metal are in rcasonably
good agreement: 2140 = 20°C [13], 2200 £ 50 °C [14], and 2162 £ 40°C {15]. The aver-
age melting point of 2167°C is near those of neighboring elements in the same
period —molybdenum (2610 °C) and ruthenium (2310 °C)—but almost 1000 °C lower
than that of rhenium {14]. The boiling point of technetium metal was cstimated as
4900 K [16]; no expcrimental value seems to be availablc.

For an ingot of arc-melted technetium metal, weighing approximately 70 g, the
immersion density was found to be 11.47 g/cm? [7]. An clectron-beam melted sample
showed a density of 11.492 g/cm® [17]. The X-ray density, calculated with the lattice
parameters ¢=2.7407 A, ¢=4.3980 A [18] and the nuclide mass of 98.906 g. viclds
11.481 g/cm?, which is just a little higher than that of lcad.

Technetium. like rhenium, ruthenium, and osmium. crystallizes in the hexagonal
closc-packed arrangement, whercas manganese forms a cubic lattice at room temper-
ature. The latticc constants [18-20] a=2.7407 + 0.0001 and ¢=4.3980 £ 0.0001 A at 298
K decrease smoothly 10 a=2.7364 and ¢=4.3908 at 4.2 K [18]. No change in the symme-
try of the latticc nor any unusual changes in the expansion coefficients were found in
this range of temperature. The expansion coefficients between 150 and 298 K are
%,=7.04-107° K'! and %.=7.06-10 ® K'. The axial ratio is remarkably constant only
increasing from 1.6046 at 4.2 K to 1.6048 at 298 K [18]. No change of the crystal struc-
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ture of technetium metal could be observed {rom shearing experiments up to a pres-
sure of 6- 10* kp/em? [20].

The high superconducting transition temperaturce of technetium metal. the highest
for a hexagonal metal and the sccond-highest transition temperature {or any element,
being exceeded only by niobium, has received much attention. The transition temper-
ature was reported as 11.2 K for technetium powder of greater than 99.9 % purity
[22], and as 9.3 K for material melted in an arc furnace in an argon atmosphere [23].
Technetium, melted several times by induction under a vacuum of 10-° torr until there
was no further evolution of vapor detected. had a superconducting transition temper-
ature of 8.22 + 0.01 K in zero magnetic field. The purity of the specimen was greater
than 99.995 % {24]. Also in subsequent studies transition temperatures were observed
to decrease apparently with increasing purity of the technetium metal [25.26]. Techne-
tium cylindrical single crystals with axis parallel to {1010] had a transition temperature
of 7.46 £ 0.04 K [27]. The pressure dependence of the transition temperature up to a
pressure of 15 kbar was found to be (-1.25 £ 0.05) - 10~ K/bar [28].

The electrical resistivity of arc-melted technetium metal was determined from its
superconducting transition temperature of 7.5 K to 1700 K. Above 77 K the resistivity
can be described by p (in uQ-cm)= -3.191 + 7.844-10°2T - 2.816- 10712 + 4.038
10T, From the electrical resistivity data a Debye temperature for technetium was
calculated to be 411 K |7].

The thermal diffusivity of technetium was measured from room temperature to
575°C by the flash method [29,30]. The thermal conductivity was calculated from the
thermal diffusivity data [17]. Later on, the thermal diffusivity mecasurements were
extended from 80 to 1800 K [31]. The specific heat (Cp) of technetium was deter-
mined in the temperature range 1000 te 1600 K. The metal investigated contained ap-
proximately 0.08 wt% of impurities. Cp increases slightly from 0.29 J-g!'- K at
1000 K to 0.31 J-¢ ' - K at 1600 K [31-33]. The heat capactiy was measured in zero-
field between 3 and 15 K using a heat-pulse method designed for use with self-heating
samples. The decay of *Tc by i~ emission results in a self-heating power of =15 uW/g.
The electronic heat capacity coefficient and the zero-degree Debye temperature are
430 mJ- mole-K? and 454 K, respectively {34]. The thermo-emf of technetium
metal was studicd by a contact-potentiometric method in a vacuum of 10 torr, with
technetium coupled with platinum (Fig. 9.1.A) [31].

Some physical property data of technetium metal are summarized in Table 9.2.A.

Table 9.2.A Physical properties of technetium metal.

Property Value References
Melting point 2413+ 20K [13]
Density (immersion) 1147g-cm™ 7]
Crystal structure hexagonal close-packed [18]
Lattice dimensions (298 K) a=2.7404 A ¢ = 43980 A (18]
Superconducting transition temperature 7.73 £0.02K {254
Debye temperature (zero-degree) 454 £ 4 K [34]
Entropy (298.15 K) 33003 mole 'K [35]
Magnetic susceptibility (298 K) 27-10" cm? ¢! [36]
Specific heat Cp (1000 K) 029) gt k! [31]

Work function 4.88 £0.05eV 137]
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0
_2{ R : ) Fig. 9.1.A Integral thermo-emf{ of Tc¢ metal coupled with Pd
o 800 1200 1600 K metal as a function of temperature [31).

9.3 Chemical properties

Massive technetium metal tarnishes slowly in a moist atmosphere. In sponge or pow-
der form it is readily oxidized to the volatile heptoxide when heated in air. The metal
dissolves in dilutc or conc. nitric acid, in conc. sulphuric acid [38], and in chlorine or
brominc water, but not in hydrochloric acid. Technetium dissolves slowly in neutral,
ammoniacal or acid hydrogen peroxide solution. The solvents mentioned above oxi-
dize technetium to pertechnetate, in the case of chlorine and bromine water the par-
tial formation of [TcCle]?>~ and [TeBrg]? , respectively, is expected.

Technetium burns in oxygen at 400-600 °C to Tc,O5 [38,39] and in fluorine to a
mixture of the penta- and hexafluorides [40]. In the temperaturc range of 325 to
525 °C the oxidation of technetium to the heptoxidce resulted in the activation energy
of 90 kJ - mole ! [41]. Technetium reacts with chlorine at 300-550 °C to TcCly. In addi-
tion, TcOCI, and TcO;Cl are produced if the chlorine contains some oxygen [42].
Technetium is reported to form a hydride of the composition TcHg 43 at 300 °C under
a hydrogen pressure of 19 kbar [43.44]. Sulphur combincs at elevated temperatures to
give the disulphide, and carbon to give TcC [40]. Mclts of LiClO, react with techne-
tium metal powder at 250-300 °C to form pertechnetate [45].

9.4 Intermetallic compounds

Much attention was paid to structures, superconducting propertics, magnetic suscept-
ibilities, Knight shifts, and specific heats of intermetallic compounds of technetium.
Their structure types and lattice constants arc presented in Table 9.3.A.

The TcAlg phase was shown o be isostructural with MnAlg and ReAl,. TcAly, ex-
hibits the same structure as MoAly; and ReAly; [51]. No new intermediate phases
were found to exist in alloys of technetium with rhodium, palladium or platinum. The
solubility of technetium in these metals increases in the given sequence {71]. The
group V1II transition elements Co, Ni, Rh, Pd, Ir. and Pt show extensive solid solubil-
ity in technetium metal at 1050 °C [72]. The solid solubility of technetium in nickel is
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Table 9.3.A Intermetallic compounds and alloys of technetium.

Phase Structure Lattice References
Composition constants
[A)
TcBes ZrZnxy(fec) - [46]
TesB Cimncem a=2.891 [47]
b -9.161
¢ =7246
TcsBs P6smc a=7417 147]
c=4.777
TeB; P6/mmc a=2.892 [47]
c=7453
TeyAl MoSi, a=2977 [48]
c=9476
TcAls NipAl; (trigonal) a=4.16 [49]
¢=513
TcAl, monoclinic a=5.1 [49]
b=17.0
c=5.1
f=100°
TecAlg Cemm a=6.5944 [50,51]
b=7.629
¢ =9.0011
TcAlj WAL »2(bece) a=7.528 [48,49,52]
TesSi W(A;,) a=3.009 [48]
TcsSi FesZn,g a=9.014 [48]
TesSis WsSi; a=9403 [48]
¢ =4.849
TeSi FeSi a=4755 [48]
Tc,Se %-Mn a=9.509 [53]
TeaSc MgZn; a=5.223 [54]
c=8.571
Te,/Ti 2-Mn a=9579 [53]
TesTi bee - [55]
TeyTi CsCl a =3.083 [55]
TcTi CsCl a=3.091 [54,55]
TcTis bee a-3.181 [55]
Te,V, CsCl a=3.036 [56]
TezVa CsCl a=3.027 [56]
TeV CsCl a=3.025 [54,56,57.58]
Tea Vs CsCl a=3.015 [56]
TeVs bee a=3026 [57]
TesCr a(tetr.) a=9.290 [54]

¢ =4.846




Table 9.3.A Continued.

9.4 Intermetallic compounds 99

Phase Structure Lattice References
Composition constants
[A]

TexCr a(tetr.) a=9271 [54]
¢ =4.803

T'c3Mn, o(tetr.) a=9.15 [54]
c-4.80

Tesle, o(tetr.) a=9.130 [54]
¢ =4.788

‘TeFe a(tetr.) a=9.077 [54])
¢ =4.756

Tc,Fes a(tetr.) a=9.010 [54]
c=4.713

TcZn, fee a=7.588 [39]

TeY MgZn, a=5373 [60]
c=8.847

TcaZx s-Mn a=9.637 [23,54]

TesZr Mg7Zn; a=5219 [54.61]
¢ = 8.655

TeeNb 2-Mu a-9.547 [54.62)

‘TesNb 2-Mn a=9.625 [23]

TcsMos a(letr.) a=9509 [54,63.68]
¢ =4.945

TesMog Cr;0 a=4934 [18.54.64-67|

Te,Gd Mg7Zn, a=35397 [60]
c=8883

Te,Th MgZn, a=5375 (60]
c=8.843

Tc,Dy MgZn, a=15.365 [60]
¢ =8.830

Te;Ho MgZn, a=5353 [60]
c=8813

TeEr MpZn, a=5340 (60]
c=8.792

TeTm MgZn, a=5334 [60]
¢ =8.775

Te,Lu MgZn- a=35309 160}
¢=8.739

Te,If 2-Mn a=9.603 [53]

TeoHf MgZn, a=5.200 [54.61]
c=8.616

TeHf CsCl a=3270 [54]

TesTa %-Mn a =9.565 [53.,54]

TcTa CsCl a=3172 [54]
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Table 9.3.A Continued.

Phase Structure Lattice References
Composition constants
[A]
TesW a(tetr.) a=9479 [54,63]
¢=5.166
Te; W, bee a=3117 [68]
TeW bee a=3117 [68]
TcaWs bee a—=3126 [6&]
TeW, bee a=3.147 [68]
Te,Th MgZn, «=5394 [61,69]
c=9222
Tel, U>Ru a=13.407 [69.70]
b=3271
¢=5213
f=96723

17 atom% at 1300 °C. widening somewhat at higher temperatures. The solubility of
nickel in technetium is approximately 40 atom% at 1300 °C [73]. The peritectic Ni-Tc
compound is reported to contain ~43 atom% Tc at 1495 °C [74].

9.5 Superconducting intermetallic compounds and alloys
of technetium

Numerous investigations deal with the superconductivity of intermetallic compounds
and alloys of technetium, cssentially for raising the superconducting transition tem-
perature by preparing various intcrmediate phases of technetium, mainly with transi-
tion metals, and for gaining a better understanding of supcrconductivity of type-II
superconductors. In Table 9.4.A superconducting transition temperatures 7, of inter-
metallic technetium compounds and alloys are given.

The addition of small amounts of titanium (o technetium increases the transition
temperature T, in the hep solid solution. The highest 7. of 10.89 K occurs here in the
solid solution containing 3 atom % Ti. The Te-Ti 2-Mn phase has a transition tempera-
ture range of 8-10 K, which is among the highest 1. of transition metal x-Mn phases.
The bee Ti-rich alloys exhibit low transition temperatures down to 1.70 K [55]. The
transition temperature of technetium-rich hep vanadium alloys incrcases with vana-
dium concentration to a maximum of 11.3 K at the limit of 6.5 atom% of vanadium
solubility and decreascs with increasing vanadium content in the CsCl structure. At
compositions in the 50 to 80 atom% V interval no cvidence of superconductivity is
observed [77]. For technetium-niobium alloys the «-Mn phase is superconducting over
the range from Tcy76Nbgay to TcgsgNby 4o with the transition termaperature varying
from 12.9 to 10.9 K. 7, of the Tc-Nb alloys in the hep structure increases rapidly {from
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Table 9.4.A Superconducting transition temperatures of intermetallic technetium phases.

Phase Structure Transition References
composition temperature

7. [K]
TcBesyn ZrZn;, 5.21 [46]
Tesli bee 42-6.0 [55]
TesV hep+ CsCl 11.24 [77]
TeoZr 2-Mn 9.7 [23]
TeZr MgZn; 7.6 [61]
TeiNb 72-Mn 12.9.10.5 [23,75]
TeosMos hep 13.7 [76]
TesMo hep 16.0,14.3 [23.67]
TeaMos Cr30 14.8,13.4,13.2 [23,64.60]
Te;Mo» bee 12.7 [66]
TeMo - 12.6 [78]
TeoHf MgZn, 5.6 [61]
TeoW 10.4 [79]
TeaW, bee 7.88 [68]
TeW bee 7.52 [68]
Te, W bee 7.18 [68]
TeysRe - 5.31 (80}
Te,Th MgZn» 5.3 [61]

7.9 to 12.8 K after adding 0.03-0.06 atom% Nb to technetium [75]. In technetium
based hep solid solution alloys generally V. Nb, and Mo raisc the transition tempcra-
turc, while Cr, Fe. Co, Ni, and Ru lower 7, relative to pure technetium [81]. In the
technctium-tungsten system 7 is raised by increasing the atom% of Tc. The transition
temperature attains a maximum of 10.4 K at 90 atom% of Tc and decrcases at still
higher technetium contents [79]. The superconducting transition temperature of tech-
netium-rhenium alloys increases monotonically with incrcasing technetium content.
Rhenium docs not result in an increase of T, above that for pure technctium in the
entire range of concentration; the pertinent lattice parameters of the hep solid solu-
tions vary continuously {82].
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10 Binary compounds and oxide halides

10.1 Hydrides

A foil of *’I'c saturated with hydrogen at 300 °C under a hydrogen pressure p(H;)=19
kbar showed the composition TcHy 73, which represents a single phasc of the hep lat-
tice of tcchnetium metal. The lattice constants of TcHy 73, @ = 2.805 A and ¢ = 4.455
A. are distinctly enhanced compared to those of the Tc-metal. A jump-like increase in
the solubility of hydrogen in technetium is observed between 10 and 15 kbar H; [1].
The superconducting transition temperature of the technetium-hydrogen system was
found to dccrease stepwise with increasing hydrogen content [2,5].

Neutron diffraction investigations of the structure of technetum hydrides were per-
formed at atmospheric pressure in the temperature range of 120-300 K. TcHg 45 ex-
hibits an octahedral superstructure of the anti-CdlI, type with the M,X stoichiometry,
typical of some carbides and nitrides of transition metals. The Tc-H distance is 2.07 A
corresponding to an atomic hydrogen radius of 0.70 A. The interstitial atoms in this
structure form layers that arc parallel to the closc-packed metal layers and only every
sccond layer of the octahedra is filled with hydrogen. Consequently, the metal atom
layers separated by the hydrogen atoms move apart, whercas the metal layers
between which there are no hydrogen atoms move closer together [3]. The layer
superstructure of the anti-Cdl, type was also observed for the manganese hydride
ncar the Mn,H composition [4].

A solid solution of hydrogen in technetium metal is formed during the electrodepo-
sition of technetium from acid aqueous solutions of pertechnetate. The maximum
hydrogen content of the amorphous phase corresponded to TcHy 27 [6].

10.2 Borides

‘Technetium-boron compounds were preparcd by mixing powdered technetium
metal and powdered crystalline boron, pressing into pellets, and sintering in vacu-
um at 1100-1200°C for 120-200 h. Among scveral existing compounds Tc3B,
TcsB;, and TcB, were identified. TeaB crystallizes in the orthorhombic system with
the lattice constants a = 2.891, b = 9.161, and ¢ = 7.246 A. It is isostructural with
Re;B. The unit cell contains four Te3B molecules and belongs to the space group
Cmcm. Tc¢yB;, indexed in the hexagonal symmetry with ¢ = 7.417 and ¢ = 4.771 A.
crystallizes in the Th;Fe; type, as found in the corresponding borides of ruthenium,
rhodium. and rhenium. The unit cell contains two molecules and has the spacc
group P6;me. Also TcBs proved to be hexagonal with ¢ = 2.892 and ¢ = 7.453 A
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and isostructural with RcB,. The unit cell contains two TcB, molecules and
belongs to the Pommc space group. This phase exhibits a composition varying from
the stoichiometric ratio towards higher content of boron [7]. The atomic volume of
diborides indicates that semiconducting propertics may occur in TcB; as in ReB,,
OsB;, and RuB; [8]. The electronic band structures of TcB, and ReB; were cal-
culated along all the main symmetry directions in the Brillouin zone. Comparison
with the band structures of the metal and the B, species yielded information
regarding the metal-B interactions [9].

Some ternary borides, synthesized from the elements by argon arc melting, were
characterized by X-ray powder diffraction data (Table 10.1.A).

Table 10.1.A Crystallographic data for ternary borides of technetium [10].

Compound Structure Space Unit cell dimensions [A]
type Group a b c
GdTeBy  v(yttrium)CrBy Pbham 5.984 11.589 3.617
ThTcBy ThMoB,4 Cmmm 7.441 9.584 3.727
UTcB, ThMoB, Cmnun 7.297 9.357 3.598
U,TeBg Y-ReBg Pham 9.288 11.392 3.637

10.3 Carbide

Technetium metal embodies about 1 wt% carbon in its lattice at 910 °C, whereby the
unit cell dimensions of technetium increase to a = 2.812 and ¢ = 4.470 A. At a carbon
content between 1.4 and 9 wt%. a heterogencous mixture was observed that consisted
of carbon-rich metal and a bec phase with the lattice constant a = 3.982 A. The com-
position of the bece phase corresponded to the formula TcC. Its density was found to
be about 11.5 g/em? [11].

A sample of technetium carbide was prepared by heating technetium metal induc-
tively to its melting point in a graphite crucible under vacuum. The resulting pellet
was ground to a finc mesh, excess purified graphitc powder was added and the mix-
ture compressed to a pellet in a steel dic under 100,000 psi. The pellet was again
placed in a graphite crucible and heated under vacuum to its mclting point. The melt-
ing point of the carbon-rich technetium carbide was found to be 1835 £ 50°C. The
lattice parameter a = 3.985 +0.002 A is in excellent agreement with that of the carbide
mentioned before [11], indicating that the composition of both materials is the same.
Magnetic susceptibility studics on the material showed it to be superconducting with a
transition temperature of 3.85 K [12].

Bond energies of RuC(g) and RhC(g) suggest that TeC(g) is a thermodynamically
stablc molecule present in significant amounts in the equilibrium vapor of the techne-
tium-carbon system at temperatures above 2000 K. A graphite effusion cell was used
to vaporize the technetium carbide into a quadrupole mass spectrometer. The TeC(g)
molccule was observed above a liquid technetium carbide phase. A bond cnergy of
148 + 2 kcal - mole ! at 2450 K was derived for TcC(g) [13].
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10.4 Nitride

By hcating of NH,TcO, in ammonia at 900-1100 °C an fcc phase was detected with a
lattice constant varying from 3.980 to 3.985 A depending on the nitrogen content. The
maximum nitrogen content reached the composition TcNy 76 Probably. the nitride
phase corresponds to TcN having an NaCl structure [7,14].

A technetium nitride of the composition TcNj 75 is obtained by thermal decomposi-
tion of (NHy);[TcCle] or (NH,)2[TcBrg] at 380 °C in an atmosphere of argon. The
product, obviously almost identical to that mentioned before [7]. also had a face-cen-
tered cubic lattice with the parameter ¢ = 3.980 A. ltisa black, brittle substance, inso-
luble in alkaline 30 % H,Os,, soluble in conc. HNQOj3. Above 500 °C, TcNg 75 decom-
poses and the solid phase is reported to consist of a polymorphic modification of
metallic technetium with a face-centered cubic lattice, stable up to 800 °C [15].

10.5 Phosphides

Several phosphides of technetium were prepared by reaction of technetium metal
powder with red phosphorus at 1220 K using the tin-flux technique or iodine as a
mineralizer. The preparation was carried out in evacuated, sealed silica tubes.

Tc;P crystallizes in the tetragonal Fe;P-type structure. The lattice constants of Tc;P
are a = 9.568 and ¢ = 4.736 A. Tc;P proved to be isostructural with Mn3P, Cr3P, and
Ni;P and shows a high coordination number for all atoms, which is typical for interme-
tallic compounds and other electron-deficicnt compounds with high metal content.
With Z = 8 formula units in the cell, the calculated density is 10.04 g- cm 3 [16].

TcP, adopts the orthorhombic ReP,-type structure with a = 6.238, b = 9.215, and
¢ =10.837 A and low coordination numbers for all atoms, where ncar neighbor inter-
actions can be rationalized with classical two-electron bonds. The Tc atoms form pairs
with a Tc-Tc bonding distance of 3.00 A. The compound is expected to be diamagnetic
and semiconducting as was discusscd for the isoclectronic and isostructural ReP,. The
calculated density of TcPy is 4.75 g- ¢cm 3 assuming Z = 8 formula units in the cell [16].

TcP; was shown to crystallize in a new structure typc with four formula units per
cell in the orthorhombic space group Prnma. The lattice constants are a = 15.359, b =
3.092, and ¢ = 5.142 A. TcP; is isostructural with ReP;. The metal atoms arc octahed-
rally surrounded by phosphorus atoms. Each metal atom forms two mctal-mectal
bonds across the common cdges of adjacent octahedra (Fig. 10.1.A). Thus all spins are
compensated in agreement with the diamagnctism observed for RePs. The TcPg octa-
hedra are linked via corners and edges to form two-dimensionally infinite, puckered
shects perpendicular to the « axis [17].

Tc,P; crystallizes in the triclinic space group P1 with the lattice constants a=6.266,
b=6.325, and ¢=7.683 A, 2=95.79, f=101.76, and y=104.34°. Tc,P5 is isostructural with
Tc,As; that has a superstructure of Mo,As;. The superstructure arises through differ-
ences in metal-metal bonding. The structure of Tc,P5 1s intermediate between those
of transition mctal phosphides with high coordination number for all atoms, and thosc
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Fig. 10.1.A Ncar-ncighbor environment of the Tc
atoms in TcP3 [17].

of phosphides whose structure can be rationalized on the basis of classical two-¢lec-
tron bonds [18].

10.6 Arsenides

So far two technetium arsenides, Tc;As; and TcyAss, have been synthesized upon
reacting the powdered elements in various ratios at 600-900 °C and anncaling the
samples at 900 to 950 °C.

TesAsy is reported to crystallize in the cubic D8y structure with the lattice constant
a=8.702 A and to be isostructural with Re;As;, which is diamagnetic and shows non-
metallic behavior. From density measurements the unit cell of RezAs,; was found to
contain four formula units [19].

Tc,As; crystallizes in the triclinic space group P1 with the lattice constants a=6.574,
h=6.632, ¢=8.023 A, x=95.69, p=102.03, y=104.31°, and four formula units per ccll. The
compound is isostructural with Tc,P;. as mentioned before. The structure is closely
related to the monoclinic structure of Mo,Ass, from which it can be derived by distor-
tion and by doubling of one translation period [20].

10.7 Oxides

Of the binary oxides only TcO, and Tc,0; could hitherto be identified unambigu-
ously.

Attempts have been made to synthesize an oxide that is intermediate in composi-
tion between Tc and TcO,. Mixtures of Tc and TcO, were prepared in differcnt ratios,
wrapped in platinum foil, vacuum-sealed into Vycor tubes, and heated at about
970 °C for 4.5 days. The distorted rutile structure of 1cO, was noted in all X-ray pat-
terns. In addition, one new phase was found in several samples, which could be
indexed on the basis of a primitive pseudocubic unit cell with 4=9.45 A. The same
new pseudocubic phase was obtained when a mixture of Tc and TcO; corresponding
to the composition TcQy ;y was heated in a sealed silica tube up to 1250 °C over a
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period of 12 h and kept at this temperature for another 12 h. However, the stoichio-
metry and structure of this pscudocubic phase are still unknown [21].

10.7.1 Technetium dioxide

Hydrous technetium dioxide TcO, - aq is a frequently observed precipitate when the
chemistry of technetium in aqueous solution is studied. Tt precipitates as a dark brown
solid by hydrolysis of 'I'c(IV) compounds [22], e.g. [TcX¢]?>~, X=Cl. Br, 1 [23,24,25].
The precipitation of TcO--aq from aqueous solutions of [TcClg|>” with ammonia
often leads to the formation of a light red to dark violet alkaline solution above the
precipitate. The solution displays an absorption band at 475 nm. The remarkable color
may be explained by the formation of a colloidal solution of TcO5-aq [24]. Relatively
purc deposits of TcO- - aq are obtained by the cathodic reduction of neutral or alka-
line pertechnetate solutions between platinum electrodes [26-28]. TcO5 - aq can also
be produced by reduction of TcO, with hydrazine hydrate in perchloric acid solution
[29] or with metallic zinc in hydrochloric acid [30]. The latter procedure appears (o
yield, in addition, technctium metal [24]. The stoichiometrically undefined hydrate is
dehydrated in a nitrogen stream at 400 °C [23] or at 250 °C in vacuum |25], leading to
black defined TcO,. TcO, - aq seems to be amphoteric and dissolves not only in acids,
but also in conc. solutions of alkali hydroxide [24].

The status of Te(IV) ions in aqueous solution, obtained by dissolution of TcQ; - aq
in diluted HCIO,, was studied by clectrophoresis. On the basis of ionic mobilities the
existence of the species TcO?' and TcO(OH)* at pH 1 and pH 2, respectively, was
assumed according to the equilibria

TcO* + HyO — TcO(OH)' + H' (1)
and  TcO(OH)" + H,O — TcO(OH), + H' )

TcO(OH), precipitates as TcO, - H,O. The pertinent hydrolysis constants were evalu-
ated as

Kay=(43£04)-10 2
and K(z) = (37 * 04) 1073
at an ionic strength of 0.1 |29).
Anhydrous technetium dioxide, TcO,, can be directly prepared by the thermal
decomposition of NH,TcQOy in a nitrogen stream at 700-800 °C [21,23]:

NHL{I‘C(’)“ — TCO: + 2H20 +1/2 Nz

TcOs, like ReO-, adopts the molybdenum dioxide structure, a distorted rutile struc-
turc type [31] of the space group £2,/c. The approximate cell dimensions of the mono-
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clinic structure of TcO, are reported to be a~5.53, h~4.79, and ¢~5.53 A, [i~120° [31].
Precise unit cell parameters seem to be still lacking. The density of T¢O-1s 6.9 ¢-cm #
[26], which is in good agreement with the X-ray density of 6.856 g-cm™3 calculated on
the basis of the cell parameters given before. More recently, powder diffraction pat-
terns yielded cell parameters a=5.52, b=4.99, ¢=5.57 A, and $=121.9° [32]. TcO, starts
sublimating at 900 *C [30] and disproportionates above 1100 °C into T¢ and Te,O5
[22]. The dioxide is readily oxidized to Tc,O7 with oxygen, is reduced to the metal by
hydrogen at 500 °C and rcacts with fluorine. chlorine or bromine to give oxide halides
[33]. In acid aqucous solutions TcO- will be oxidized easily to TcOj using Ce(1V) or
in alkaline solutions using H,O, [26]. In view of the possible environmental impact of
nuclear waste. the dissolution of TcQ); as a function of salinity, pH. temperature, and
oxygen concentration of aqueous sojutions has been studied in detail [32].

10.7.2 Ditechnetium pentaoxide and technetium trioxide

The combustion of technetium metal in oxygen appears to be a complex reaction,
leading to some side products in addition to technetium heptaoxide, Tc;O5. The initial
product subliming in the combustion tube out of the furnace during the oxidation is a
highly volatile red oxide, somewhat morc volatile than Tc,O7 and tending to collect
farthest from the furnace. The red oxide can be produced in apparently pure form by
low-tempcrature oxidation of technetium. A sample of technetium was heated in oxy-
gen at 150 °C for approximately threc months, during which time a significant amount
of a volatile red oxide had collected. The compound is reported to be probably Tc,Os
{34,35]. The identity of the product has still to be established. When a technetium
oxide material of undcfined actual composition was exposed to low pressures (~10
Pa) of oxygen and heated in a platinum Knudsen cell reactor to 900 °C, Tc,O5 was
identificd mass spectromctrically as an important vapor species among other volatile
products. It was speculated that solid Te-Os should be a stable compound [36] like the
well-known bluc Re,0s.

TcOj; is reported to be formed as a volatile oxide by oxidation of technetium metal in
oxygen at 400-600 °C. Surprisingly no gencration of Tc,O; was mentioned [37]. However,
TcOj; could successfully be produced by reduction of Te,O with sulphur dioxide. ReOs;
may be prepared by reducing Re,O5 with CO at 175-280 °C. When this method was tried
for producing TcOs. only technetium metal resulted. Obviously a milder reducing agent is
required. Technetium trioxide appears black. but under certain conditions. e.g. in thin
films, it has a reddish-purplc color. The oxidation state was established by ceric perchlo-
rate titration, and the Tc content was confirmed spectrophotometrically after oxidation to
‘TcO,. In some oxidations of technetium metal, a small amount of trioxide along with the
red oxide (T'c,05?) was obtained as a side product of Te,O7 [34]. It was suggested that the
darkening in color of the Tc,O5, usually obtained by oxidation of technetium metal, is
caused by reaction of Te,O7 with Tc,Os impurity to give black TcO; [35]. According to
gas chromatographic studies of fission product oxides and hydroxides, TcO5 is reported to
be formed in an oxvgen strcam at 1500 °C and to decomposc continuously in the column
to TcO,. However, the chemical composition of these oxides could not be proved [38,39].
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TcO5 was identified from the mass spectra as a significant vapor specics, present in sub-
stantial concentrations, when undefined technetium oxide material was cxposcd to low
pressures of oxygen and heated to 900 °C [36].

‘The entire identification, the X-ray structural analysis and the spectrometric char-
acterization of solid Tc;Os and TcOj are still an important challenge to inorganic
chemists, all the more as the corresponding rhenium compounds are known to be
stable under normal conditions. The dark red ReO; crystallizes in a cubic lattice in
the space group Pm3m, forming a prototype [40,41].

10.7.3 Ditechnetium heptaoxide

The light yellow crystalline Tc,O7 may be preparcd by burning technetium metal in dry
oxygen at 400-600 °C [35,42}. However, the oxidation of the metal is a complex reaction.
The initial volatile product formed at 450 °C may be the red ditechnetium pentaoxide
Tc,Os. In addition, the formation of small quantities of another volatile compound, possi-
bly TcO; or HTcOy, was observed (Sect. 10.7.2). Technetium metal powder, which had
previously been degassed at 900 °C on a vacuum line, was transferred to a porcelain boat
and placed in a Pyrex combustion tube. The system is evacualed to a pressure of <10 ©
torr, and the combustion tube is flamed to remove final traccs of moisture. The combus-
tion systcm is filled with dried oxygen, and technetium metal is oxidized at 450-500 °C for
a period of several hours. The products that sublime out of the heated zone and condense
in the cold region of the combustion tube are resublimed in excess oxygen, until the side
products are completely oxidized to Tc,O, [23,35].

Ditechnetium heptaoxide melts at 119.5 °C [42] and boils at 311 °C [43]. Tt is very
hygroscopic, dissolves in water to form pertechnetic acid [42], and dissolves in dioxane
[26]. Tc,O5 exerts a vapor pressure of about 0.6 mm Hg at 100 °C. Solid Tc¢,O5 is
found to be a fair electrical conductor at temperatures near its melting point, while
the liquid compound is not. Rhenium heptaoxide exhibits just the opposite behavior
[43]. Tc,0O5 showed a slight, temperature independent paramagnetism like Re,O5
[30]. It is a stronger oxidant than Re,O7 and is readily reduced by vapors of organic
substances, including vacuum stopcock grease [44]. Tc,O7 reacts at 220 °C with carbon
monoxide under a pressurc of 5100 psig to technetium carbonyl Tc,(CO), [45].

Singlc crystal structure analysis of thin plates of Tc,O5 revealed ditechnetium hep-
taoxide to crystallize in the orthorhombic space group Pbca with a=13.756, b=7.439,
¢=5.617 A, and Z=4. The crystals contain isolated centrosymmetric Tc,0, molecules
with tetrahedral coordination of the Tc atoms and a lincar Tc-O-Tc bridge [46-48].
The Tc-O bond lengths are 1.840 (bridge), 1.658, 1.684, and 1.706 A. The structure is
more closely related to CrO;, RuOy, and OsOy4 than to Re,O;. The structure of
Re,05 consists of strongly distorted ReOg octahedra and fairly regular ReQ, tetrahe-
dra that are connccted through corners to form polymeric double layers in the ac
plane. Fig. 10.2.A compares the structures of Tc;O7 and Re,O4.

The Raman spectra of solid, liquid, and gaseous ditechnetlium heptaoxide were
recorded and compared with those of dirhenium heptaoxide [49.50]. Frequencies and
assignments arc summarized in Table 10.2.A.
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I Tc

Fig. 10.2.A Structurc of Tc,O; and
ReZO7 [48]

Table 10.2.A Raman spectra of Tc,07 and gaseous Re>0- [49,50].

Te,04 Re,0,

Solid Liquid Gas Gas Assignment
964 m
956.2  vs 9325 ws(p) 9573 vs(p) 1009 vs(p) v (MOs3)
950 w 943 m 955 m 972 m v (MOs3)
946 vw
941 m
9343 s
925 s

423 vw(p) 466 vw(p) 456 vw(p) v, (MOM)
395 vw
362 m
3526 m 357 m 341 m d (MOs)
348 mw 348 S 340 m 322 wsh o (MO5)
332
211 m 195 m 185 s 185 ms pr (MO3)
19 m 188 m 178 m 177 wsh pr (MO3)
65 m 60 ms(p) 50 m(p) & (MOM)

The liquid and vapor of Tc,O5 appear to have similar structure, which is quite different
from that of the solid phase. The spectra of Te,O7 and Re,O5 look very similar to those of
pyramidal MOs species. Gaseous, monomeric Tc;O7 can be assumed to have the same
structurc as Re,O5 as suggested by analogy with the structure of aqueous Cr,0% [50] and,
on the basis of normal coordinate calculations, to have the symmectry C,,. The molecules
behavc as if they consist of MO pyramids. weakly coupled via an oxygen bridge.

The principal force constants for Tc,0O5 and Re,O5 in the gas phasc were calculated
using a simplified molecular model (Table 10.3.A).

Most of the force constants calculated for Tc,O5 turn out to be smaller than the
corresponding force constants calculated for Re,O7. Smaller bond-stretching force
constants were also found for [TcCly]?>™ and [T¢Brg]? than for the analogous com-
plexes of rhenium [52].
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Table 10.3.A Force constants for 1¢20; and Re,O5 [51]. R and r are related to the M-O’ (O’=bridged
oxygen) and M O bonds, respectively, 2 to the OMO angle, rr and o2 to bond/bond and angle/angle
interactions. respectively, and p to the OMO” angle.

Force constants Te, 0, Re,0,
[mdyne/A | (gaseous) (gaseous)
Ir 3.23 3.44
f, 7.40 8.42
fo 0.36 0.45
fie 0.51 0.50
1, 0.13 0.13
S 0.13 0.14

Mass spectrometry was recently used to identily the technetivm-rhenium mixed ox-
ides TcReO5 and TcReOjs by heating a combination of TcO, and ReO» at 700-800 °C
in a gaseous mixture of oxygen and iodine in a Knudsen cell reactor {53].

10.8 Sulphides

At present only two binary sulphides of technetium are known, TcS, and Tc,S7, which
closely resemble the analogous compounds of rhenium.

10.8.1 Technetium disulphide

Amorphous TcS; is formed by the thermal decomposition of Tc,S;. To prepare crys-
talline Tc¢S,. a mixture of precipitated Tc,S7 and excess sulphur is heated in a bomb
for 24 h at 1000 °C. Afterwards unreacted sulphur is removed by sublimation in vacu-
um [23,26]. Single crystals were prepared by chemical transport reactions. TcS; was
obtained in the form of very thin and soft crystal slices [54].

TcS, is a black solid, crystallizing in a primitive triclinic lattice with the unit cell
dimensions a=6.456, h=6.375. ¢=6.659 A. a=103.61°, =62.97°, and =118.96°. The cal-
culated density is 5.066 g - cm™. ReS, is also triclinic, but its structure differs from that
of TcS,. The shape of the unit cell of TcS; may be described as a distortion of a
Cd(OH),-type cell. There are no indications of a structure transition in TcS, between
-180° and 1150 °C. TcS, and ReS; are semiconductors. their absorption edges were
found to be at 1.00 and 1.33 eV, respectively [54].

10.8.2 Ditechnetium heptasulphide

When hvdrogen sulphide is passed through a solution of TcO7in 4 M HCl or 4 M
H,SO, the highly insoluble, dark-brown T'c,S; precipitates [55,56]. Usually the preci-
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pitate contains free sulphur that must be removed by careful washing with carbon di-
sulphide [26]. Tc,S5 is not precipitated by HpS from 9 M HCI, permitting its isolation
from Re,S-, which is insoluble in this medium [57]. Tc,S; scems to be insoluble in
alkaline polysulphide [22]; it dissolves in ammoniacal hydrogen peroxide [57]. Hydro-
gen reduces Te,S7 to technetium metal at 1000 °C [56]. Until now no information on
the structure of Tc¢,S; and Re,S5 1s available.

10.9 Selenides and tellurides

Crystalline samples of TcSe» and Tcle, may be prepared by heating intimate mixtures of
the elements in evacuated quartz-glass tubes at about 1000 °C. Single crystals were
obtained by chemical transport reactions. Best results were achieved with temperature
gradicnts of about 1080 — 1000 °C for the TcSe; and 980 — 840 °C for Tc'Te,. The crystals
obtained showed pronounced plate-like habit. ‘The diffraction patterns of TcSe, closcly
resemblc those of the disulphide, indicating both compounds 1o be isostructural. How-
ever, the rather diffuse diffraction lines did not allow the determination of the unit-cell
dimensions. Crystals of TcTe, exhibited monoclinic symmetry. The unit cell dimensions
are a=12.522.b=7.023,¢=13.828 A, and $=101.26". The calculated density is 7.890 g - cm>.
Re'Te, crystallizes in the orthorhombic system. The absorption edges of the semiconduc-
tors TeSe; and ReSc; are 0.88 and 1.15 eV, respectively [54].

10.10 Halides and oxide halides

The halides and oxide halides of technetium known thus far {58] are collected in Table
10.4.A. and compared with the known compounds of rhenium. Several halides and
oxide halides that are well established for rhenium are still lacking for technetium and
arc waiting to be discovered.

Table 10.4.A Halides and oxide halides of technetium and rhenium.

Formal Fluorides Chlorides Bromides lodides
Oxidation  and Oxide Fluorides and Oxide Chlorides and Oxide Bromides and Oxide Iodides
state
1 - - - - - - Rel
I - - - - Rel-
11t - TeiCly Re:Cly ResBry, - Reslg
v - ReF, TeCly ReCly T¢Br, ReBr; - Rel,
- - TeyCly, - - - -
\% TcFs ReF. - ReCls ReBry - -
- ReOF; TcOCl, ReOCl; TcOBr2 ReOBr; -
) &)
VI TcFe ReF, TeCle (?7) ReCl, :
TcOF, ReOF, TeOCL, ReOCl, ReOBr,
VII - Rely - - B _
TeOF;5 ReOFs - - - -
TeOsF ReO:lF TcOxCl ReO:Cl TeOsBr ReO.Br TecO) ReO-J)

TeQ:F ReO-F - - -
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10.10.1 Fluorides and oxide fluorides

Technetium pentafluoride is formed as a by-product of technetium hexafluoride when
technetium metal powder is heated to 350 °C in an Fy/N; strcam [59], or by the action
of I, on TcKy in IF5 solution [60]:

I, + 10 TcFg ™5 10 TcFs + 2 1F;5

TcFs is purified by vacuum sublimation [61]. Tt is a yellow solid that melts at 50 °C
and begins to decomposc at 60 °C. Single crystal X-ray diffraction studies showed the
lattice to be orthorhombic and isostructural with CrFs [59], VFs, and ReFs. The struc-
tural unit consists of two crystallographically different octahedra, which are linked
through cis-bridging fluorine atoms to form endless chains parallel to the a axis. The
octahedra arc only slightly distorted. The unit cell dimensions are a=5.76, b=17.01,
¢=7.75 A, and Z=8; the space group is Pmcn [61]. The Raman spectrum of liquid TcFs
is quite similar to those of other cis-F bridged polymers. which are characterized by
two intense strongly polarized bands. For TcFs the strongly polarized bands are at 749
and 693 cm! and the wcaker bands are at 669, 282, 225, and 139 cm !. Spectra
obtained between 80 and 100 °C do not ditfer substantially from those at room tem-
perature. In the solid at -50 °C the bond strctching region is dominated by three
strong and sharp bands at 698, 750, and 775 cm™ in addition to scveral weak bands.
Magnetic susceptibility measurements yiclded a magnetic moment of 3.00 B.M. and a
Weiss constant of 156°. The magnetic moment is closc to the spin-only value for two
unpaired electrons [60].

Technetium hexafluoride can be prcpared by reaction of technetium metal powder
with excess fluorinc gas in a closed nickel can at 400 °C. The volatile golden-ycllow
solid was purified by fractional sublimation at reduccd pressure. The yield of purified
TcFg was greater than 90 % [63]. Lower conversions are obtained by treating finely
divided technetium metal at 350 °C with a F,/N, mixture in a flow stream. TcFg melts
at 37.4 °C, boils at 55.3 °C, and undergoes a solid-solid transition at —-4.54 °C from the
low temperature orthorhombic to the becc modification at room temperature |64].
More recently the transition temperature of 268.335 K was reported [67].

The vapor pressures arc given by the equations

10g Psoria(~16.32 10 -5.3 °C) = -(3564.8/T)-10.787 log T + 41.1252
10g Pooyia(=5.3t0 37.4°C) = —(2178.0/T)=2.295 log T + 15.33427
10g Pyquia(374 10 51.67 °C) = ~(2404.9/T)-5.8036 log T + 24.8087

Temperatures Tarce given in Kelvin and pressures in mm Hg at 0 °C. The calculated
triple point is 37.36 °C [65].

It should be pointed out that the vapor pressurc data and infrared spectra of
TcFg did not show any evidence for the existence of TcF; |64]. ReF5 is formed by
the action of fluorine at 250 torr on rhenium metal at 300-400 °C. The product is
always a mixturc of ReF; and ReFg. As it is almost impossible to separate the two
fluorides, the mixture was heated with fluorine at 3 atm pressure at 400 °C for scv-
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eral hours, the hexafluoride being thus convericd quantitatively into the hepta-
fluoride. ReF; is a thermally stable, yellow solid [65,66]. In contrast, the existence
of TcF; could not be established so far. Obviously, compounds of technetium in
the higher oxidation states arc less stable than those of rhenium. To make TcF; it
may be advised to try reactions of technetium powder with fluorine at varying
pressure and temperature conditions.

Powder X-ray diffraction data of tecchnetium hexafluoride and rhenium hexafluor-
ide modifications are compiled in Table 10.5.A.

Table 10.5.A X-ray diffraction data of 'TcF,, and ReF,, modifications [68].

Substance Temp. Lattice V/ Cell Calcd.
1 °Cl symmetry dimensions densig
[A] [gem™]
Tckg +10 bee 2 a=6.16 3.02
‘I'cFg -19 orthorhombic 4 a=9355 3.38
b=874
=502
Relég +10 bee 2 a =626 4.06
Relg -22 orthorhombic 4 a=96l1 4.68
b =876
c=5.06

Other transition metal hexafluorides like MoFg, RuFg, RhF¢, WF,, OsFg, IrFg, and
PtF¢ also exhibit a bee phase near room temperaturc and a phase of lower symmetry,
probably orthorhombic, at reduced temperatures [68].

The magnetic susceptibility of TcFy between 295 and 14 K was found to vary lin-
carly with 1/T. 'The molar susceptibility is given by the equation

am =254-10 4T + 4.39-10~ cm? - mole !

The magnetic moment was reported to be 0.45 B.M. [69], which is drastically lower
than expected for a d' system of octahedral symmetry.

For gascous TcFg the IR spectrum was measured in the range from 6 to 43 um [70]
and the Raman spectrum using lascr excitation [71]. The spectra were interpreted in
terms of the octahedral point group Oy, [72]. Considcerable broadening of the E, and
F,, fundamentals was observed for TcF, and ReFg. This broadening was attributed to
dynamic Jahn-Teller coupling. The values of fundamental frequencies for technetium
and rhenium hexafluoride arc given in Table 10.6.A.

Table 10.6.A Fundamental frequencics [em™ ] of gaseous TcF,, and ReFy, [71].

Molecule vi{Aig) va(Eg) v3(Fin) v4(F1y) vs(Fzg) Ve(Fzu)
Tcl 712.9 039 748 265 297 145
Rel 753.7 671 715 257 295 147
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Based on the vibrational frequencies for TcF,, [70] and RekF¢ [73] the force con-
stants of both molecules were calculated using the force field of the general valence
type (Table 10.7.A).

Table 10.7.A Force constants of TeF, and ReFg [mdyne/A] [74].

Molecule Stfer Jee Jea Ja Jea S
Tck, 4.118 0.361 1.001 0.726 0.272 0.262
ReF, 4.775 0.401 0.650 0.418 0.105 0.125

Technetium hexafluoride can be stored unchanged in nickel or dry Pyrex vessels for
extended periods of time. It yiclds a black precipitate (TcO;-aq) by disproportiona-
tion upon hydrolysis with aqueous NaOH solution [63]. TcF, reacts with iodine in
iodine pentafluoride to form quantitatively TcFs [60]. The action of solutions of alkali
chlorides on TcFg in TF5 as solvent gives hexafluorotechnetates(V) [59,75]. Reactions
of technetium hexafluoride with nitric oxide, nitrosyl fluoride, and nitryl fluoride
result in the compounds NO[TcFc]. (NO),[TcFg|, and NOy[IcF], respectively [76].
TcFg in hydrogen fluoride reacts with hydrazinium(+2) fluoride to form NoHg[TcF,]»
or NyHg| TeFgl, depending on which reactant was used in excess [77].

Technetium oxide tetrafluoride like the pentafluoride is formed as a by-product of
TcFg in the fluorination of technetium metal [59,78.79]. TcOF, forms two phascs that
may be scparated from TcFs and from one another by vacuum sublimation. One
phase of TcOF, forms bluc needles, has a chain structure, and is isostructural with its
rhenium analogue. The other modification is a morc volatile green compound of tri-
meric structure [78,79].

The bluc phase melts at 134 °C to a blue liquid. Vapor pressure measurements indi-
cate a phasc change at 84.5 °C. The cxtrapolated boiling point of the bluc phase is
165 °C [61]. The magnetic moment of n=1.76 B.M., ©=9°, is of the expected order for
a d' compound in octahedral symmetry [59]. Blue TcOF, crystallizes isostructurally
with R¢OF, in the monoclinic system with the lattice constants a=18.83, b=5.49,
c=14.43 A. p=114.0°, Z=16. The structure consists of distorted octahcdral groups,
linked into ¢ndless chains parallel to the c-axis by cis-bridging of the fluorine atoms.
‘The structural unit consists of two crystallographically distinct octahedra. A signifi-
cant feature of the structure is the very short terminal oxygen bond length of about
1.65 A in each octahedron. The bridge bond length opposite to this oxygen atom is
considerably longer (2.31 A) than that opposite to a fluorine atom [80].

The green, trimeric modification of TcOF, crystallizes in the hexagonal system with
the lattice constants a=9.00 and ¢=7.92 A, Z=6. The space group is P6/m. The struc-
ture consists of discrete trimeric units with the three Tc atoms forming a triangle,
linked asymmetrically by cis-bridging fluorine atoms. The almost undistorted octahe-
dral arrangement is completed by the oxygen atom frans to the longer bridge bond,
and two terminal fluorine atoms. The distortion in the coordination can be correlated
with a displacement of the technctium atom from the center of the octahedron by
0.36 A towards the oxygen atom (Fig. 10.3.A). The green modification of TcOF,
appears unlikely to be the high-temperature of blue TcOF,, because its high- and low-
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Fig. 10.3.A The trimer unit of green TcOF,. Bond distances: Tc-0
1.66. Tc-F(1) 1.82. Tc-F(2) 2.26, Te-F(3) 1.80 A. Bond angles:
F(1)-Te-F(2) 78.0. F(1)-Tc-O 106.0. F(1)-Te-F(3) 89.1, F(2)-1c-O
175.9°[79].

temperature forms show no difference in color [79]. Both forms of technetium oxide
tetrafluoride are moisture scnsitive and are hydrolyzed complctely by water to hydro-
fluoric acid, technetium dioxide, and pertechnetic acid [33].

Technetium trioxide fluoride was preparcd by passing fluorine gas at 250 torr over
TcOs5 in a nickel tube at 150 °C. The volatile product was collected downstream in a
dry-icc bath and purified from hydrofluoric acid and other volatile impuritics by
repeated sublimations. The yield was 56 % [81]. TcO3F is also obtained by sparing dis-
solution of NH4TcQy, in anhydrous fluoride. The rcaction yiclds a pale yellow solution
with an undissolved solid layer at the bottom [82]. TcO;F forms yellow crystals which
melt at 18.3 °C 1o a yellow liquid. The vapor pressurcs P of solid and liquid TcO;F are
given by the equations

Solid (-8.78 to 18.28 °C): logl’> = 12.448 — 3239.4/T,
Liquid (18.28 to 51.82 °C): logP’ = 8.417 - 2064.6/T,

when Pis given in torr at 0 °C and 7 in Kelvin. The extrapolated boiling point is about
100 °C and the calculated triple point 18.28 °C. Technetium trioxide fluoride is stable
at room temperature in nickel or monel storage vessels, but attacks even dry Pyrex or
quartz fairly rapidly. With excess water TcOzF hydrolyzes to HTcO,4 and HFE. Upon
reaction with excess fluorine gas at 400 °C and 4 atm pressurec it is converted quantita-
tively to TcFg [81]. Fluoride donor properties of TcO3F were studied in HF solution
and the solid [TcO;]'[AsF,] was isolated [83]. IR and Raman spectra indicate the
symmetry Cj, for TcOsF. The fundamental vibrations of TcO3F and ReO;F are given
in Tablc 10.8.A.

Table 10.8.A Fundamental frequencies [em '] of TcO5F and ReQszF and their assignments [82].

Assignment vi(Ay) va(Ay) v3(A1) vy(E) vs(E) ve(E)
TcO:F 696 962 317 951 347 231
ReOsl- 666 1009 321 980 403 174

Mode v(M=F) W(MO3)  S(MO3)  vu(MOs)  3.4(MOs)  p(F-Tc-0)

Using the [undamental vibrations of TcOsF. the valence force constants were cal-
culated (Table 10.9.A).
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Table 10.9.A Valence force constants [mdyne/A] for TcO4F [84].

']'L‘OgF fR fr frr ./a fp faz
457 737 0.41 0.44 0.19 0.05

KR and r arc related to the Te-F and Tce-O bonds, respectively, o to the O-Te-O
angle and p to the O-Tc-F angle, while rr and oo are rclated to bond/bond and angle/
angle interactions. respectively. The Te-O force constant f, turns out to be almost
identical with the force constant f,=7.40 mdyne/A obtained for the terminal TcO;
groups in ditechnetium heptoxide [51].

Technetium dioxide trifluoride was rccently synthesized by reaction of Tc,O; and
XeFg in a 1:3 molar ratio in anhydrous hydrogen fluoride solution via the fluorination
of TcOsF by XeFg:

'l‘C207 +4 HF — 2TC()3F + H:;O' + HFz—
TCO3F + XeFg — TcO-F; + XeOF,

The reaction resulted in a microcrystalline precipitate of TcO,F;. Pure TcO,F; is
lemon yellow and has a melting point of 200 °C. It crystallizes in the triclinic system,
space group P1, with a=7.774, b=7.797, ¢=11.602 A, »=89.41, }=88.63, 7=84.32°. The
calculated density is 3.551 g-cm™ for Z=8. The structure of TcO,F5 consists of open
chains of molecules parallel to the b-axis of the unit cell. The Tc atoms form a “zig-
zag” chain linked symmetrically by fluorines which are trans to the oxygens. The light
atoms surrounding technctium form nearly undistorted octahedra in which the Tc
atoms are displaced toward the oxygen atoms (Fig. 10.4.A). The bond distances are:
terminal Tc—F 1.834 A, bridging Te—F 2.080 A, and Tc-O 1.646 A. The Te-F-Tc angle
is 148.8° [85]. The structure is closely related to thosc of MoOF, and ReOF,. The
Raman spectrum of the polymeric cis-TcO,F, unit was assigned under C,, point sym-
metry (Table 10.10.A) and exhibits only weak vibrational coupling in the unit ccll.

TcO,F; reacts in anhydrous HF with excess of KrF; at room temperature to give
TeOFs:

TcOyF; + KrF2 BETCOFs + 4 Oz + Kr

Fl 5 Fig. 10.4.A Asymmetric unit of the
Fi8) (&) structure of TcO,F; [85].
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Table 10.10.A Assigned Raman frequencies of TeO-F;. Values in parentheses denote relative intensi-
ties {85].

Frequencies [em™] Assignments
974 (100) Ay v(TeOy)
963 (27) Bj. v45(TcO2)
958 sh
685 (3) By, v (Tel5) term.
670 (7)

650 (16) Aj. vs(TcF,) term.
632 (16)

416 sh Ay, Iseiss(TcO3)
411 (19)

320 (22) Bs. vys(Tcl,) bridge
295 (30) Aj. v(TcF;) bridge
284 (24) Ay, Oseiss(TcF;) term.

Purc TcOFs melts reversibly and without decomposition at 57-58 °C. The volatile
orange solid is deep rcd-orange in the liquid state [86]. According to 'F NMR,
“Tc NMR, Raman and IR spectroscopy, the structurc of the TcOFs molecule is
pseudo-octahedral. The vibrational frequencies are presented in Table 10.11.A.

Table 10.11.A Vibrational frequencies and assignments for solid TcOFs. Values in parentheses denote
relative intensities of frequencies [86].

Frequencies [em™] Assignments
933 (28) vi(A))
702 (100) v2(Ay)
616 (8) vs(B1)
601 (3) va(Ar)
351 (10) vio(E)
328 (10) v(B3)
278 (5) vi(A1)
206 (2) ve(B1)
131 (1) vi(E)

In the reaction of technetium metal with chlorine trifluoride at 650 °C, the mixed
oxide fluoride chloride molecules TeOF,Cl and TcOFCI, were recently identified by
mass spectrometry, in addition to already known technetium oxide fluorides and oxide
chlorides [87].
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10.10.2 Chlorides and oxide chlorides

The hitherto only chloride of formally trivalent technetium is the trimeric compound
Te;Cly, which was obscrved in a mass spectrometer when mixed phases of technetium/
rhenium chlorides were heated to 300-350 “C. Other primarily vaporized molecules con-
taining T'c were TeRe,Cly, Te;ReCly, and the compounds Te;Cly; and TeoReCly; of for-
mally quadrivalent technetium. In addition, TcCly was identified |88]. In contrast to the
well defined dark-violet solid Re;Clg, the compound Te;Cly has so far not been obtained
in a solid state. There is some cvidence that the heating of Agy[TeClg] in vacuum gives not
only TeCly. but sometimes in addition a few brown flakes of possibly Tc;Clg that were ex-
tremely unstable in air. In hydrochloric acid the flakes give a dark green solution that has
absorption maxima at 16200 and 11400 cm™. These bands are reminiscent of the absorp-
tion spectrum of Re;Cly in hvdrochloric acid [89].

Technetium tetrachloride was synthesized by reaction of Tc,O, with CCl, at 400 °C in
a sealed glass tube. The yicld of preparation was 79 % [90]. TcCl, can also be obtained by
passing a stream of dry chlorinc over technetium metal at 200400 °C. The blood-red crys-
tals may be sublimed at about 300 °Cin the chlorine stream [91]. The needle-shaped crys-
tals of TcCl, are orthorhombic, having the space group P’hca. The unit cell dimensions are
a=11.65, b=14.06, and c=6.03 A; Z=8. The X-ray density was calculated to be 3.26 g - em™3
in good agreement with the density found experimentally [92,93]. Crystal structure anal-
ysis revealed distorted octahedral units of the composition TcCly,, which are linked to
form polymeric chains. each octahedral unit sharing one cdge with each of the two adja-
cent octahedra (Fig. 10.5.A). The repeating unit of the chain is a Tc,Clg unit made up of
two planar asymmetric units rclated to each other by a glide planc. Therc are three pairs

Fig. 10.5.A A section of the (TcCl,), chain [93].
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of chemically distinct Te-Cl bonds. The shortest bonds (2.24 A) involve the non-bridging
chlorine atoms CI(4) and CI(5). The longest bonds (2.49 A) are the bridging chlorines
C1(2) and CI(3) aligned perpendicularly to the chain length. Intermediate in length (2.38
A)is the third pair of bonds to the bridging chlorines CI(2’) and CI(3) parallel to the chain
length. All bond angles are within 6° of the 90° expected for a regular octahedron [93].

Technetium tetrachloride shows a high molar magnetic susceptibility that is
strongly temperature dependent. The magnetic moment u = 3.14 B.M. and the Weiss
constant ©=-57 K werc found. The moment of 3.14 B.M. appears low for 3 unpaired
elcctrons and an almost octahedral crystal field. However, the TcClg units are not
magnetically dilute enough for exchange interactions to be negligible [94]. TcCly is
unstable in the presence of water vapor [93]. It dissolves in hydrochloric acid to give
yellow solutions containing [TcClg]> . In water and aikaline solutions TcCly is not
instantly hydrolyzed [58]. In cthanolic solution it reacts with triphenviphosphine, tri-
phenylarsine or a,x’-dipyridyl to form complexes [95]. Reaction of TcCly with ben-
zene, benzenc derivatives or sodium cyclopentadieny! yields aromatic n-complexes
[96]. In addition, reactions of TcCl, with (CH;3);SiBr, acctonitrile, fert-butylisonitrile,
and crown ethers have been recently described [97].

Technetium oxide trichloride, TcOCl;. was obtained by reaction of technetium
dioxide in a chlorine strecam at 300-350 °C. The brown, slightly volatile product can be
sublimed at about 500 °C in vacuum. TcOCl; shows a strong band in the IR at 1017
cm !, which can be attributed to the metal-oxygen stretching mode. The compound is
readily hydrolyzed and disproportionates [30,98.99]:

3TcOCl; + 5 H,O0 — 2 TcO, + HTcO,4 + 9 HC1

Technetium hexachloride, TcCl,,. was claimed to be prepared by passing a stream of
chlorine over technetium metal at 400 °C. A dark green product was reported to be
TcClg and melted very readily to give a green liquid [91]. However, subscquently the
existence of TcCl, could not be confirmed and now appears to be doubtful [100].
whercas ReClg was obtained as a dark green to black crystalline compound by halo-
gen exchange of ReFg with boron trichloride {101].

Recently, technetium nitride trichloride, TcNCl;, was reported to be synthesized by
reaction of TcCl, and INz in carbon tetrachloride. The black-brown solid of TeNCl,,
which still has to be identified completely, dissolves in a solution of |Ph;As]CI in
dichloromethane to form [Ph,As][TcNClyj [102].

Technetium oxide tetrachloride, TcOCl,, was scparated from the mixturc of the oxide
chlorides, which are produced upon chlorination of technetium metal at 300 °C. by trap-
to-trap distillation in vacuum in the dark. Pure TcOCl, is a purple crystalline solid that
forms large crystals and melts at ~ 35 °C. Itis stable at room temperature if kept out of the
light, but decomposes rapidly to TcOCl; even at =78 °C, if left in sunlight or artificial fluor-
cscent light. The chlorine produced in the photochemical reaction

2TeOCl, ™ 2Tc0Cl; - Cly

was identified by its ultraviolet spectrum. The Te=0 stretching frequency of TcOCl,
in the IR was found at 998 cm™ [98,100].
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Technetium trioxide chloride, TcO;Cl, was prepared very early by the simple pro-
cedure of adding 12 M HCl to a sotution of KTcO, dissolved in 18 M H,S50,. Upon
shaking the acid with carbon tetrachloride, chloroform or hexane. the compound is
extracted into the organic phase [26,103]. Later. TcO5Cl was obtained by vacuum dis-
tillation from the mixture of technetium oxide chlorides produced upon chlorination
of technetium metal at 300°C or by heating TcCly with oxygen in a sealed tubc to
450°C for a few hours. TcOzCl is a very pale yellow liquid boiling at 25 °C. The vapor
phase UV-VIS spectrum was recorded and appeared to be very similar to that of
ReO;Cl. Bands of TcO5Cl at 192, 228 and 315 nm were reported [100]. Dynamical
Jahn-Teller effects in the near UV vapor phase absorption spectra of TcO3Cl and
ReO;Cl were observed. Calculations of the geometry in the excited state show that
there is an asymmetric distortion in the metal-oxygen bond length [104]. Also the IR
and Raman spectra of TcO5Cl exhibit considerable similarity with those of ReOsCl.
In addition, the spectra are very similar to those of the heptaoxides. Table 10.12.A
summarizes the fundamental vibrations and assignments for the trioxide chlorides of
technetium and rhenium, the force constants are given in Table 10.13.A.

Table 10.12.A I‘undamental vibrations and assignments for TcO4Cl and ReO;Cl [105,106].

C;y Mode Frequencies [cm‘1] Assignments
Symmetry species TeO;Clliquid  ReO;Cl liquid
ey vy 445 433 v(MC1)
A, vo 950 1002 r(MO)
Ay V3 299 303 4,(OMO)
L vy 932 962 vas(MO)
E vs 197 197 Or
Vg 340) 345 3,.(OMO)

Table 10.13.A Force constants of ‘IcO;Cl and ReOsCl [mdyne/A ], :OMO angle, #: OMCl angle [106].

Molecule Jmo Syt Jwomo JSotoa Je-JSp
TeOzC1 7.12 3.07 042 1.18 0.68
ReO;Cl 8.28 3.27 0.44 1.18 0.71

The lower force constants fyy and fyie of TcO3Cl compared to the corresponding
force constants of ReO;Cl indicate again the weaker bonding strengths in the techne-
tium compound.

10.10.3 Bromide, oxide bromides, and oxide iodide

Technetium tetrabromide, TcBr,, was synthesized analogously to rhenium tetrabromide
[107] by reduction of pertechnetic acid with a 46 % solution of hydrobromic acid. This
procedure was repeated four times. An unstable brown-red compound was obtained
which rapidly hydrolyzed in moist air. The bromine analysis was always low due to slow
spontaneous loss of bromine. TcBry dissolves in ethanol and acctone and forms com-
plexes with 1,2-bis(diphenyl-phosphino)ethane and triphenylphosphine [89].
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Technetium oxide tribromide, TcOBr;, was obtained by bromination of technetium
dioxide. Bromine vapor, carried in a stream of oxygen-free, dry nitrogen. reacts with
TcO- at 300-350 °C. The grey-black crystalline product collected over a period of 4-5
h. Surprisingly, also NH TcO,4 or KTcO4 react with bromine vapor at 350-400 °C to
give TcOBr;. Technetium oxide tribromide is thermally stable and sublimes at 350-
400°C. In the IR spectrum a weak absorption was obscrved at 770 cm ' which was
assigned to a Te=0O stretching mode [98).

Recently, the existence of gascous technetium trioxide bromide. TcOBr, and tri-
oxide iodide. TcO;l, was cstablished mass spectrometrically by heating an unde-
fined technetium oxide, probably TcO,. in a Knudsen cell up to 800 °C, through
which the reactive gases Br,.l5, and O, were flowed. The TcO;Br formation was
found to be more (acile than that of TcOsl. Both vapor species are stable to at
least 700 °C [108].

'To conclude this scction the synthesis and some propertics of the halides and oxide
halides of technetium are summarized in Table 10.14.A.

Table 10.14.A Synthesis and properties of technetium halides and oxide halides.

Synthesis Propterties Referecenes

Te+FoiN, e, TcFs vellow, m. p. 50°C [59]
TcFo+To/IFs — TeFs [60]
Te-F; 4a00°C, Teky, golden-vellow. m.p. 37.4°C. b.p. 55.3°C [63)
Te+Fa/0, MrC, TcOF, blue. m.p. 134 °C, b.p. 165°C [61)

TecOF, green, trimeric [79]
TcO,t s/ HF+KrF, . TeOF; red-orange, m.p. 57-58 °C [86]
TcOx+F, e, TcOAl vellow, m.p. 18.3°C, b.p. 100 °C [81)
NI TeO+HE — TeOsF [82]
Te-O /HF+Xel, — TcO-F, lemon-yellow. m.p. 200 °C [85]
Technetium chloride 300-350°C, Te:Cly mass spectrum 188]
Te,07-CCl, RGN TeCl, blood red [90]
Te-Cl, 200-400°C, ey, [91]
Technetium chloride 300 350°C, TeaClyy mass spectrum [88]
TcO~-Cly c, TcOCT brown 98]
Tc-Cly/O» W0°C, TcO(l, purple, m.p. ~35°C [100]
KTcO4/H2504+12 MHCI — TcO,Cl pale yellow, b.p. 25°C [26]
Te 1 ClL/0, 00°C, TeOCl (100]
TeCly+ O, 430°C, TeO4Cl [100]
TeCli+IN5/CCly —_ TeNCly black-brown [102]
HTcO4+HBr . TcBry brown-red. unstable (891
TcO»+Br, 300=350"C, TcOBry grey-black [98]
KTcO4+Br, 350 400°C TcOBr; [98]
TcO,-Br, 00°C TcO,Br mass spectrum {108]
TeO-+1,/0, »re, TcOsl mass spectrum [108]
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11 Oxotechnetates

This chapter covers syntheses and properties of pertechnetic acid, pertechnetic acid
salts, oxotechnetate(VI), ternary and quaternary oxides of technetium, and the char-
acterization of the TcOj ion.

11.1 Pertechnetic acid

The very hygroscopic Te,O7 dissolves in water to give a pink solution of pertechnetic
acid, HTcQy, whose color disappeared with dilution. HTcO4 may more conveniently
be prepared by passing an aqueous solution of KTcO, through a strong-acid cation
exchanger, e. g. Dowex 50-X8, in the H -form [7]. It is also obtained when freshly pre-
cipitated dioxide is treated with dilute hydrogen peroxide [8]. The potentiometric pH
titration curve of HTcQ, is characteristic of a strong monobasic acid. When a 2 M
aqueous solution of HTcOy is slowly evaporated at room temperature over conc. sul-
phuric acid, it gradually becomes yellow, dark yellow, red, and dark red. Finally, long
red-black crystals are formed, the composition of which corresponds to Tc,O; - H,O
or to anhydrous pertechnetic acid, HT'cQO, [1], in contrast to perrhenic acid that is for-
mulated as dirhenium dihydrato heptoxide Re;O7(OH,); [2].

The red-black color of HTcO, is uncxpected for a compound containing Tc in the
d® configuration [3-6]. The absorption spectrum in the visible range cxhibits two
bands (shoulders) in the concentration range of 0.64-107! to 2.1-107! mole/l, the
stronger at 500 nm (¢ ~ 1.5 |- mole™ - cm™!), the weaker at 585 nm [5], in good agree-
ment with measurcments shown in [3]. The red color of the conc. agueous HTcO, so-
lution was still obscrved under rigorous exclusion of any rcducing agent. However,
the titration of the red HI'cO, proved the solution to contain some reduced species,
probably formed by oxygen release of conc. HTcO,. The reduced species has not yet
been identificd [5,6]. In addition, condensation reactions of HTcO,, occurring at con-
centrations higher than 7 M, may be responsible for the coloration observed. Because
the intensity of the strong, composite Raman band of the TcO, ion at 912 cm™
increases lincarly with the HTcQOy4 concentration, the acid should be completely
ionized [7] up to ca. 6 M.

The temperature dependence of the HTcO, dissociation cquilibrium

HTcO4(c) < jH0(g) + 1 Te207(c)
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Fig. 11.1.A ‘Temperature dependence of the vapor pressures of solid HTcQ, and of saturated aqueous
solution of HTcO,4 (upper line): open symbols on cooling. The vapor pressures for solid I1RcO, are
represented by the dotted line [9).

was measurcd and is shown in Fig. 11.1.A together with the vapor pressures deter-
mined for saturated aqucous pertechnetic acid solution. Pertechnetic acid dissociates
more readily than perrhenic acid to form heptoxide and water. The data for the disso-
ciation of HTcO, could be fitted by the equation

l0g Pmmitg) = —2395/T + 8.207

The vapor pressurc of the saturated aqucous solution of HI'cOy was found to be
only a few mm Hg higher than that of the anhydrous acid [9].

11.2 Salts of pertechnetic acid

Numerous pertechnetates have been prepared and more or less characterized. Table
11.1.A lists the salts and some of their propcerties.
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Formula Color m.p. [°C| Crystal structure and Solubility References
lattice constants [A ] in water
LiTcO, white  365-385  isostructural with - [10,11]
LiReO,
LiTcOq4-211,0 white - isostructural with extremely [11]
LiRecO,-2H,O hygroscopic
NaTcOy, white I41/a a= 5339 67.7 g/100g [10.12-14]
c= 11.869 at 25°C
NaTcOy4-4H,0 white - - [15]
KTcO, white 540 14,/a a= 5.630 2.13g/100g  [10.16-19]
c= 12.867 at 25°C
NH,TcO4 white  decomp. /4;/a a= 5.775 - [10,17,20,62]
at325°C = 13.252
RbTcO, white  — 14/a a= 5.758 1.167 g/100 ml 10,17}
c=13.54 at20°C
CsTeO, white 590 Pnma  a= 5.726 0.412 /100 ml [10.17,21.22]
b= 5922 at20°C
c= 1436
TITcO, white 530 Pnma  a= 5501 0.072 /100 ml [10,21]
b= 5747 at 20°C
c=13.45
AgTlcOy yellow — 14)/a a= 5319 0.563 /100 ml [10,12]
c= 11.875 at 20°C
[(CH3)uN]TcO, white - P2;2;2  a=12.142 2.73g/100 ml  [23]
b=12.223 at room temp.
c= 5.928
[(Csz),1N]]‘CO4 white - P212/2 a= 7.14 0.37 g/lOO ml [23]
b= 716 at room temp.
c= 263
[(C4Ho)uN|TcO4  white Prna2; a= 15403 0.17 /100 ml  [23-25]
b= 13.785 at20°C
c=  9.864
[(CsHsNI);C) pale- - - [26]
TeOy-4H,0 pink
‘Iriphenylguanidi-
nium pertechnetate
[CooHT17N4JTcOy — - - very low [27]
Nitronper-
technetate
[(CeHs)sAs]TcO,  white — - 0.00164 g/ [28]
100 ml at 24°C
[Fe(CsHs),]JTeOy  — — P3,21  a- 8967 almost [29]
c= 12.464 insoluble
Mg(TcO4)2-4H,O  white triclinic a= 7.44,2= 108.01° rcadily [30,31]
b= 7.03,f= 92.32° soluble

= 6.46.v= 12045
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Formula Color m.p.[°C] Crystal structure and Solubility References
lattice constants [A] in water
Mg(1cOy4),2 white decomp. hexago- ¢= 993 readily [30,31]
nal c= 12.54 soluble
Ca(TcQy)>-2H,O  white isostructural with — [32,33]
Ca(ReO,), -4H,0
Ca(TcOy), white  decomp. isostructural with Ca(ReQy), — [32.33]
at 650°C
Sr(TcO,4),-2H.O  white — isostructural with — [32]
Sr(ReO4)a - 21,0
Sr(TcOy), white  decomp. isostructural with Sr(ReQOy)» [32]
Ba('teOy), white decomp. isostructural with Ba(ReOy), 7.64 g/100 [32,34]
ml at 20°C
Co(TcO,)--4H,O ruby — isostructural with readily [35]
red Co(ReQO,),-4H,0 soluble
Ni(TcO,);-4H.O  green  — isostructural with readily [36]
Ni(ReO,); -4H,0 soluble
Cu(TcOs),-4H.O0 — — isostructural with soluble [37]
CU(RCO_;)Z . 4H20
Zn(1cOy),-411-0  white — isostructural with readily |38]
Zn(ReQ,),-4H,0 soluble
Cd(1c¢Qy),:2H,O  white  — isostructural with rcadily [39]
Cd(ReOy),-2H,0 soluble
Pb(TcOy),-2H,O  white — — soluble [40]
UO5(TcOy)--2H,0 yellow- — low symmetry readily [41,42]
green soluble
[Pt(NH:),)(TcOy), white — P1 a=  5.178.a= 69.33° slightly [43.44]
b= 7.725, = 79.74° soluble
c=  7.935 3= T7741°
Al(TcQy);-7H,O  white  — isostructural with readily [45]
Al(RcO,)5-7H,0 soluble
Sc(TcO4)3-3H.O  white — readily |46]
soluble
Y(TcO4);-4H,0  white — triclinic a= 7.393,a= 75.65° readily [47.51,61]
b= 8.615,fi= 96.43” soluble
c= 11.819, ;= 104.56°
Fe(TcOy,);-4H,O  reddish — — soluble [48]
brown
Ga(TcOy)s- 7H,0  white  — readily [49]
soluble
In(TcOy)5-3H,O  white  — isostructural with readily |50}
In(ReQy);-3H,0O soluble
La(TcOy4)5-3H,0 — isostructural with readily [52]
Ce(TcO,4);3-3H,0 soluble
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Table 11.1.A Continued.

Formula Color m.p.[°C] Crystal structure and Solubility References
lattice constants [A] in water
Ce(TcQy)3-3H0  — — - readily [52]
soluble
Pr(1cOy):-4H,O  green — - readily [53]
soluble
Nd(TcO,)3-4H, 0 red- - isostructural with readily [54]
violet Pr(TcO,):-4H,O soluble
Sm('1¢Oy)3-3H,0 yellow - isostructural with readily [55]
LEu(TcO4)3- 31,0 soluble
Eu(TcOy); 31,0 pink — — readily [55]
soluble
Gd(TcO,4);-3H,O  white  — isostructural with readily [56]
Eu(TcO,);-3H-0 soluble
Tb(TcOy4)s-4H,O  pink — — readily [57]
soluble
Dy(TcO,)s-4HO  yellow — isostructural with readily [58]
Tb(TcOy4);-4H,0 soluble
Ho(TcOy);-4H,O pink — triclinic a=  7.157. 4= 73.62° readily [59.61]

b= 8787, f= 95.32° solubic
c= 12.278, y= 102.55°

Er(TcO4)5-4H,O  reddish — triclinic a=  7.251,2= 73.13° readily [59.61]
b= 8.759, i= 96.07° soluble
c= 12,083, 7= 102.81°

Tm(TcO,4);-4H,0 green — triclinic a= 7.249, 2= 73.94° readily [60,61]
b= 8777, i= 96.38° soluble
c= 12.038, 3= 103.71°

Yb(TcOy4)3-4H,0  white  — isostructural with readily [60]
Tm(TcOy);-4H,0 soluble
Lu(lcOy);-4H,0O  white  -- triclinic «= 7.193.a= 73.99" readily [47,61]

b= 8.686, /= 96.43° soluble
c= 11943, ;= 102.62°

The pertechnetic acid salts are, in general, obtained by ncutralization of aqueous
HTcOy4 solution with the oxide or hydroxide of the cation. The salts are {requently
isostructural with the corresponding compounds of rhenium. Alkaline pertechnetates,
including ammonium salts, and alkaline earth pertechnetates are colorless (white),
whereas transition metal pertechnetates arc often colored. The crystal structure of
many transition metal pertechnetates is still unknown. NaTcO,, KTcO,4, NH4TcO,,
RbTcO,4 and AgTcO, crystallize in the tetragonal scheelite-type structure of the space
group [4,/a (Fig. 11.2.A), CsTcO4 and TITcOy4 in the orthorhombic space group
Prnma, which is transformed at a transition temperature of 116 and 95 °C, respectively,
into the scheelite-type structure [21]. Alkaline pertechnctates are thermally rather
stable compounds, c¢. g. KTcO, melts at 540°C and sublimes at ~1000°C without
decomposition [13]. The dimeric compound (K'TcO,), was identified as a major vapor
constituent by mass spectrometry at 620°C [63]. Throughout, the pertechnetates are
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Fig. 11.2.A Crystal structure of KTcO,. Scheclite type,
space group I4,/a.

readily soluble in water, with the exception of [(CeHs)4As}TcOy, nitronpertechnetate,
and TITcO,4. Numerous transition metal pertechnetates are reported to be easily solu-
ble in aicohol or acetone.

The NH,TcOy, structure comprises discrete ammonium and pertechnetate ions held
in addition together by hydrogen bonding. The cell volume of 442.0 A3 at 295 K is
surprisingly larger than that of NH4ReQO,, throughout the temperature range of
129-295 K. The obscrved density of NH, TcO4 at 295 K is 2.72 g-cm™ [20].

Tetra-n-butylammonium pertechnetate dissolves in benzene without dissociation
and forms ion pairs even at very low concentrations. At room temperature the forma-
tion of dimers and larger aggregates begins to occur already at concentrations of 103
mole/l [68]. This behavior resembles that of other tetraalkylammonium salts dissolved
in benzene.

In [Pt(NH;)4])(TcOy)> the Pt atom is located on a center of symmetry at the origin.
The coordination around the Pt(Il) ion is square planar. The coordination around the
T¢ atom is tetrahedral with O-Tc-O angles ranging from 1083 to 110.6°. The
[Pt(NH;)4](TcO,), structure is stabilized by extensive hydrogen bonding between the
ammine ligands and the oxygen atoms of the different layers [44].

In solid pertechnetates the TcO; tetrahedra are slightly but distinctly distorted, as
also known for the ReOj] tetrahedra. Precisc interatomic Te—-O distances and O-Tc-
O bond angles were derived from single crystal X-ray structure analyses of KTcO,
[18]. NH,TcO, [29]. CsTcOy [22], and [Pt{NI1;)4](TcOy), [44] (Table 11.2.A)

Distortions of the TcOj ion in numerous polycrystalline pertechnetates were stud-
ied by "¢ NMR measurements. Quadrupole coupling constants and asymmetry pa-
rameters of the electric ficld gradient of the “*1¢ nucleus werc evaluated [82,83].

The vibrational frequencies of some crystalline pertechnetates are listed in the fol-
lowing tables. The factor group symmetry is Cy,. the anion symmetry is 7.
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Table 11.2.A Tc-O bond distances [A] and O Te-O bond angles [?] of pertechnetates at room tempera-
ture [18.20,22,44].

Structure KTcOy4 NH,TcO, CsTcOy |PUNH;3)4(TcOy)>
Space group I4,/a 14,/a Puma P1

Te- O 1.711 1.702 1.665.1.763,1.716  1.710,1.715, 1.711, 1.698
O-Te-0 109.0-110.5 109.1-110.2 108.3-110.6

Table 11.3.A IR and Raman frequencies [cm '] of KTcO, [64-66).

IR Cun Raman C, Ta
8 1 70 ]
T Ag+2E, ’ Ag+2B,-3E,
145 104 ) ‘ ¢
313(s) l v _
AgtE, 327(m) B F, vy (£5)
328(s) J
351 (w) Ay 348(w) 1
l A 4B, (F)
350(w) J T
890 (sh) — — : —
908 (vs) ALtE, 887(s) | B,+L, vy(F5)
920(m)
- — 913(vs) A, vi{Ay)

Table 11.4.A IR and Raman frequencies [em '] of NHTcO, [20.67).

IR Ty Raman T,
317(s) |
l Va(F>) 326(s) v(E)
329(s) I
41(w) va(F5)
348(m) vo(E) 352(w)
352(w
840(w) — 880(s) va(Fy)
900(s)
vi(£3) 908(vs) vi(Ay)
925 (sh)
1390(5; ] Site symmetry 38(vw)
1410(s) ¢ S 18(w)
1790(w) of I\}H; 77(vw) lattice modes ?
3200(s) 92(w)

102(w)
LLo(vw)
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Table 11.5.A IR frequencies [em '] of ‘111cO; [67]). AgTcO, [66], [(n-C,Hy)sN]TcO, [65], and
[(CoHs)aAS[TeO, [65].

TITcO, T, AgTcO, Ty (CH)N|TcO, Ty [(CeHs)AS|TcOs Ty,
322(s) : ] 312(s) | 336(m) va(Fy) 336(m) va(F)
;iggf; f vi(F2) 316s) f va(F2) 890(s) 1s(Fs) 895(s) vilFy)
347(m)  v,(F) 347(w)  vo(E)

840(vw) — 865(511)} (s

om0

()IS(Sh)I

Force constants of TcO, calculated in a modified valence field are compared with
the force constants of MnO; and RcO, in Table 11.6.A. The calculation is based on
frequencies measured in aqueous solutions [64], except for the frequencies of v.2(FE)
which were deduced from IR spectra of the crystalline salts. The Raman spectrum of
the aquecous TcO7 ion shows only two lines and represents the spectrum of tetrahc-
dral TcO;, perturbed by the closc association of water molccules [64].

Table 1L.6.A Frequencics [em™' | and force constants [mdyne/A] of MnOg, TeO3, and ReO, [84,85). Tre-
quencies recently measured and evaluated {86] are given in parentheses.

Assignment and MnO; TcO} ReOy
force constants

vi(Ay) 845 912(911) 972(972)
1 (E) 355 347(336) 332(333)
v3(Fy) 910 912(908) 916(919)
vi(F5) 395 325(323) 332(333)
I 5.75 6.75(6.49) 7.54(7.26)
for 0.32 0.36(0.44) 0.45(0.55)
T 0.49 0.37(0.40) 0.43(0.51)
foa 0.05 0.00(0.02) 0.02(0.08)

The valence force constants f, indicate a significant increase of the M—O bond
strength from MnO; via TcOj to ReOj.

The absorption spectra of aqueous solutions of MnOj, TcO, , and ReO, , measured
in the VIS and UV (Fig. 11.3.A) demonstratc for each ion essentially two band sys-
tems with pronounced vibrational structures. The band systems are shifted to higher
wavenumbers from MnOj via TcO, to ReO,. In addition, MnOj} exhibits a strong
band at 52910 cm™ (189 nm). Table 11.7.A summarizes the absorption maxima of
TcO; and RcO, .

The polarized absorption spectrum of TcO, doped in single crystals of KC1Oy [88]
or CsClO, [89] was mcasured at 4.2 K and showed considerably pronounced res-
olution of the vibrational structure.
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Fig. 11.3.A Absorption spectra of MnQj, TcQ,, and ReOj in aqueous solution [87]; kK = 10* cm™'.

‘Table 11.7.A Absorption maxima and molar absorbance indices of 'T¢Q. and ReOy4 in aqueous solution
[87]. Shoulders arc given in parentheses.

Tc(); ReO;'
kK A € kK A €
[10°em™] [nm} [1-mole!-cm™ [10%°cm™) [nm] [1-mole!-em™]

(32.36) (309) 1070 (40.16) (249) 1650
(33.33) (300) 1740 (41.15) (243) 2520
34.25 292 2130 (41.84) (239) 3150
34.84 287 2170 (42.50) (235) 3460
(35.59) (281) 2010 43.42 230 3610
(36.23) (276) 1760 44.05 27 3660
(37.88) (264) 2070 44,84 223 3630
(38.76) (258) 3380 (45.66) (219) 3570
(39.53) (253) 4830 (47.17) (212) 4100
40.32 248 5690 47.85 209 5280
40.98 244 5690 48.78 205 6060
(41.67) (240) 4990 49.50 202 6090
(42.37) (236) 3900 50.25 199 5370
(43.10) (232) 2820 (51.28) (195) 4340
53.18 188 1370 (51.81) (193) 3280
(52.63) (190) 2680

(52.91) (189) 2540

(53.76) (186) 3220
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Fig. 11.4.A NMR spectrum of **1'cQ, in D,0 at 54.24 MHz for natural abundance of 170 [90].

The ?*T¢ NMR spectrum of NH,TcQ, dissolved in D,O exhibits 10 lines (Fig. 11.4.A)
according to the nuclear spin I= 9/2 of *Tc by scalar coupling of 7O to **Tc with '/=131.6
Hz. That the outer lines of this 7O multiplet arc sharper than the inncr ones is expected
from the finite relaxation rate of #Tc. ®TcO); gives a single resonance at 90.6 MHz at 9.4
T with the relaxation parameters 7,=0.13 s and 7,=0.10s [90].

Some additional properties of the pertechnetate ion compared to those of the per-
rhenate ion are presented in Table 11.8.A.

Table 11.8.A Some physical properties of TcQy and ReQ.

Property TcOy ReO; References
Lquivalent conductivity at infinite dilution in 55.540.5 54.68 191]
water at 25°C [Q ' cm?-val ]

Diffusion cocfficient in water at 25°C [cm?-s7) (1.4820.01)- 107 1.456-10 ° [91]
Partial molar volume in water at 25 °C 47.1 48.1 (92]
[em® - mole

Effective ionic radius in water at 25 °C [A] 2.40:0.04 — 192]
Molccular polarizability [A”] 47.355 33.44 (86]

11.3 Tetraoxotechnetate(VI)

The existence of the very reactive anion TcO} and the still more reactive ReOj
could be demonstrated unambiguously {69,70]. Electrochemical studies previously
pointed to the formation of TcO3~ at the clectrode surface {71]. Polarographic and
controlled-potential coulometric reduction of permanganate, pertechnetate, and per-
rhenate in acetonitrile or dimethylsulphoxide yielded a one-electron transfer [72].
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Fig. 1L.5.A Face-centered cubic lattices of
[(CI3)uN;MnO,, [(CH3)4N];TcO., and
[(CH3),NT,ReO, | 73].

The syntheses of violet [(CH3),N];TcO, and olive green [(CH;3)4N];ReQy succeeded
in reducing solutions of tetramethylammonium pertechnetate and perrhenate in acet-
onitrile at a platinum cathode. The cathodic deposits were slightly soluble crystalline
products that were extremely sensitive to oxygen and atmospheric moisture causing
rapid oxidation and disproportionation |72].

The tetramethylammonium salts of MnO3~. TcO3", and ReOj " crystallize in iso-
structural antifluorite-like cubic facc centered lattices (Fig. 11.5.A) with the lattice
constants a=11.09 A, a=11.20 A, and a=11.35 ,&, respectively. The magnetic suscept-
ibility of the compounds obeys thc Curie-Weiss law over the temperaturc range 77—
298 K (Fig. 11.6.A) with ges=1.63 (Mn), 1.60 (Tc), and 1.47 (Re) B.M. The magnetic
moments of [(CH;);N];TcO4 and [(CH;)4N]oReOy4 as well as the splitting and the
vibrational structure of the 2E—2T, intrashell transition indicate strong Jahn-Teller
distortion of TcO?~ and RcO3 in the first excited ?T; state. Tetrahedral crystal field
parameters of A=—11000, A=~17000, and 4=—19000 cm™! were derived for MnO% .
TcO3 |, and ReOj™, respectively. The clectron transfer spectra (Table 11.9.A) reflect
the lower degree of covalency of the Re-O bond in comparison to the Tc—0O and Mn-
O bond. In accordance with the tetrahedral structure of the oxoanions, the IR spectra
exhibit two metal-oxygen vibrations, the stretching modes v3(F,) between 780 and
812 cm ! and the deformation modes v,4(F>) between 324 and 340 cm ! [73].

A Te(VI) species was reported to be prepared in aqueous solution by reduction of
1.82 mM TcO, with 0.015 M N,H, in 0.7 M OH". The rcddish-brown product
absorbed in the visible region at 500 nm with an absorbance index of about 200
I-mole !-cm™' [74]. This absorption maximum is in agrecment with thc maximum
listed in Table 11.9.A for TcO3~ at 20000 cm™.
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Fig. 11.6.A Reciprocal molar susceptibilities [73).

Later, several pulse radiolysis studies on aqueous solutions of pertechnetate dem-
onstrated the formation of TcO2~. The passage of an electron pulse through a <5-10 4
M solution of KTcQ, developed two absorption bands, one had 2 maximum at 700
nm, the second at 325 nm. The band at 325 nm was related to TcO? that was formed
by the reactions

TcO7 + ¢,, — TcOF™
or

TcO; | H — TcO +H*,

while the band at ~700nm pertained to Coq- In addition to the 325 nm band. a remark-
ably low intensity absorption at 520 nm was observed [75]. Transicnt hexavalent tech-
netium, presumed to be TcO?™, was produced in aqueous alkaline media (0.10 M
NaOH) by pulse radiolysis of 10-10~ M solutions of TcOj;. Tc(VI) was detected
and characterized by strcak-camera spectra, showing a broad absorbance centered at
500 nm and a peak at 340. The life-time of the Te(V1) species was found to be of the
order of milliseconds in aqueous alkaline media [76]. The rate of decay is strongly
dependent on pH. Hydrated clectrons also rcact with perrhenate to generate a transi-
ent species that is formulated as ReO3 and has a 100-fold higher decay rate than
TcO; [77.78].
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Table 11.9.A Absorption maxima [cm '] of [(CIE;)4N]yTeQy and [(CH3);N]>ReQ; at 77 K. Shoulders
arc given in parentheses |73].

TcO3" Re0] Assignment
(12400) (12900)

(12700) 14080

13020 (14700)

(13350) 15380

13680 (16700) Is[(dr;)']+ vibrational progression in vo(E)
(14000)

14340

15270

(15600)

(15900)

20000 22990 [4[(d1)"]
(27800) (27800) LTy ?
(31500) (34000)

33610 37030

2T, and 2'1;2 from
35090 (40500) (nt;)’(de)” and

[(nvo)tr) (de)’
38840

(40500)

11.4 Ternary and quaternary oxides

Various ternary and quaternary oxides of technetium can be prepared via solid state
rcactions (Table 11.10.A).
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Table 11.10.A Properties and structure of ternary and quaternary oxides of technetium in the oxidation

states 13 to +7.

11 Oxotechnetates

Oxidation Composition Propertics Structure Lattice References
state constants { A]
+3 NaTcO, dark violet - — [79.80]
+4 LixTcO; stable up 1o 900”C  monoclinic. a=4.988 [79.80]
LiSnOs type b=8.639: 1=99.4¢
c=10.01
Na-TcO, olive-green. — - [79.80]
>550°C decomp.
CaTcO, black orthorhombic a=3.87 [32]
b=3.96
c=3.76
Sr'l'cOs - cubic, a=3.949 [32.81]
CaTiO; type
7-BaTcO; black hexagonal, a=5.758 [32,81]
BaliO; type c=14.046
f-BaTcO; black. cubic, a=8.140 [32]
stable up to 800°C  perovskite tvpe
PbTcO; — cubic, «=10.361 [81]
perovskite type
Na,;TcO, brown, isostructural with [79.80]
stable up to 800°C,  Na,SnO,
hygroscopic
Mg-TcO, black cubic, a=8.498 [81]
spinel tvpe
Sty 1cOy - tetragonal, a=3902 132}
K,NiF; type ¢=12.72
Ba,TcO, black, tetragonal. a=4.011 [32)
decomp. at 630°C KoNiF, type c=13.40
Mn;TcO, black. cubic, a=8.682 [81]
ferrimagnetic spinel type
Co,TcO, black cubic. a=8.450 [81]
spinel type
CoMnTcO,  black cubic. a=8.563 [81]
spinel type
CoNiTcO,  black cubic, a=8.449 [81]
spinel type
MnNiTcO,  black, cubic, a=8.551 [81]
ferrimagncetic spincl type
NiZnTcO,  black cubic, a=8.462 (811
spinel type
NiCdTeO,  black cubic, a=8.780 [81]
spinel type
SmyTe, O — cubic, a=10.352 [81]

pyrochlore type
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+5

+7

Dy?_TC >O7

F,Y'zTCz()7

a-LizTcOy

B-LisTcO,

2-Li;TcOs

f-LiyTcOs

2-LiTcOy
f-LigTcOy
BuyTc,Oy

LisTcOy
NasTcOq
Cas(TcOg)n
Sts(TcOg)
Bas(TcOg),

LiSr>TcOg
NaSr,TcOg

1.iBa,TcOq
NaBa-TcO,
K3TeOs

black,
above 950°C

bilack,
below 950°C

black,
stable up to 800°C

black.
stable up to 900 °C

blue-black

bluish,
stable 350-750°C

dark green.
below 320°C

black

stable up to 650°C
hygroscopic

brown,
stable up to 850°C

black

dark brown,
stable up to 850 °C

brown.
hygroscopic,
500 °C decomp.

cubic,
pyrochlore type

cubic,
pvrochlore type

cubic,
rock salt type

monoclinic

monoclinic

hexagonal

hexagonal

hexagonal

isostructural with
NasReQy

hexagonal

pscudo cubic

tetragonal

cubic
cubic

isostructural with
K:iReOs

a-10.246

a=10.194

a=5.038
h=8.726. =99.8°
¢c=9.82

a=5.055
h=8.755. =99.8°
¢=9.67

a=5.05
¢=14.20

a=5.04
c=14.10

a=5.74
c=18.98

a=7.84

a=8.09
¢=8.14

a=8.092
a=8.292

81]
81]

[79,80]

(79,80]

[79.80]

(79.80]

[79.80]
[79.80]

(32]

[32]

[32)
132]

[32]
[32]
(79.80]
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Table 11.10.A Continued.

Na;TcOx dark brown. isostructural with — [79.80}]
hygroscopic, NazReOs
stable up to 650°C

Sra(TcOs<),  black. — — [32]
700 °C decomp.

Bai(TcOs), dark brown, isostructural with — 132}

stable up to 850 “C Baa(ReOs),
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12 Complex chemistry of technetium-99

Technetium, a true second row transition element, tends to form complex compounds.
Oxidation states lower than +3 could be made with certainty only through complex
stabilization. The cxistence of all known oxidation statcs of technetium from +7 to -1
has been verified in complex compounds. Coordination numbers from 4 to 9 and
numerous coordination geometries have been seen. The magnetic moments of techne-
tium complexes can be explained fairly well on the basis of crystal field considerations
that show technetium to form low-spin compounds.

The intent to synthesize compounds that could be appropriate as **™Tc radiophar-
maccuticals for diagnosis in nuclear medicine in selective imaging of organs has pre-
dominantly stimulated investigations on technetium complex chemistry.

This chapter includes clusters and organomectallic compounds. like technetium car-
bonyls. but does not include oxotechnctates, which are described in the preceding
chapter.

12.1 Technetium (VII)

The d” complexes of Tc(VII) arc efficiently stabilized by trioxo-, nitrido-, and imido-
groups as strong clectron donors. In particular, trisimido compounds were recently
shown to be resistant ¢ven to electrochemical reduction. Nitrido- and nitrido-hydra-
zido groups are known to occur also in structurally remarkable dinuclear complexes.
IFinally, the highly reactive hydridotechnetate(V1I) has been the object of much atten-
tion. Altogether, the number of Tc(VI1I) complexes is rather limited.

12.1.1 Hydridotechnetate

For almost two decadcs the most interesting enncahydridotechnetate [TcHg)? was
the only known complex of Te(VIT). K,[TeHy] is obtained by reduction of ammonium
pertechnetate with potassium metal in an cthylencdiamine-ethanol medium [1]. X-ray
powder patterns of the white solid revealed Ky[TcHy] to be isostructural with the ana-
logous rhenium complex, the structure of which was characterized by neutron diffrac-
tion analysis [2]. Thus the Tc atom of the [TcHy[?" anion is located at the center of a
trigonal prism of hydrogen atoms with three additional H atoms beyond the centers
of the prism faces (Fig. 12.1.A) resulting in the coordination number 9. the highest
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2—-

Fig. 12.1.A Expected arrangement of hydrogen atoms
in [TeY M o |1).

known for technctium. The lattice constants of the hexagonal unit cell are a= 9.64 and
¢=5.56 A. The high resolution *‘H MNR spectrum of K,[TcHy] dissolved in cold alka-
line DO showed a broad line at 18.4 ppm that is attributed to the Tc-bonded hydro-
gens. In the IR spectrum of the metal-hydrogen stretching region a triplet was ob-
served at 1869, 1795, and 1779 cm™'. In the metal-hydrogen bending region a single
band at 689 cm™! appeared. This is precisely the pattern obscrved in the IR spcetrum
of solid K,|ReHo]. [TcHg]> proved to be more reactive than [ReHg)*™ [1]. Later., *'Tc
NMR and ‘H NMR provided definite proof for the existence of the stereochemically
non-rigid [I'cHg]*~ anion [3]. It was concluded from a molecular orbital description of
|TcHg]? that the hydrogens are almost identical in regard to their electronic environ-
ment [4].

12.1.2 (TcO3)*-core complexes

The recently increasing number of Tc(VIT) complexes containing the TcO3 moiety
demonstrates the stabilization of high oxidation state central atoms by oxo ligands as
clectron donors. Trioxohalogeno(2,2’-bipyridine)-technetium(VII), [TcO5;Cl(bpy)]° or
[TcO:Br(bpy)]° and trioxochloro(l,10-phenanthroline)technetium(VII), [TcO;Cl
(phen)]®, could easily be synthesized by reaction of NH TcOy with bipyridine or
phenanthroline and conc. HC! or HBr in a mixture of cthanol/water. The compounds
precipitate as ycllow or yellow orange solids that hydrolyze in water back to TcO,.
Complex formulation is confirmed by elemental analyses, Raman, and TR spectros-
copy [5]. Furthermore, a binuclear complex of heptavalent technetium with the bridg-
ing ligand 3,6-bis(2’-pyridyl)-1,2,4,5-tetrazine(bptz), [(u-bptz)(TcO:X),]°, (X = Cl,
OCH;, OC,H5) and a mononuclear complex of Te(VID), [TcOs(pppz)Cl]°, {pppz =
4-phenyl-3,6-bis(2’-pyridyl)pyridazine} were prepared and characterized [6].
[TcO:Cl(bpy)]°. [TcO:Cl(phen)]° and, in addition, [TcO;Cl(5-NO,-phen)]® and
[TcO5C1(3.4,7.8-tetramethylphen)]” were shown to cleanly oxidize a wide varicty of
alkenes in acetone or dichloromethane to form, in high yields, the corresponding oxo-
technetium(V) diolate complexes at room temperature (7] (Sect. 8.3). Remarkably,
the oxorhenium(V) diolate complex [ReOCIH{OCH,CH,O(phen)]® undergocs the
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reverse reaction when thermalized at 220 °C, releasing cthylene and producing
[ReO;Cl(phen)]°.

Another trioxotechnetium(VII) complex was recently synthesized, the hydro-
tris(1-pyrazolyl-borato-trioxo-tcchnetium(VIT), which was first prepared in good yield
from NH4TcOy4 and hydro-tris(1-pyrazolyi)-borato-sodium. [Na{HB(pz);}}°, in ctha-
nol after addition of conc. sulphuric acid [8]. [TcO3{HB(pz)s}]® can also be obtained
by the nitric acid oxidation of [TcOClL{HB(pz);}]° or by rcaction of Tc,O5 with
K[HB(pz);] in THF [9]. The 'H NMR spcctrum of the pale yellow trioxo complex
shows that thc C;p molecule has three equivalent pyrazolyl rings {10]. The structure
of the compound (Fig. 12.2.A) is based on the X-ray structure analysis of the analo-
gous rhenium complex [11.12]. Like [TcO;Cl(bpy)]°, [TcO3Cl(phen)]® and [TcO;Cl
(phen-derivatives)]® react with alkenes, the reaction of [TcOs{HB(pz);}]° with cthyl-
ene yields [TcYO(OCH,CH,O){HB(pz);}]°. The mechanism most probably involves
direct attack of ethylene to the oxo moieties of [TcOs{HB(pz)3}]° [10].

Furthermore, the TcO, group can be bonded to the anionic, tridentate oxygen
donor ligand [(#°-CsHs)Co{(POR)»(=0)}s]". when R is methyl, cthyl or butyl.
According to the X-ray structurc analysis of the corresponding complex formed with
ReO;, [(1>-CsHs)Co{P(OCH;),(=0)}3ReO3]°, having the space group P2,/c [13], the
same distorted octahedral geometry for [(7°-CsHs)Co{P(OCH3)>(=0)}:TcOs]° is
expected. Cyclopentadienyl-tris(dialkylphosphito)(cobaltato)-trioxotechnetium(VII)
can be synthesized in excellent yield by the reaction of an aqueous solution of
NH,TcO,, [(#°-CsHs5)Co{(POR)»(=0)}s]", and conc. HINO;. The compounds were
idendificd by FAB(+) mass spectra, 'H NMR, and IR spectra [14].

The first organometallic compound containing the TcO; core is methyltrioxotech-
netium(VIIL), CH3TcOs3, [15,16] corresponding to the previously known methyltrioxo-
rhenium(VII) [17]. CH3TcO; was synthesized by reacting Tc,0 with tetramcthyltin
at 10°C in a solution of tetrahydrofuran. The compound forms white needle-shaped
crystals that are extremely volatile, but stable at 0 °C. CH5TcOs is reported to be solu-
blc in all solvents including water and was characterized spectroscopically. An impor-
tant difference to CH3;ReQ)j is that no phenanthroline or bipyridine adduct could be
precipitated. However, CH;TcO5 oxidizes alkenes to cis-diols via the formation of a
diolate complex of Te(V) [15,16].

Fig. 12.2.A Ilydro-tris(1-pyrazolyl)borato-trioxo-technetium
0 (VID), [TcO-{HB(pz);}]° [10.11].
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The synthesis of CH3TcOj; by reaction of T¢;07 with (CHz),Sn leads simultancously to
the production of the trimethylstannylester of pertechnetic acid [TcO;0Sn(CH;)s] [15],
which could be obtained as the polymer [TcO:OSn(CH3;)sl, in white, necdle-like single
crystals [18]. Polymeric trimethylstannylpertechnetate crystallizes in the monoclinic
space proup P2,/c; the Jattice constants are a=9.616, b=7.645, ¢=11.90i A, f=91.16% Z=4.
The compound is not isostructural with [ReO;0Sn(CHa3)],, [19]. although both com-
pounds reveal a zigzag chain structure [18].

12.1.3 (TcN)#+-core complexes

The nitrido ligand (N3") which is isoelectronic with the oxo ligand (O?), appears also
to be a powerful n-clectron donor [20] efficiently stabilizing metals in high oxidation
states like Tc(V1). The chioronitridoperoxo anion of heptavalent technctium
[TeN(O,),Cl]~ was the first example of a stable transition metal nitridoperoxo com-
plex. Reaction of Csy|TeNCls] with H,O, yielded Cs[TeN(O;),Cl] in yellow-orange
crystals (Fig. 12.3.A). The coordination about the technetium central atom is a dis-
torted pentagonal pyramid with the nitrido ligand in the apical position; the Te=N dis-
tance is 1.63 A. The peroxo and chloro ligands are essentially located in a plane with
the technetium atom being displaced by 0.45 A above the planc. Cs[TeN(O,),Cl] is
readily soluble in water. In conc. HCI the complex is converted to [Tc¢YINCly]™. The
relative stability of [TeN(0O,),Cl™ is indicative of the low oxidizing potential of the
(TeYIN)#* core [21]. In addition to [TeN(O3),C1] other technetium(VIDnitridoper-
oxo complexes like [TeN(O5),Br] ., [TeN(O»)2(bpy)}°, and [TeN(O»)»(phen)]® were
prepared. Thc successful synthesis of complexes containing the TeN(O;),-core

Fig. 12.3.A Nitrido-diperoxo-chlorotechnetate(VIL), [TeN(O,),Cl] [21].
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remains remarkable in vicw of the easy oxidation of lower valent Te compounds by
H->05 to the most stable pertechnetate [22].

In addition, the dinuclear oxalate-bridged technetium(VII) nitridoperoxo com-
plex [TeN(O5)x(C204)(02),NTe]* was obtained by addition of oxalic acid to a so-
lution of nitridotechnetic(VI) acid in hydrogen peroxide. [PhyAs]Cl precipitated a
pale-yellow solid. Recrystallization from acetone provided single crystals of the
composition [PhyAs][TeN(O32)2(C204)(05),NTe]-2(CH3),CO. The structure of
the anion consists of two TeN(O,)» units bridged by a quadridentate sideways-
bound oxalate. The geometry about each technetium atom is distorted pentagonal-
bipyramidal with the nitrido ligand in an apical position and the peroxo ligands in
cquatorial positions [23].

An unusual dinuclear nitrido-hydrazido(2-)-technetium(VII) complex containing
bridging thiolate ligands was sythesized by reaction of [(n-C4Hg)sN]|[TcOCl,] with
1.1-diphenylhydrazinc in dichloromcthylene and subsequent addition of 2.4,6-1s0-
propyl-C¢H>SH in methanol. After stirring and concentrating the solution followed
by addition of an ether/hcxane mixture, bright yellow diamagnetic crystals of
[TeaNL(NNPh,);(2.4,6-isopropyl-CoH,S)4] - 0.5(C2Hs),O were isolated. Single crys-
tal X-ray analysis showed the triclinic space group Pl and the lattice constants
a=14.422. h=16.049, ¢=18.918 A, 2=81.89, f=73.60, =86.74°, and Z=2. The coordi-
nation gcometry about cach Tc center may be described as distorted square py-
ramidal with the basal plane defined by the sulphur donors of the bridging thiolate
ligands. the sulphur of the terminal thiolate and the «-nitrogen of the hydrazido(2-)
ligand, while the apical position is occupied by the nitrido unit. The presence of
the nitrido ligand is unexpected and must result from N-N bond cleavage of the
organochydrazine reagent [24].

12.1.4 Imido complexes

Obviously, in addition to the nitrido ligand, also imido ligands arc capable of stabiliz-
ing high-valent central atoms by z-clectron donation. Recently, several imido com-
plexes of Te(VIIL) were identified. TcO, reacts with 1,2-diaminobenzenc in refluxing
methanol to form. in high yield, green crystals of [Te(HNCgHyNH):[TcO, that arce
stable in organic solvents without reduction of 'T'c(VI). The cationic complex exhibits
the TcN,, core in a trigonal-prismatic geometry (Fig. 12.4.A). The two triangular faces
N(2),N(3).N(5) and N(l) N(4).N(6) are nearly parallcl. The distance of Tc from the
two Nj faces is 1.24 A and the Tc-N mean bond length is 2.00 A. [Tc(HNCHNH);]
TeOy crystallizes in the orthorhombic space proup [’na2; with the lattice constants
a=13.869, h=12.799, ¢=10.851 A, and Z=4 [25].

A serics of new Te(VII) imido complexes has been recently synthesized and char-
acterized. When a hexamethyidisiloxane solution of [TcO;(0OSiMes], which can be
prepared as a white solid by reaction of AgTcOy4 with chlorotrimethylsilane [26]. is
trcated with 2.6-diisopropylphenylisocyanate at 100°C, dcep green [Tc(NAr);
(OSiMes)]° (Ar = 2,6-diisopropylphenyl) is formed:
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The Te(VII) trisimido complex proved to be resistant to clectrochemical reduction
because of the strong n-donor ligands. "H NMR indicated frce rotation of these lig-
ands about the N-C bonds. The coordination gcometry about Tc(VII) was shown by
X-ray analysis to bc approximately tctrahedral. The structure cxhibits short Tc=N
bond lengths (1.749-1.759 A) and large Tc=N-C angles (154.3-158.5°) indicating con-
siderablc multiple bond character. The neutral complex crystallizes in the monoclinic
space group Cc with the lattice constants a=12.077. b=19.477, c=17.914 A. =95.90°,
and 7Z=4 [27].

[Tc(NATr):(OSiMe3)]° reacts with trimethylsilyliodide in toluene to form [Te(NAr)s1]°,

the first example of a Tc(VII) iodide complex. The trimethylsilyl group in [Tc(NAr);
(OSiMes)]° can be selectively removed from the trimethylsiloxy ligand by reaction with
(Ph3P),;NF in methylene chloride resulting in the oxo anion [TcO (NAr);]|~, which is a tri-
simido analogue of TcOj. In addition. [Tc(NAr);(OSiMes)|° reacts quickly in THF solu-
tion at room temperature with Grignard reagents to form deep blue-green [Te(NAr1);R]°,
when R’ is CH;, C;Hs or #*-CaHs(allyl) [27,28]. When a solution of [Tc(NAr);1]° in THF
is treated with 1 equivalent of potassium cyclopentadienyl (KCp), a rapid reaction occurs
forming [(n'-Cp)Tc(NAr);]°. The green complex is air- and water-stable. ‘The 5! nature of
Cp was demonstrated by single crystal X-ray analysis (Fig. 12.5.A). Only minor deviations

; +
B N5}
(o7
AT
Q o

Fig. 12.4.A Tris(1.2-diimidobenzene)technetium (VI). [Te(HNCH N4 ).
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Fig. 12.5.A [(7"-Cp)TcY(NAr);|° (Ar=2.6-diisopropylphenyl). The isopropyl groups arc omitted |29).

from tetrahedral geometry were obscrved in the coordination environment of the techne-
tium atom. The cyclopentadienyl carbons arc ncarly planar. When an excess of KCp is
reacted with [Tc(NAr);I]°, an air-sensitive bluc complex is obtained that can be formu-
lated as K[Cp-Tc(NAr);] [29].

Some structural data of Tc(VII) complexes are reviewed in Table 12.1.A.

Table 12.1.A Some structural data of selected Te(VII) complexes.

Complex Geometry Te-L v(Te-L) References
[A] IR[em™]
12.1.1
TeHg)? trig. prism - 1779 14
[ B gp 1795 b (Te-H) [1-4]
1869
12.1.2
TeO;Cl(bpy)]° - 980(Te=0) [5]
TcO-Br(bpy))° - - 969(Te=0)  [5]
TcO;Cl(phen)]? - - 977(Tc=0) [5]
HB(pz):1cO4]° seudo-octahedral - 885 ] 10.11]
[HIB(pz)3TcOs p Sgsj(rC:O) |
922
[(#3-CsH5)Co[P(O- octahedral - [13,14]
CH3)2(=0)}TecO5)°
CH;TcO4 948(Tc=0) {15.16]
12.1.3
[TeN(O-),Cl pentag. pyramid 1.63(Tc=N) 1063(Te=N) [21]

657{Tc(05))
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Table 12.1.A Continued.

Complex Geometry Te-L v(Te-1L) References
[A] IR{em ]
[TeN(Ox)2(bpy)]© pentag. pyramid 1045(Te=N) [22]
663{Tc(0,)}
[-(C0){TeN(O-), ) ]* pentag. bipyramid  1.69(Tc=N) 1051(Te=N) [23]
659(Te(0,))
[(1-2.4,6-isopropyvl-CeH5S),  square pyramid 1.64(Te=N) - [24]

[TeN(NNPh,)
(2.4,6-isopropyl-Cgl1-S)}-[°

12.14

[Te(HNCGHNH);)* trig. prism 2.00(Te-N) 418(Tc-N) [25]
[Te(NAD);(0SiMes)]E tetrahedral 1.749-1.759(Te=N) - 127)
[Te(NAr);I]° tetrahedral 2.654(Tc-1) - [27]
[Te(NAr)sMc]® tetrahedral 2.136(Tc CIly) - [28]
[(n'-Cp)Te(NAr),)° tetrahedral 2.156(Te-C) [29]

12.2 Technetium(VI)

Though hexavalent technetium is known to be highly sensitive to oxydation and dis-
proportionation, for instance in the case of tetraoxotechnetate(VI) [30], numcrous
complex compounds of Tc(VI) were synthesized and identified and proved to be
rather stable under normal conditions. Imido and predominantly nitrido ligands fre-
quently act in mono- and dinuclear complexes as strong stabilizing n-clectron donors
[31]. In fluoro complexes the coordination numbers 7 and 8 are verified. In addition
catecholato and thiolato ligands form well defined compounds. EPR spectroscopy
was shown to be an cfficient tool to characterize the d! complexes.

12.2.1 Halogen containing complexes

The first complexes of hexavalent technetium were prepared by reaction of Tck, with
nitrosy! fluoride and nitry! fluoride. At -195°C NOF or NO,F were condensed onto
tcchnetium hexafluoride. Reaction with nitrosyl fluoride occurred at room tempera-
ture, with nitryl fluoride at 70 °C. (NO),[TcFy] is an off-white, non-volatile solid, iso-
structural with (NO)-|ReFg] and (NO),[WFg]. The magnetic moment of (NO),[TcFg]
is £=1.72 B.M., according to the spin-only value for eight-coordinate Tc(VI). Nitryl-
heptafluorotechnetate(V1), NO;[TcF4], is a yellow, non-volatile solid. Its magnetic
susceptibility docs not obey the Curie-Weiss law. The room temperature magnetic
moment is p;=1.62 B.M., close to the spin-only value [32].
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The pentachlorooxotechnetate( V1) anion. [TeOCIs]™. was prepared by reducing a
solution of KTcO; in conc. H,SO, with HCL Immediatelv, a deep blue solution was
obtained. however, its color vanished after 1 h. The gencral features of the EPR spee-
trum recorded at 130 K are characteristic for an axially symmetric, randomly oriented
S =/, system with paralicl and perpendicular sets of "Te hyperfine lines [33]. Ammo-
nium dioxotetrachlorotechnetate(VI), (NHy)2[TcO-Cly]). was synthesized by reaction
of NH,TcQ, with thionyl chloride and isolated as its sulphury! chloride adduct [34].

12.2.2 Imido complexes

The tris(arylimido)iodotechnetium(VID) complex [ Te(NAr))I]° (Ar = 2,6 diisopro-
pviphenyvl), mentioned in the last paragraph of Sect. 12.1. is reduced by clemental
sodium in THF to the green dimer [Tea(NAT)q]” of staggered cthane-like structure:

‘The formal oxidation state of the Te atoms is +6 in accordance with the diamagnetic
d' -d’ spin-paired dimer. X-ray structure analysis revealed that the Te="I'c bond lies on a
crystallographic S, axis. making all six imido ligands symmetry equivalent. The rather
long Te-Te distance of 2.744(1) A may be due to steric congestion between the imido
groups around the cthane-like structure. The short Te: N distance of 1.758(2) A and the
almost lincar arrangement of the Tc::N-C units (167.6%) are to be expected. The angles
N.:Te-Tcand N=Tc-Nare 103.6(1)” and 1 14.6(1)". respectively [35.36].

Reduction of [Te(NAr);1]° (Ar” = 2,6-dimethviphenyl) by one cquivalent elemen-
tal sodium in THF gencrates the red edge-bridged tetrahedral dimer complex |u-
NAr ), Te(NAr),):

Tex Q\ o o
N7 \\NN\D Na Y, '\L/Tc‘_TC;N’@
& o =
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Its configuration was confirmed by X-ray structure analysis. The monoclinic space
group is P2,/n, the lattice constants arc a=19.500(8), b=10.497(6), ¢=22.684(8) A,
p=110.37(3)°. and Z=4. The ditechnetium corc can be formally considered to contain
a 'I‘CZZJ’ unit, giving rise to a d'-d" dimer and a Tc-T¢ single bond. The average Tc-Tc
bond length of 2.68 A is consistent with this formulation and accounts for the ob-
served diamagnetic nature. The presence of high-valent Tc metal centers and planar
nitrogen atoms is suggestive of Te-N z-bonding. The distances between technetium
and the bridging nitrogen atoms (1.938-1.955 A) are well within the range (1.88-
2.14 A) typically observed for imido technetium complexes, which are known to form
Tc~N 7 bonds. The factors influencing the formation of either ethane-like or the more
common edge-bridged tetrahedral dimer structure appear to be purely steric.
Obviously, [Te(NAr);I]° is more sterically hindered to form the edge-bridged config-
uration of [(u-NA1"),Teo(NAr),[° [35,36).

Treatment of [(u-NAr"),Tcy(NAr),|° with two cquivalents of McMgCl in THF
results in a deep ruby solution due to the formation of [(u-NAr" ) Te,Mex(NAT')3]° by
displacement of an imido ligand. The reaction of [(¢-NAr"),Tce;Mes(NAr');]° with a
further two equivalents of MeMgCl again yiclds the substitution of an imido ligand
and the formation of [(p-NAr’),TcoMey(NAT),]°. Only the Z-type isomer is observed
in the solid state. The dark red [(p-NAr");Teo,Mey(NAr),]° erystallizes in the triclinic
space group PI with a=11.832(3), b=11.917(3), c=13.286(3) A, x=75.33(2), f=71.10(2),
v=84.82(2)°, and Z=2. This complex is best described as an edge-bridged squarc based
pyvramidal dimer with the terminal imido ligands occupying the apical positions. The
Te—Tc distance is 2.733(1) A, which is within the range for d'-d" dimers [37).

12.2.3 Nitrido complexes

NH,TcO,, mixed with conc. hydrochloric or hydrobromic acid, reacts with an aque-
ous solution of NaNj; to give an orange solution of [TeNCly|~ or a deep violet solu-
tion of [TcNBry|™. By addition of tctraphenylarsoniumchloride orange |[AsPhy]
[TeNCly] or deep blue [AsPhy][TcNBry] were precipitated. Single crystal structure
analysis of both complex salts revealed the square pyramidal structure (Cyy sym-
metry) of tetrachloro- and tetrabromonitridotechnetate(VI) (Fig. 12.6.A).
[AsPhy|[TeNCly| and |AsPhy][TcNBry] are isostructural with each other and with
the corresponding compounds of Re, Mo, Ru, and Os. The crystals are tetragonal
with the space group P4/n. The lattice constants for [AsPhy]|TcNCl,] are
a=12.707(2) and ¢=7.793(1) A, for [AsPhy][TcNBr,| a=12.875(2) and ¢=7.992(1) A;
Z=2. In both compounds the metal-nitrogen bonds are short, corresponding to tri-
ple bonds. In [TeNCly] the Tc atom is Jocated 0.54 A above the plane of the four
chlorinc atoms. The presence of sharp absorption bands in the IR at 1074-1080
cm ! is characteristic of the terminal Tc=N group. The tetrahalogenonitridotcchne-
tate(VI) salts are surprisingly stable in air in constrast to {AsPhy][MoNCl,], which
1s reported to be extremely sensitive to hydrolysis. The strong Tec=N = bonding is
consistent with the higher stretching frequencies relative to those of Te=0 (1020~
996 cm ') in [TcOXy]" (X=CL Br, or I) [38,39].
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Fig. 12.6.A [Tc¢Y'NX,]" (X=CLBr). Bond distances Tc

C1 2.3220(9), Te Br 2.4816(3) A, Te=N in [TcNCly)

1.581(5), in [TeNBr,]™ 1.596(6) A. Bond angles Cl Te-
Cl 86.95(1) and 153.33(6)°. Br Tc-Br 87.08(1) and
153.91(4)°. N=Te-Cl 10334 (3)° and N=Tc Br
103.04(2)° [38.39].

Tetrachloronitridotechnetate(VT) may also be obtained by reaction of [ButyN]
[TcOCly], dissolved in dichloromethanc, with a solution of NCl; in carbon tetrachloride:

2[TcOCly] +4NCl3—2[TeNCl ] +2NOCI+5Cl,

or by reaction of TeNCl; with a solution of [AsPhy|Cl in CH,Cl,. From the orange-
rcd solution [AsPhy][TeNCl,] was isolated [40].

EPR spectroscopic studies revealed the chloride and bromide ions in [TeNCly|
and |[TcNBry~ to be rcactive and exchangeable. When [AsPhy][TcNCly] and
[AsPhy][TeNBry] were dissolved in acetonitrile and the mixed solutions of different
molar ratios boiled for 30 min, the formation of mixed-ligand complexes of the com-
position [TcNBry ,,ClL,|~ with n=1-3 were observed. The composition could casily be
dctermined by means of their EPR parameters [41]. In addition, equilibrium constants
for the exchange reactions of [TeNCly[~ with HBr and [TcNBry|~ with HCI werc
derived, demonstrating the expected higher reactivity of [TcNBry]™ [42]. Furthermore,
both complex anions react with dialkyldithiocarbamates, diisopropyldithiophosphate,
1.2-dicyanocthene-1.2-dithiolate, thiocyanate, pyridine, and imidazole by reduction to
Te(V) nitrido complexes containing the corresponding ligands with N- and S- donor
atoms, while the Tc=N corc remained unchanged. except {or the oxidation state of Tc
[43]. Ligand exchange reactions of [TeNCly|~ and [TeNBr,]” with sodium azide in
acctonic solutions were studied by EPR. During the reaction time of 60 min all five
complexes [TcNX,, (N3}, | (n=0-4) were detected for tetrachloro- and tetrabromoni-
tridotechnetate(VI). The EPR parameters ol the individual species strongly depend
on the composition of the cquatorial coodination sphere. The covalent character of
the cquatorial Tc-N; bonds in [TcN(N3)y]~ was found to be more pronounced than
that in the Tc-X bonds of [ TeNX,] [44,45].

Single-crystal EPR studics of [AsPhy][Tc!°NCly], diamagnetically diluted by the
isostructural [AsPhy][TcOCly], were reporicd. The room-tcmperature single-crystal
spectra consist of a well resolved, intense 10 line hyperfine structurc multiplet due to
the interaction of the unpaired 4d' clectron with the nuclear spin /=%, of “Tc. At low
temperatures very complex *27Cl and °N ligand hyperfine patterns were observed.
The *Tc, *-*7Cl and >N hyperfine data were analyzed to evaluate the clectron spin
delocalization. The spin density on N was found to be zero, while 20 % of the spin
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density was localized mainly in the 3p orbitals of the Cl atoms [46.47]. According to
polarized neutron diffraction cxperiments on [TeNCly], even 46 % of the spin density
is located on the Cl atoms [48]. Single crystal EPR studics on [(Cy4Hy)4N][TeNBry],
diamagnetically diluted in [(CsHy)sN][TcOBry]. established that the delocalization of
the unpaired 44 electron to the bromine nuclei is-as expected-more pronounced than
to the chlorine nuclei in [TeNCl] [49]. EPR investigations on technetium complexes
with respect to Tc oxidation state. coordination geometry. bonding propertics, and
chemical reactions have been reviewed [50,51].

The aquanitrido complexes [TeNCly(OH-)] and [TeNBry(OIT>)|™ have also been
synthesized and characterized. The acetonitrile extract prepared from the reaction of
NH,;TcO, with NaN; in HCl was dissolved in 36 % HCI and [NEt,]Cl added. By
addition of absolutc ethanol to the orange solution, orange crystals of [NEt]
[TeNCL(OHy)] precipitated. Using 47 % HBr instead of HCl, refluxing the mixturc
for 10 min and adding |[NEt,]Br, blue-black crystals of [NEt)[TcNBry(OH;)] were
obtained that crystallize in the orthorhombic space group Prmma with a=11.366(1),
b=12.930(2). c=11.540(1) A, and Z=4. Tc(VI) is coordinated by the ligands to give a
distorted octahedron. The water molecule position is (rans to the nitrido ligand. The
long Te—O bond distance of 2.443(7) A is a consequence of the strong rrans influence
of the nitrido ligand. H,O is coordinated in an almost lincar arrangement with an
N=Tc-OH> angle of 178.7(3)° |52].

Addition of CsCl to an orange solution of [AsPhy|[Te¢NCly] in conc. HCI results in
the precipitation of red-brown crystals of six-coordinate Cs;[TcNCls]. The additional
CI™ ligand trans to the nitrido group caused a decrease of the Tc=N frequency in the
IR from 1076 ecm™ {or [TeNCly] to 1027 cm™ for [TeNCls]* . Cs,[TeNCls] proved to
be stable in air but is readily hydrolyzed by water [53] like [TcNCL)™. The species
[TeNXy]~, [TeNX(OH,)| and [TcNXs]?" (X= Cl or Br) arc interconverted by addi-
tion or removal of the rrans ligand. In conc. HX solution the spccies present is most
likely [TeNX4(OH,)]™. The product isolated from solutions of the aquo-nitrido com-
plex appears to be dependent on the nature of the added cation. Large cations R such
as [AsPhy|" or [NBuy] ™ result in the precipitation of R[TeNX,]. while relatively small
cations like Cs* precipitate Cs,[TcNXs]. The intermediate-size cation [NEty]* allowed
the isolation of [NEt,}[TcNX,(OH;)]. Crystals of Cs;}TeNCls] belong to the cubic
space group Fm3m with a=10.211(1) A and 7=4. The Tc=N bond distancc is 1.60 A.
The trans Te—Cl distance is 2.740(5) A, the cis Te=Cl distance 2.373(5) A. The Tc
atom is displaced by 0.401(3) A from the planc of the cis ligands towards the nitrido
ligand. The N=Tc-Cl angle is 99.73(8)° [52]. However, it is surprising that the EPR
spectra show no direct evidence for the existence of the cquilibrium

[TeNX,] +X | TeNXs)?

in non-aqueous and conc. aqueous acid solutions. The predominant species in solution
is [TeNXy]™ [54]. In contrast, [TeNCls}? was reported to be created by oxidation of
nitrido technetate(V) complexes with chlorine, according to EPR solution studies
[55]. In aqucous solutions of low HCI concentrations, [TeNCly)™ forms dimagnetic
compounds possibly containing oxygen bridges [56,57]. Brown precipitates, called
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nitridotcchnetic(VI1) acid, dissolve in conc. hydrofluoric acid and show an EPR spec-
trum duce to [TcNF4]™ [57).

Salts of nitridotechnetium(VI1) anions with crown ether complex cations were pre-
pared and structurally analyzed. To a suspension of Cs>[TcNCls] in thionylchloride
18-crown-6(1,4,7,10,13,16-hexaoxacyclooctadecanc) was added. Orange-red crystals
of polymeric [Cs(18-crown-6)][TeNCl,] were obtained [58]. The tetragonal unit cell,
with the space group P#/n and Z=4, is represented by a square of 22.459(1) A edge
length and a tretragonal c-axis length of 4.275(4) A [59]. The Cs' cations occupy sites
at the corners of the unit cell and in the center of the square. Each 18-crown-6 mol-
ccule lics more or less in the xv planc with a Cs* cation above and below, forming a
twinned infinite sandwich array with ordered and disordered infinitc chains of
[TeNCl,} anions arranged in an antiparallel fashion [38, 59].

Orange-red crystals of [Rb(15-crown-5),]|[TeNCL,(OH,)| were grown by slow eva-
poration of the reaction mixture containing 15-crown-5 and Rb,[TcNCl;s] in thiony! chlo-
ride. The trans coordinated water molecule arises by absorption from the atmosphere.
The compound crystallizes in the monoclinic space group C2/m with a=11.886(13),
h=13.653(7), c=10.327(5) A, =90.33(7)°, and Z=2. The structurc determination shows a
latticc containing sandwich-type crown cther/alkali-metal cations and isolated anions dis-
ordered in the lattice. Also the room temperature EPR spectrum shows the presence of
isolated | TeNCl,(OH-)]™ anions with the Tc atoms separated by the relatively large dis-
tance of 9.051 A duc 10 the bulky [Rb(15-crown-5),]" cations dominating the lattice. Tn
addition to [Cs(18-crown-6)][IeNCL] and {Rb(15-crown-5),][ TeNCl,(OH,)] the com-
plex salts [Cs(18-crown-6),][TcNCly|, [Rb(18-crown-6)][TcNCly], [Cs(18-crown-6)]
[TeNCL(OH,)), and [Cs(15-crown-5),|[TcNCI,(OH,)| were prepared and identified
[59].

The reactivity of chloride and bromide ligands in [TcNCly] and [TeNBry]™ allows
their substitution by appropriate ligands containing oxygen and nitrogen donor atoms.
N,N’-cthylene-bis(salicylidenciminato)nitridotecchnetium(VI)

was obtained by reaction of [ButyN](TeNCl,] with the Schiff basc ethylene-bis(sali-
cylidencimine) in acetone. The complex salt crystallizes in dark green needles that are
soluble in water, mcthanol and DMSO. According to EPR measurements, around
30 % of the spin density is localized in the higand orbitais. The Tc=N stretching vibra-
tion was found at 1037 cm ! in the IR [60].

[TcNCL]™ reacts in aqueous solution with NayH,edta 1o form a red-violet precipi-
tate of the composition [TcN(Hedta)]’-3H-O [61]. Later, the formation of the g-oxo
dimer complex Nay[TeaNo(p-O)(edta)s] - SH,O was suggested [62] from an absorption
maximum at 504 nm, because p-oxo dimers are reported to show an intense absorp-
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tion at 470-510 nm [63]. When ethylencdiamine-N,N’-diacetic acid (H.edda) reacted
with [TeNCl] in acetone, a purple precipitate of the reported composition [T'c;Na(z-
0O)(cdda),] - SH-O was obtained [62].

The interconversion of monomeric, u-0xo0. and di(u-oxo) dimeric nitridotechne-
tium(VI) species in aqueous solution was studied by EPR and VIS/UV spectrophoto-
metry. The position of the equilibrium and the rates of interconversion of the species
depcnd on the acidity and the coordination ability of the medium. High acidity (conc.
HC1) favors the monomeric form {TcNCl,(Ol1,)]. readily established by EPR spec-
troscopy. The dimeric specics can not be secen by EPR. The di(u-oxo)structure was
confirmed by single crystal X-ray structure determination of [AsPh,]>[{TecNCly),
(O),* (Fig. 12.7.A) [64].

The so-called nitridotechnetic acid [TeN(OH;)1(u-0)>TeN(OH,)5]2-, dissolved in
1 M tolucne-4-sulphonic acid, reacts with diethyldithiocarbamate S;CNEt, to give
the yellow dimer [{TcYIN(S;CNE)}2(-O),]°. The neutral complex crystallizes in the
triclinic space group PT with a=8.069(2), b=9.224(2), ¢=14.017(3) A, 4=107.77(2),
B=102.05(2), 7=93.80(2)°, 7Z=2. The geometry is described as two square pyramids
sharing an edgc. The Tc=N distances of 1.624 A are almost identical. The short Te-Tc
distance of 2.543 A and the Tc-O-Tc angles of about 82° indicatc a metal-metal inter-
action. The Tc atoms are situated 0.65 A above the corresponding S,0, basal planes
[65]. The formation of the di(u-O)bridged [{TeN(S;CNE,)},(u-0),]° is consistent
with the formulation of the di-(¢-O) nitridotechnetic acid [66].

The coordination geometry of the complex [{TcN(S;CNC4Hg)2(p-O)-[°. contain-
ing pyrrolidinyl groups, was found to be almost identical with that of
[{TeN(S,CNE)]5(4-0),]°. In addition, the di(x-O) bridged anions [{TeN(CN)y}o(u-
0):}% and [{TcN(edD)},(1-0);]> (Hoedt = ethane-1,2-dithiol) were synthesized. The
EPR spectra of solutions of [{TeN(S;CNEt)}(u-0),]° and [{TeN(S:CNCyHg)j(p-
0)-]° in SOClL; and of [AsPhy][{TeN(CN),}x(1-0),] in acctonitrile with added

N1 N2 2-

Ccl4

”ﬁ }

Fig. 12.7.A Bis(¢-0x0)-bis{dichloro-nitrido-technetate(VI)}, [(1-0)2(TeNCL5)2]*". Bond distances Te-
Tc 2.579(1). Te=N L650(8), 1.648(8), Tc-Cl(average) 2.396 A [56].
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[AsPhy]Cl- HCI revealed that cleavage of the dimers occurs to give the nitridotechne-
tium(VI) monomers [TeNCL(S:CNR)] (R = Et or C4Hg) and [TeNCl(CN)-]~ [67].

A nitrido-oxalato complex of Tc(VI) of unique coordination features was synthe-
sized by reaction of oxalic acid with [AsPh,}[TcNCly] in aqueous acetone. The red-
brown crystals of [AsPhy]a[ TeyN4O>(0x)6] (0x = oxalate) crystallize in the monoclinic
space group P2;/n with the cell parameters @=14.433(1), b=13.229(1), ¢=27.020(1) A,
$=92.90(1)", and Z=4. The anion is a cyclic tctranuclear complex with C; point symme-
try. Each Te¢(VI) atom is coordinated by five oxygens and one nitrogen yiclding a dis-
torted octahedron. In cach half of the anion, a quadridentate oxalato ligand bridges
the two octahedra. Each of the two octahedra is also linked to an adjacent octahedron
by a bridging oxo ligand. Two oxygens ot a bidentate oxalato ligand and one nitrido
ligand complete the octahedral coordination for each Tc(VI) central atom (Fig.
12.8.A). The trans effect cxerted by the nitrido ligands is manifested by the displace-
ment of Tc(V1) above the plane of the four oxygen atoms by 0.36(1) A for Te(1) and
0.37(1) A for Te(2). The technetium nitrido bond lengths of 1.639(17) and 1.606(17) A
for Te(1)-N(1) and Tc(2)-N(2). respectively, are similar to those observed in other
nitrido complexes of Te(VI). The Te...Tc spacings of 3.586(2) and 5.756(3) A preclude
any Tc-Tc bonding. The bridging and terminal oxalato ligands are esscntially planar.
The complex anion represents a new oxalate-containing tetrameric coordination type
with a twelve-membered macrocyclic ring. The Te(V1) oxidation state could be con-
firmed by a magnctic moment of 1.64 B.M. per technetium atom, a value consistent
with the presence of one unpaired 4d electron [68].

Fig. 12.8.A Cyclo-bis{-oxalato-(u-oxo)-bis(nitrido-oxalato-technetate (VD}, [ Te,N4O2(0x )]~ [68).



160 12 Complex chemistry of technetium-99

12.2.4 Catecholate and thiolato complexes

NH,TcO, reacts with an excess of 3.5-di-rerr-butylcatechol in methanol to yield
tris(3,5-di-tert-butylcatecholato)technetium(VI), [Tc(dbeat);[. Catechol serves as
both a reducing agent and a chelating ligand. The ncutral complex forms dark blue,
air stable crystals of the monoclinic space group P2;/n and the unit cell dimensions
a=15.892(3), b=15.878(4), c=16.367(3) A, =93.13(1)°, and Z=4. The molecule has the
tris-chelated structure of C; symmetry. The coordination gcometry of Te(VI) is ap-
proximately octahedral. The average Tc—O bond length is 1.951 A. The average ligand
C-0O bond distance of 1.334 A is typical of values found for catecholate ligands. The
magncetic moment of u.n=1.28 B.M. is considerably lower than the cxpected spin-only
value of 1.73 B.M. Spin-orbit coupling effects may be the reason. [Tc(dbcat);]” exhib-
its a well resolved 10-line EPR spectrum in CH,Cl; solution at room temperature and
readily undergocs a reversible one-clectron oxidation to an undefined cationic com-
plex [69].

The unusual binuclear Tce(VI)/Te(V) mixed-valence catecholato-hydrazido com-
plex anion [Tcy(NNPh,),(CeCl;O5)4] ™ was synthesized by reaction of [n-(C4Hg)4N]
[TcVO(C4C1405),] with N N-diphenylhydrazine in mcthanolic solution. Deep purple
crystals of [#-(CyHo)gN][Teo(NNPh;)»(CoCly03)4] - CH,Cl, - 2CH;OH  precipitated
from dichloromethane. The substitution of the terminal oxo group may be formally
described as a condensation type rcaction. Since the average oxidation state of the Tc
centcrs is 5.5, it would appear that the diphenylhydrazine serves as an oxidant as well
as a ligating group. The structure of the binuclear anion consists of two distorted octa-
hedral 'T'c centers bridged by two hydrazido(2-) groups (Fig. 12.9.A). The Te-Tc bond
length of 2.612(2) A indicates a significant metal-metal interaction. The average Te—
N bond distance of 1.94(1) A is consistent with considerable multiple-bond character.
‘The N-N bond Iengths of 1.311(13) and 1.297(13)A are short in the Tc,N, moiety.
[7-(C4Hg)sN][Tco(NNPh»), (CCl05)4] - CH,Cl, - 2CH3OH crystallizes in the triclinic
space group PI with a=14.210(3), b=16.663(4), c=19.644(4) A, 4=76.82(2), f=80.52(2),
7=66.79(2)°, and Z=2 [70].

o] cl -
al Cl Ci ol
Cl 0 O
!
leaa Cl Fig. 12.9.A Binuclear Tc(V)/Te(VI)
cl catecholato-hydrazido complex, [Tc,

of cl (NNPh)2(CeCliO2)a] [70].
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The thiolato complex tris(2-aminobenzencthiolato)technetium(VI), [Te(NHC,
H4S);]° has attracted much attention [71-73]. The compound was prepared by reac-
tion of NH,TcO, with 2-aminobenzencthiol in aqueous 0.1 M HCI solution [71]. The
green-black crystals are orthorhombic, space group P2;2,2,. with a=10.696(2).
h=11.363(1), ¢=15.220(2) A. 7=4. The structure consists of dicrete [Tc(NHCH,S);5]°
molccules, with the six-coordinated technetium atom bonded to the sulphur and nitro-
gen atoms. The complex is isostructural with the molybdenum analogue [74]. The
arrangement of the 2-aminobenzenethiol ligands about Te(VI) approximates a trigo-
nal-prismatic geomelry. The triangular faces arc almost parallel. The distance of the
technetium atom from the N3 planc is 1.265(1) A, from the S; planc 1.482(1) A. The
Te—N bond distance on average is 1.995(11) A, the average Te-S distance 2.351(10) A
[72]. The EPR spectrum of [Te(NHCoH,4S)3]°, giving almost isotropic g values slightly
greater than the free electron value and very small hyperfine coupling constants, indi-
cate that the unpaired electron is in an orbital with mainly ligand character [71.73].

Tc(VI) complexes are reviewed in Table 12.2.A.

Table 12.2.A Some structural data of selected Te(VI) complexes.

Complex Geometry Te-L Heft References
[A] [B.M.]
12.2.1
(NO),[TcFsj - - 1.72 (32
NO,[TeF;] - 1.62 (32}
[TeOCk] octahedral - - 133]
12.2.2
[Tea(NAT)6]° cthane-like, 2.744(Tc-Tc) diamag. [35.36]
staggered
[1-NAT), Teo(NAT),]° tetrahedral 2.673 (Te-Tc) diamag. [35.36]
[(u-NAT) Tea(NAT),Mey]°  square pyramid 2.733 (Te-Tc) - [37]
12.2.3
[TeNCl]~ squarc pyramid 1.581 (Te=N) - [38]
[TeNBr,] square pyramid 1.596(Tc=N) - [38,39]
[TeNCl,(OHy)) octahedral - - [52]
[TeNBry(OH,)) octahedral 2.443 (Te-OHa) - [52]
[1eNCls]* octahedral 2.740 (Te Clirags) - [52]
[(/A—O)Z{TCNClz]Z]Z‘ square pyramid 2.579 (Te-Tc) diamag. [64]
[(1=0){ TeN(S,CONLEL) L ]° square pyramid 2.543 (Te-Tc) diamag. [65]
[(#-O){ TeN(OF )3} octahedral - diamag. [65]
[(1-O)f TeN(S-CNCHyg))z]°  squarc pyramid 2.542 (Te-Te) diamag. [67]
[TeaN4O5(ax)g] " octahedral

1.606-1.639 (Te=N) .64

(68|
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Table 12.2.A Continued.

Complex Geometry Te-L Megr References
1A] [B-M.]

12.24

[Te(dbeat)z]® octahedral 1.951 (Tc-0) 1.28 [69]

[Tea(NNPhy)o(CeCl405)4]”  octahedral 2.612 (Tc 1¢) paramag. [70]

[Te(NHCH,S);]° trig. prism 1.995 (Tc-N) paramag. [71-73]
2.351 (Te-8)

12.3 Technetium(V)

No oxidation state of technetium in complex compounds proves to be as frequently
represented as Tc(V). The quite large number of publications is devoted to complexcs
containing the (Tc=0)?' core, followed by compounds characterized by the isoelec-
tronic (Tc=N)?'. O* and N’- are cxcellent n-elcctron donors that stabilize com-
pounds of transition metals in high oxidation states, as has already bcen emphasized
in preceding sections. In general, the coordination geometry of thesc complexes is
dcfined by morc or less distorted square pyramids, with the oxygen or nitrogen atom
in the apical position. Oxygen was successfully replaced in a few cxamples by $?-
yiclding a (Te=S)*" core. Another characteristic core, established in numcrous com-
plex compounds, is the linear trans-oxo group (O=Tc=0)" forming distorted octahe-
dral arrangements with ligands. In addition, several dinuclear Tc(V) complexes have
bcen obtained, some of them contain the bridging (O=T¢-O-Te=0)* unit. Also,
structurally interesting imido, hydrazido and diazenido compounds have been synthe-
sized and identified. Hexafluorotechnetate(V) and diarsinetetrachlorotechnetate(V)
are among the complexes that had been characterized already in very carly investiga-
tions of technetium chemistry.

12.3.1 Hexafluoro complexes

When TcF. dissolved in iodine pentafiuoride, is treated with an alkali chloride, reduc-
tion to Te(V) takes place and the complex fluorides M[TcFg] (M=Na. K, Rb. Cs) crys-
tallize from solution. The salts are bright ycllow crystalline powders that arc air sensi-
tive and hydrolyzed by water. The rhombohedrally crystallizing alkali salts are rcport-
ed to be not isostructural with the corresponding complex salts of rhenium, but
Na|TcF,] and K[TcFg] proved to be isostructural with the analogous ruthenium salts
Na|RuF,] and K[RuF¢]. The alkali hexafluorotechnetate(V) salts reveal magnetic
moments close to those required by the Kotani theory, e.g. ue=2.25 B.M., ©=130°, for
Na|TcFg] at 25 °C [75-77]. Hydrazinium hexafluorotechnetate(V), [NoHg)[TcFg)», was
obtained by reduction of TcF, with [N,Hg|F; in anhydrous H,F; solution. [t forms a
yellowish orange salt [78].
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12.3.2 Diarsine, benzenethiolato, and thiocarbamato complexes

The oxidation of [Tc"(diars),Cl,]Cl {diars = 2-phenylcne-bis-(dimcthylarsine)} in
alcoholic solution with molecular chlorinc vields the corresponding cight coordinate,
dark brown complex salt {TcY(diars),Cl4|Cl. The oxidation state of Tc(V) was con-
firmed by titration with titanous chloride solution. The conductivity in nitrobcnzene
and thc negligible magnetic moment (~0.9 B.M.) agree with this formulation [79]. Sin-
gle crystals of [Te(diars),CLy]PF, belong to the orthorhombic space group Fddd, Z=8,
with a=13.821(4). h=21.159(8). ¢=21.227(18) A. The structurc of the [Te(diars),Cly|’
cation is shown in Fig. 12.10.A. The D,, dodecahedral coordination geometry is the
same as in the analogous cight-coordinate [Ti(diars),Cly|°. The stability of
| Te(diars),CL|* results mainly from the diars ligands which arc known to promote
high coordination numbers [80].

The blue complex salt r-tetrabutylammonium-(2-aminobenzenethiolate(2-)-S.N)
tetrachiorotechnetatc(V) [n-BuyN][TcCly(abt)], can be isolated, when [n-BuyN]
[TcO(abt),] is reacted with conc. HCl in the presence of methanol. The complex was
found to have a magnetic moment of p.g=2.86 B.M., which corresponds to two unpaired
clectrons. In the IR a single N-H absorption occurs at 3252 cm™, which is consistent with
the N-H proton. The molecular structure of the complex anion (Fig. 12.11.A) exhibits dis-
torted octahedral geometry imposed by the 82.3(1)° bite angle of the abt ligand. The bond
length of Te~CI(2) with 2.324(2) A and Te—CI(3) with 2.322(2) A arc comparable to the
Tc—Cl distance found for the nitrido analogue [AsPhy][TcNCL]. All four Te-Cl bond
lengths in [n-BuyN][TcCly(abt)] are shorter than the average Te—Cl distance of 2.442(4) A
in the cight-coordinate Te(V) complex cation [Te(diars),Cly}' mentioned above. As a
consequence of a frans structural effect of the thiolato ligand the longest of the four re-
ported Te—Cl bonds occurs for Te-Cl(4) with 2.390(2) A. The Te-N bond length is
2.145(4) A. The Te-S distance of 2.322(2) A falls within the range of values reported for
Te(V) square-pyramidal complexcs. [n-BuyN|[TcCly(abt)] crystallizes in the triclinic
space group P1 with a=11.5154(8), b=13.6200(9), ¢=10.5547(8) A. #=95.205(5)",
p=116.970(7),7=76.198(4)°, and Z=2 [81].

Fig. 12.10.A |Tc"(diars),CL]". Bond lengths Te C1 2.442(4). Tc—As 2.578(2) A: bond angles As—-Te-As
129.46(5). C1-Tc-C1 91.21(12)° [80].
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Fig. 12.11.A 2-Aminobenzenethiolato-ictrachlorotech-
netate(V), [CoHSNITTeCLy )™ [81].

Tris(benzene-1.2-dithiolato)technetate(V), [Te(bdt)s|~. was synthesized by reaction
of [AsPhy][TeNCl,] with benzene-1.2-dithiol in acetone. Brown crystals of [AsPhy]
[Te(bdt)s] were isolated that crystallize in the monoclinic space group P2,/n, with
a=12.966(1), b=12.746(2), ¢=23.233(1) A. p=92.27(8)°. and Z=4. Tc(V) is coordinated
to six sulphur atoms in an almost idcal trigonal-prismatic gcometry. The average angle
between the TcS, planes of 119.4° is close to the expected value of 120°. The Te-S
distances range from 2.322(1) to 2.369(2) A. The dithiol ligands and the TcS, planes
arc csscntially coplanar [376].

Reaction of dicyclopentamethylencthiuram disulphide with [TcOCl,]~ in dichloro-
methanc resulted in the formation of the tetrakis(cyclopentamethylencdithiocarba-
matc-S,S )technetium(V) cation with eight-coordinate Tc. The shape of the cation is a
distorted square antiprism (Fig. 12.12.A) with Tc-S distances ranging between 2.463
and 2494 A. The four S$-Tc-S angles arc between 77.30 and  79.57°.
[Te(CoHoNS,)4]Br- C3H O crystallizes in the monoclinic space group C2/c with
a=12.343(2), b=20.557(3). ¢=15.133(2) A. t=103.42(1). and 7Z=4[82].

Table 12.3.A Some structural data of Tc(V) complexes described in Sects. 12.3.1 and 12.3.2.

Complex Geometry Te-L Hetr References
A] [B.M.]

12.3.1

[TeF, | octahedral - 2.25 [75-78]

12.3.2

[Te(diars)CL]* dodecahedral 2.578(Te-As) 0.9 [79.80]

2.442(Te-C)
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Table 12.3.A Continued

Complex Geometry Te-L et References
[A] [B.M.]

[Te(ab)Cly]™ octahedral 2.145(Fce-N) 2.86 [81]
2.322(Tc -S)

[Te(bdt)s] trig.prism 2.32-2.37(Tc-S) . 13761

[Te(Cel1}gNS2)4]"  square antiprism  2.463-2.494(Tc-S) - [82]

Fig. 12.12.A Tetrakis(cyclopentamethylenedithiocarbamatetechnetium(V), [1c(CelT,0NS; )4]™ [82].

12.3.3 (TcO)3+-core complexes

12.3.3.1 Oxotetrahalogeno and oxopentahalogeno complexes

The reduction of TcOj3 in aqueous HCI by hypophosphorous acid {83] or without
H:PO, in 12M HCI [84,85] yields a dark green solution of [TcOCly| , from which
gray-green solids can be precipitated by addition of large cations like [n-
(C4Ho)aN]* or [(CHs)sPNP(CiHs)s|'. [n-(CyHo)N|[TcOCl,] is recrystallized from
CH,Cly/hexane to obtain large green plates. The complex salt dissolves readily in
polar organic solvents such as methanol, acctone, dichloromethanc, and acetoni-
trile. Upon addition of water it disproportionates rapidly to form TcOy and TcO,-
hydrate [85]. The crystal structure of [PhyAs])[TcOCly] was dctermined. The crys-
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tals are tctragonal, space group P4/n, a=12.664(1), ¢=7.822(1) A, and Z=2. The
[TcOCL] anion possesses idcal Cyy symmetry (Fig. 12.13.A). The Tc atom is
located in a square-pyramidal arrangement with the chloro ligands occupying the
basal position and the oxo ligand at the apex. The Tc=0 bond length of 1.593(8) is
not significantly different from the Tc=N bond length of 1.581(5) A in
[PhyAs][TeNCly], but the Te—Cl bond length of 2.309(2) is slightly shorter than
that of 2.322(1) A in the nitrido complex salt. This is indicative of a stronger clec-
tronic influence of the nitrido ligand compared with that of the oxo ligand. Conver-
scly, the oxo ligand apparently has a larger steric requirement as shown by the
O=Tc—Cl angles of 106.8(1)° and the displacement of the Tc atom of 0.67 A from
the basal planc [86,46].

[r-(C4Ho)yN|[[TcOBry] was prepared by reaction of [n-{C4Hg)4IN[TcOy4 with conc.
HBr. The gold red crystals dissolve in dichloromethane, acetone, and methanol
[84,87]. [PhyAs][TcOBr,4] proved to be isostructural with [PhyAs][TcOCly]. The Te=0
length is 1.613(9), the Tc-Br distance 2.460(1)A [88]. The square pyramid of
[TcOBr,] can be capped by a wateraolecule leading to the distorted octahedron of
[TcOBry(H,0)] . which was obtained by reduction of NH,TcO, with 48 % HBr at
-5°C. Tetraethylammonium bromide produced a dichroic green orange precipitate.
[(CH;5)4N][TcOBry(H,0)] crystallizes in the orthorhombic space group Prma. X-ray
diffraction analysis revealed that the four bromine atoms in [TcOBry(H>O)] define a
nearly square planc to which the O=Tc-OH, spinc stands perpcndicularly. The water
oxygen atom is weakly bound below the plane at a Tc—-OH; distance of 2.317(9) A
[89].

[1-(C4Ho)4N][TcOl,] was obtained from the corresponding oxochloro complex by
ligand exchange reaction with Nal in acetone. The reduction of 1'cOy with conc. HI
yielded products always contaminated with polyiodides. [12-(C4Hy)4N][TcOLy] forms
dark gold-brown crystals [90].

The [TcOX,4] anions are versatile intermediates for the synthesis of a varicty of
oxotechnetium(V) complexes [91].

The vibrational spectra of the tetrabutylammonium salts of [TcOCly], [TcOBry|,
and [TcOly| indicate C,y symmetry for the complex ions (Table 12.4.A).

Fig. 12.13.A "Tetrachloro-oxotechnetate(V), [ TeOCL] [86].
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Table 12.4.A IR and Raman frequencies [em '] of [TcOX,] (X=CL Br or I) in [(CiHy)yN][TcOX,]
[84.90].

[TeOCly] | TcOBr,| [TeOJ,]” Assignment

vy 1026 Ra.p 1016 Ra,p 996 Ra.p v(TeO)(A,)
1037 1027

vy 1020 IR, vs 1015 TR,vs 993 [R.vs v(TcO)(A))
v 397 IR,vs 317 IR.vs 274 IRs  S(XTcO)E)
vy 361 Rap 237 Ra.p 179 Ra.p vo(TeX)(A))
vy 316 IRs 215 IR,vs 157 IR.s v (TeXUWE)
vy 312 Ra.dp 200 Ra,dp 135 Radp w(TeXy)(By)
vy 189 IR s 158 IR 101 IR,w HXTeXWE)

Force constants and mean amplitudes of vibration were evaluated. The Te=0O bond
proved to be by far the strongest, exhibiting force constants of more than 8 mdyne/A [92].

When TcOy is reduced by conc. HCI or HBr, the reaction solution can yield salts of
either [TcOX4]™ or [TeOX5]*>~ depending on the counterion. Addition of [PhyAs]™ or
[n-(C4Ho)NJ* yiclds salts of [TcOX,). while addition of K*. NH,', Cs*, or
[(CoHs)4N]~ generates salts of [1cOXs]?. Analysis of the Raman spectrum of a 12 M
HCI solution containing a [TcOCl,]7/[TcOCI5]? equilibrium mixturc leads to an esti-
mated cquilibrium constant of (1.5£1.0)-10 3 M ! [93]. Cs,[TcOCls] was prepared by
adding CsCl to a warm solution of NalcO, in conc. HCl [94] or by reaction of
NH4TcO,4 with 12 M HCI at ambient temperature and addition of CsCl to the reaction
solution cooled to 0°C, yielding a light olive green precipitate |93). Orange-red
Cs,[TcOBrs] was obtained when 48 % HBr was reacted at -8 °C with NH,1'cO, and
the formed complex precipitated by addition of CsBr [93]. X-ray powder diffraction
measurements revealed Cs,| TcOCls] and Cso[TcOBrs] to crystallize in a cubic system
with the lattice constants of a=10.199(1) and a=10.672(3) A, respectively [94].

Almost 20 ycars earlier the preparation of (NH,),[TcOCls] by reaction of
NH,4TcO,4 with 12 M HCI was reported. The identified compound proved to be dia-
magnetic, which was cxplaincd as a result of splitting of the £, orbital and the forma-
tion of the non-degencrate by, ground level in the tetragonal ligand field {95.96]. The
spectra of (NHy),[TcOCls]. Ky[TeOCls]. and Csy[TcOCl:] in the UV, VIS, and IR
were recorded and interpreted [97]. The Raman and IR frequencies of [TcOCIs]%
and [TcOBrs)? and their tentative assignments are listed in Table 12.5.A.

Table 12.5.A Vibrational frequencies of Css[TcOCls] and Css(TcOBrs] in [em ']. The estimated relative
Raman intensities arc given in parentheses [98).

Cs;| TeOCls| Cs,[TcOBrs] Tentative
Raman IR Raman IR assignment
953(3) 956 vs 931(3) 962 vs v(TeO).v(A)
352(3) 339 sh 263(2) 262 sh
341(4) 330 vs 241(4) 248 vs v(TeX),v(Ar),
330(1) 323 sh 230(1) 239sh va(A)s(B)).

303(1) 303 sh 220(1) 218 sh ve(F)
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Table 12.5.A Continucd

Cs,[ TeOCls) Cs;[TcOBr;s) Tentative
Raman IR Raman IR assignment
238 (5) 230 sh 211 sh 210 sh

HOTeX)(E)
219 (10) 222 vs 194 (7) 192 vs
193 (1) 194 s 132 (3) 120 m -
174 (2) 175 s 120 sh 115 s HXTeX)vy(A))ve(B)).
169 (2) vo(Ba)vio( L)y (E)
134 (2) 13l m 104 (2) 92 w -
115 (5) 96 m 80 (1) 70 w

lattice vibrations
36 (1) 46 m 50 (0.5) 49 w

12.3.3.2 Oxocyano and oxothiocyanato complexes

When a suspension of TcO,-hydrate in water is reacted with a hot aqueous solution of
KCN, a honey-colored solution is obtained. After addition of methanol, grecnish yel-
low crystals of K;[TcO(CN)s]-4H,0 were isolated which hydrolyzed in aqueous solu-
tion slowly in the absence of cyanide ions to form K;[TcO,(CN)]. Reaction of
[TcOCLy]~ with CN~ ions in mcthanol produced frans-oxomethoxy-tetracyanotechne-
tate(V), [TcO(OMe){CN), %~ Its [n-(C4Hy)sN]* salt formed lilac ncedles, The Te=0
stretch of the methoxide complex appeared at 932 em™, while that of [TcO(CN)s]*-
occured at 910 cm™! [99)].

Oxotetracyanoaquotechnetate(V), [TcO(OH,)(CN),] , was obtained in acid solu-
tion by protonation of [TcO,(CN),]*~ and precipitated with [(CH3)4,N]"' to form blue
crystals of [(CH3),N}[TcO(OH,)(CN),]-2H,0. The compound crystallizes in the
orthorhombic space group Pmimn with a=12.11, b=9.04, ¢=7.10 A, and Z=2, and is iso-
structural with the analogous complex salt of Re(V). In [TcO(OH,)(CN),] the aquo
ligand is displaced upon reaction with excess thiocyanate.

[TcO»(CN)4)> 2 [TCO(OH,)(CN)y ]~ NS, [TcO(NCS)(CN)4 2 + H-0

By addition of 2,2"-bipyridinc to the recaction solution the complex salt (2,2’-
bpyH),[TcO(NCS)(CN),] was obtained in form of green needles, crystallizing in the
monoclinic space group C2/ with a=182104), bh=19.473(1), ¢=15.501(3)A,
$=107.507(14)°, and Z=8. The structure consists of discrete [TcO(NCS)(CN),J* and
monoprotonated 2,2"-bipyridinium ions. The NCS~ ligand is coordinated via the nitro-
gen atom (Fig. 12.14.A). The coordination geometry is a distorted octahedron that is
very similar to the coordination mode observed for [ReO(NCS)(CN),4)?. The slightly
shorter Tc=0 bond length of 1.612(8) A is accompanied by a longer trans-Te-NCS
bond of 2.162(9) A reflecting the greater structural rrans effect cxerted by the stronger
Tc=0 linkage [100].
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Fig. 12.14.A Tetracyano-isothiocyanato-
oxotechnetate(V).,  [TcO(NCS)(CN),J>
[100].

Oxopentakis(isothiocyanato)technetate( V), [TcO(NCS)s]*~ was obtained by substi-
tution of chloride in [TcOCl4]~ with thiocyanate ions. The reaction of a methanol solu-
tion of [n-(C4Hg)4N][TcOCL,] with five equivalents of NH,SCN, followed by precipi-
tation with [PhyAs]'. yielded a bright rcd microcrystalline solid of [PhyAs],
[TcO(NCS)s]. The magnetic moment of .= 1.04 B.M. at 298 K is difficult to inter-
pret. In the presence of excess SCN-, [TcO(NCS)s]* is easily reduced to mixtures of
both [Tc(NCS)s]> and [Te(NCS)s]*~ [101].

12.3.3.3 TcO(0y4)-, TcO(0,CD)-, TcO(0,Cls)-, and TcO(Os)-core complexes

The existence of the first core was verified by the oxoglycolate complex [TcO(OCH,
CH,0),] that was prepared by reacting [TcOCly]~ with excess ethylene glycol in an
alkaline medium. [n-(C4Hg)4N][TcO(OCH-CH,0),] forms violet crystals that are
very soluble in water, alcohols, acetone or benzene, insoluble in ether and hexane.
The complex is hydrolytically unstable in water and decomposes in aqueous solution
at pH<10. Since the glycolate ligands are readily exchanged, the complex is useful for
sythesizing new oxotechnetium(V) compounds [102,103].

Several catecholato complexes containing the O=Tc(O)4-corc have been synthe-
sized and structurally identified. Catechol and [TcOCly]™ react in methanol to produce
a red-purple reaction mixture from which. after treating with NaOH and n-tetrabutyl-
ammonium chloride, golden crystals of [n-(C4Hg)4N][TcO(0,CHy),] were obtained.
The crystals are monoclinic, space group C2/c, with cell dimensions a=10.393(3),
b=13.835(3), c=20.643(5) A, =101.74(3)°, and Z=4. The coordination geometry of the
anjon is square pyramidal with a short Te=0 bond of 1.648(5) A and the longer Tc-O
distances of 1.956(3) and 1.958(3) A to the catechol groups. The Tc atom lics
0.7014(4) A out of the planc of the four catechol oxygen atoms. Each pair of the cate-
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chol oxygens is almost coplanar with their benzene ring. The rings are bent away from
the oxo group, forming a dihedral angle of 162° with the base of the square pyramid.
In contrast to the oxoglycolate complex, the oxocatecholate anion decomposes only
minimally in purc water [102]. In order to facilitate the deprotonation of the catechol
ligand, 4-nitro-1.2-catechol was uscd for chelating the Tc=0*' core. The coordination
geometry of [TcO(O,C¢H3NO,),|™ is again square pyramidal exhibiting similar bond
distances as described above for the catechol complex containing no nitro groups
[104]. The same applics to the diamagnctic oxo-bis(tetrachlorocatccholatotechnet-
ate(V), [TcO(0,CsCly)-| [70]. TcYOL, complexes of C,y symmetry are expected to
be spinpaired and diamagnetic [91].

Neutral Tc(V) complexes containing the bidentate, monobasic ligands 2-mcthyl-3-
oxy-4-pyronate (Hhmpo) or 1.2-dimethyl-3-oxy-4-pyridinonate (Hdpp) were synthe-
sized by ligand substitution on [TcOCl;]~. The greenish yellow crystalline [TcO
(hmpo),Cl]° and the red [Te(dpp)>Cl])°-0.5H,0 were identificd. Depending on the
reaction conditions also the complex anion [TcO(hmpo)Cls] can be prepared.
[(#n-Bu)4N][TcO(hmpo)Cls| crystallizes in the monoclinic space group P2,/¢ with
a=10.724(2), b=11.327(2). ¢=23.651(2) A. f=101.46(1)°, and Z=4. The coordination is
highly distorted octahedral. The oxo oxygen and the negatively charged oxy oxygen
donor of the hmpo ligand occupy rrans positions subtending an angle at Tc of
162.3(1)°. The three chloro ligands and the ketonic oxygen donor form an equatorial
plane, out of which Tc is displaced by about 0.2 A toward the oxo oxygen. The distor-
tions from octahedral gcometry arc primarily due to the bite angle of 76.08° of the
hmpo ligand. The mean Te-Cl distance is 2.359 A [105].

Reation of [(#-Bug)N|| TeOCly| with oxalic acid in aqueous acctone and addition of
[Ph4As]Cl gave a pale green, crystalline, diamagnetic product of the composition
[PhyAs][TcYO(0x)2(Hox)] - 3H,0. The complex anion is unusual in that it contains
the unidentate oxalato group (Hox) . The Tc atom is coordinated by six oxygen atoms
to give a distorted octahedron (Fig. 12.15.A). The unidentate group Hox is coordi-

2—

Fig. 12.15.A Hydrogenooxalato-bis(oxalato)oxotechnetate(V). [TeO(ox),( Hox))* [68].
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nated to the Tc atom via the oxygen O(5) with the Tce—O(5) distance of 2.031(6) A.
The adjacent O(8) is not coordinated, since the Tc:--O(8) spacing is 3.234(9) A. The
bond length in the Te=O group is 1.640(6) A. While the two bidentate oxalato ligands
are essentially planar, the unidentate oxalato ligand is severcly distorted from planar-
ity. The six-coordinate structure is uncxpectcd in view of the preference of the
(LcO)*-core to form squarc-pyramidal complexes. [PhyAs],[TcO(ox)-(Hox)] - 3H,O
crystallizes in the monoclinic space group P2,/c with the lattice constants a=16.495(3).
h=14.802(2). c=21.805(4) A. =98.76(1)°, and Z=4 [68)].

12.3.3.4 TcO(S4)-, TcO(0S;)-, TcO(0,S;5)-, TeO(Se)4-, and TcO(S,Se,)-core
complexes

The reduction of NH,TcOy in ethanol with sodium borohydride in the presence of ali-
phatic dithiols yielded the bright orange oxo-bis(dithiolato)technetate(V) complexes
[TcO(SCH,CH,S),] , [TcO(SCH>CH,CH,S),] . and [TcO(SCH,CHCHS),] . which
were conveniently precipitated upon addition of [PhsAs]*. The X-ray structure of
[PhyAs|[TcO(SCH,CH,S),] was solved in the orthorhombic space group Pbca with
a=19.669(3). h=18.745(4). ¢=15.122 A, and Z=8. The structure of the anion shows a
coordination geometry around the Tc(V) close to square pyramidal. The four sulphur
atoms form a square basc with the Te atom 0.761(2) A above the basc. The average
Te-S bond distance is 2.30(1) A. The oxygen atom constitutes the apex of the square
pyramid with a Tc—O bond distance of 1.64(1) A [106]. The oxo-bis(dithiolato)techne-
tate(V) complexes were found to be weakly paramagnetic and to posscss magnetic
moments that are field-strength dependent. The complexes have been characterized
by UV, VIS, IR, Raman, and NMR spectroscopy [107].

When [#-BuyN]' is added to the aqueous rcaction mixture of thioglyvcolate with
TcO3, a yellow-brown crystalline precipitate of the thiomercaptoacctato complex salt
{n-BuyN][TcO(SCH,COS),] is obtained instead of the expected corresponding thio-
glycolate complex. Mercaptothioacetic acid is suggested 1o be a significant impurity in
commercial thioglycolic acid. The complex compound crystallizes in the monoclinic
space group C,, with the lattice dimensions a=10.451(5), b=14.855(8), ¢=9.927(7) A,
/1=114.88(5)°, and Z=2. The Tc atom is coordinated by the apical oxo oxygen and four
sulphur atoms in a near square pyramid. The Te=O bond distance of 1.672(8) A is
slightly greater than that in [PhyAs][TcO(SCH,CH,S),). [#-ButyN][TcO(SCH,COS)5|
was also found to be weakly paramagnetic and the effective moment of 1.2-1.5 B.M.
to be ficld strength dependent [108].

Dithiooxalate ligands (SCOCOS)? " react with [I'cOCl;] in acetonc to form
[TcO(SCOCOS),]~. Addition of [PhyAs]* yields red-brown [PhyAs][ TcO(SCOCOS);]
[109]. Crystals of the complex salt belong to the triclinic space group P1 with Z=2.
The lattice paramcters are a=12.294(2), b=12.531(2). ¢=13.071(2) A, 7=115.10(1),
p=114.22(1), »=101.93(1). The gcometry about the Tc atom is again distorted square
pyramidal with the oxo oxygen occupying the apical position. The distortion arises
from the large trans influence of the oxo ligand and is manifested by the displacement
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of the Tc atom from the basal plane by 0.759 A. The Tc=0 bond distance of 1.646(4)
A and the Tc=S bond length of 2.329(1) A are consistent with other Tc(V) complexes
containing the O=Tc(S), core [110].

The reaction of benzene-1,2-dithiol (H,bdt) with [PhyAs]{TcOCL] in aqueous etha-
nol resulted in the red-brown complex salt [PhyAs][TcO(bdt),] with m.p. 208-210°C.
[PhyAs][ TcO(bdt),] crystallizes in the monoclinic space group Cc with ¢=12.652(1),
b= 15.783(1). ¢=16.662(1) A, p=93.03(1)°, and Z=4. The Tc atom lics 0.732(1) A above
the planc of the four sulphur atoms. The sulphur and carbon atoms are located in two
different planes. The dihedral angle of 164.91(1)° between the normals of the planes
renders a butterfly conformation to the complex anion [111].

[PhyAs][TcOCl,] reacts with 1,2-dicyanocthenedithiolate {Co(CN),S,}* in ethanol
to yield red-brown crystals of [PhyAs]|TcO{C,(CN)-S,},] that are monoclinic and
belong to the space group P2,/c with a=12.636(1), h=13.749(1), c=18.484(1) A.
/1=93.49(1)°, and Z=4. The structure of the [TcO{C,(CN),S,},]” anion shows again a
distorted square pyramidal core. The Tc atom is placed 0.742(3) A above the planc of
the four sulphur atoms. The anion conformation is similar to that in [TcO(bdt),] de-
scribed before [112].

Monodentate aromatic thiols ArSH [Ar = 24,6-(CH;);CeHs, 2,4.6-(CH;CHCIS);
CeHs. and 2,6-(C,Hs)>CqH3)} react in methanol with [ TcOCL]™ to produce the complexes
[TcO(ArS),]- that may be precipitated with bulky organic cations. [#-BusN]
[TcO{(CH;3):CsH5S),] forms red-brown ncedles that crystallize in the monoclinic space
group C2/c with a=21.909(6), h=17.366(5), c=14.348(7) A. /=100.67(3)°, and Z=4. The
O=Te(8); core adopts the expected square pyramidal geometry (Fig. 12.16.A). The Te=0

Fig. 12.16.A Tetrakis(2.4.6-trimethylbenzenethiolato)oxotechnetate(V). [TeO(2.4.6-Me;CoH, S),] [113].
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distance is 1.659(11) A and the average Tc—S distance 2.38(2) A. The Tc atom is displaced
by 0.846 A from the basal plane towards the apical oxygen. The average cis S-Tc-S, trans
S-Te-S and O-Tc-S angles are 82.7(6), 138.4(3)°. and 110.8(4)°, respectively [113].
Another complex salt containing a monodentate aromatic thiol is the red [PhyAs]
| TeO(tmbt)y] (Htmbt =2 3.5.6-tetramcthylbenzencthiol). The complex salt is readily pre-
pared by rcaction of [PhyAs|[TcOCl, | with Htmbt [114].

By reaction of TcO, in 2 M HCI with reducing and complexing tetramethylthiourea
(tmtu) the cationic complex [TcO(tmtu)s]*! is generated which precipitates as the red-
orange [ TcO(tmtu),][PF¢]i. Obviously, tetramethylthiourca ligates through the terminal
sulphido groups [115]. [TcO(tmtu),][PF;]; reacts in a DMF solution of bis(diphenylphos-
phino)ethanc (dppe) to form a brown crystalline product that was identified as
[TeVO(tmiu),(CH;)>NCSS||PF¢]>. The complex contains a bidentate dimethyldithiocar-
bamate ligand produced from the rearrangement of bonded tetramethylthiourea. The
crystals are monoclinic with the space group P2,/c, a=9.388(4), b=26.745(20), c=11.990(3)
A, $=101.62(3)°, and Z=4. The gcometry around the Tc atom is square pyramidal. The
Te-O bond distance is 1.661(6) A. The Te—S bond lengths are 2.328(2) and 2.343(2) A for
the tetramethylthiourca ligands and 2.349(2) and 2.353(2) A for the dimethyldithiocarba-
mate ligand [116].

In addition, several Te(V) complexes based on the O=T¢(S)4-core have been pre-
pared. The preparation was achieved by exchange reaction of Te(V) gluconate with
various dithiols in aqueous cthanolic solution. The oxo-dithiolatotechnetate(V) com-
plexes werc mostly precipitated as the [EtyN]" salts. The complex compounds turned
out to be diamagnetic in solution, and have probably square pyramidal structurc
[117,118,119]. Stereoisomeric complexes derived from meso and racemic 2.3-dimer-
captosuccinic acid dimethylester were identified by 'H NMR [120]. The kinetics of
the reaction between pertechnetate and meso- or racemic dimercaptosuccinic acid in
hydrochloric acid solution were studicd. The reaction was found to be first order in
each reactant [121]. Also the reaction of pertechnetate with para-substituted benzene
thiols was followed and showed a simple second order kinctics. The rcaction rate
decrcased when the substituent became more electron-withdrawing [122].

Because racemic 2.3-dimercapto-succinic acid (DMSA) by rcaction with reduced
29mTcO] leads to a product that is excreted by the kidneys, whereas the *™Te complex
with neso-DMSA was found to be ostcotropic, an important experiment was to find
the molecular structurc of the dimethylester of the latter complex containing long-
lived *Tc. 'T'he complcx anion was prepared by ligand exchange reaction of techne-
tium(V) gluconate with meso-2,3-dimercaptosuccinic acid dimethylester. Red crystals
of the tetraethylammonium salt were obtained, crystallizing in the monoclinic space
group P2,/c with a=12.722(3), b=13.820(4). c= 18.213(5) A. fi= 107.13(4)°, and Z=4.
The structure of [TcO{SCH(CO,Mc)CH(CO,Me)S),]™ confirms the ncarly square
pyramidal coordination gecometry of Tc(V) (Fig. 12.17.A) with the sulphur atoms
forming the basal planc. The Tc atom lies 0.78 A above this plane. The Te=O bond
length is 1.672(6) A, the average Tc-S bond distance 2.316 A. The structure reveals
the endo form of the syn isomer. The syn isomer has the four carboxylic groups on
one side of the molecule, allowing strong interaction between the carboxylic groups
and bone [123].
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Fig. 12.17.A Bis-{1.2-di(carbomethoxy)ethane-1,2-di-thiolatojoxotechnetate(V). [TcO{SCH(CO,Mc)
CH(CO,Me)S)-|. syn-endo form [123].

The tridentate ligand 3-thiapentane-1,5-dithiol, HS(CH,),S(CH,),SH, and thiophe-
nol in an cquimolar ratio react with Te(V)gluconate in acctone to form a brown solid
of oxo-(3-thiapentane-i,5-dithiolato)(thiophenolato)technetate(V).  Spectroscopic
characterization points to a TcO(S4)-core [124]. In place of thiophenol other mono-
dentate thiols were also used for complexation. and 3-thiapentane-1,5-dithiol was
replaced by HS(CH,),O(CH,),SH resulting in TcO(0S;)-core complexes {125].

Instead of sulphur donor atoms the MoS; ™ anion was coordinated to oxotechne-
tium(V). The pale yellow complex salt [BuyN][TcYO(MoS,);] was obtained by treat-
ing [BuyN]|TcOClL] in methanol with a methanolic solution of (NHj):[MoS,].
[BuyN][TcO(MoS,),] is diamagnetic and soluble in EtOH and DME It exhibits an
intcnsc IR absorption at 895 cm™ that is attributed to the Te=0O stretch [126].

The substitution of sulphur by oxygen in Te(V) complexes containing the TcO(S),-
core was carly demonstrated in the preparation of bis(2-mercapto-cthanolato)oxotechne-
tate(V). Reduction of TcOj by S,03” in aqueous alkaline solution in the presence of 2-
mercaptoethanol and subscquent addition of [PhyAs]” yielded a metallic pink crystailine
precipitate of [PhyAs|[TcO(SCH,CH,0),]. The X-ray structure analysis of the complex
salt revealed a pseudo-square pyramidal coordination geometry for the technetium atom.
The basal planc is distorted toward a trapezoid becausc of the difference between the
average Tc—-O and Te-S distances of 1.950(4) and 2.291(2) A, respectively. The Te dis-
tance to the basal plane of 0.720(1) A is considerably shorter than that in
[TcO(SCH,CH,S),]~ The Te=0 distance is 1.64(1) A, the S-Tc-S and O-Tc-O angles
are 86.09(7) and 79.8(2)", respectively. Although the cis form of the complex was isolated,
there is no doubt about the existence of the trans isomer. [Ph;As][TcO(SCH,CH>0),|
crystallizes in the orthorhombic space group Pbca with a=15.039(2), b=18.510(3),
c=19.196(3) A, and Z=8 [127]. The ligand cxchange reactions of [TcO(OCH,CH,0),]-,
[TcO(OCcH10),]" and [ TcO(SCH,CH,0),]~ with two equivalents of 1.2-ethanediol in
methanol ultimately yielded [ TcO(SCH,CH,S),] [128].

Metallothioneins, sulphur-rich metal-binding proteins, offer promise as carrier of
99m¢ in radiolabeling of biologically active molecules. Metallothionein binds Tc(V)
in a thermodynamically stable and kinetically inert thiolale complex. As demonstrat-
ed spectroscopically, the TcO**-core is bound in squarc pyramidal gcometry to give
the ‘TcOS; stoichiometry [129].

Using the ligand 1,1-dicyanoethene-2.2-diselenolate, {(CN),C=CSe,}*~, for ligand
exchange rcaction in aqueous solution with Te(V) gluconate. the diselenato-complex
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[TcO{Se,C=C(CN),}>|~ was obtained and precipitated as a brown tetracthylammo-
nium salt. The complex demonstrates the existence of the TcO(Sce), core. X-ray anal-
ysis confirms its approximatcly square pyramidal geometry in which the four selenium
atoms form the basal plane and the oxo oxygen occupies the apical position. The dis-
tance of the Tc atom from the basal planc is 0.88 A towards the oxygen atom. The
Te=0 bond is approximately perpendicular to this plane and its length is 1.67(2) A.
The four Te-Se bond distances are almost equal with a mean value of 2.471 A.
[ELN][TcO{Se,C=C(CN),}a] crystallizes in the triclinic space group Pl with
a=13.394(8), h=9.935(6), ¢=9.703(6) A, «=107.21(7)°. p=95.12(5)°, y=92.89(4)°, and
Z=2 [130]. Reaction of {(CN),C=CSSe}> with Te¢(V)gluconate yielded [TcO
{SeSC=C(CN),}>|, containing the TcO(S;Se,)-core |131].

12.3.3.5 TcO(Ny)-, TcO(N4CD-, TcO(N30)-, TcO (N30,)-, TcO(N,O5)-,
TcO(N,0,Cl)-, TcO(N,03)-, and TcO(NO,)-core complexes

Pertechnetate reacts in alkaline aqueous solution with 1,2-diaminobenzenc in the pres-
ence of $,07" as the reducing agent to form the complex anion [TcO(HNCoH,NH),]
that was precipitated as the orange tetrabutylammonium sall. The complex is diamag-
netic. A single N-H stretching frequency at 3247 cm ! indicates that each ligand con-
tains one hydrogen per nitrogen. The Te=0 stretch at 891 cm! is unexpectedly low.
The compound proved to be soluble in most organic solvents, but was unstable in so-
lution, even in the absence of air. The complex core has square pyramidal geometry
with the oxo oxygen occupying the apical position. The Tc atom lies 0.67 A above the
plane defined by the four nitrogen atoms. The Tc=0 distance is 1.668(7) A. The mean
Tc-N distance of 1.98(1) A is intermediate between the values for deprotonated
(1.91A) and aminc nitrogen (2.08 A). The bite angles of the nitrogen atoms are 78.8
and 79.0°. [n-BuyN][TcO(HNC¢HNH),] crystallizes in the orthorhombic space group
P2,2,2, with a= 11.644(3), b=15.303(4), ¢=16.950(5) A, and Z=4[25].

a-amineoxime complexes of technetium have been extensively studied in order to
develop *™Tc¢ radiopharmaceuticals for the measurement of regional cerebral blood
flow. The oxo(tctradentate-amineoxime)-technetium(V) complexes of long-lived *Tc
were prepared by reaction of TcOj with the amincoxime ligand dissolved in 0.9 % sal-
inc, when TcO, was reduced with Sn(IT)-tartratc. The neutral, lipophilic, orange to
rust-colored complexes are extractable into ether. 3.3,9.9-tetramethyl-4,8-diazaunde-
canc-2,10-dione dioxime forms the prototype complex with an approximate square
pyramidal core (Fig. 12.18.A). The Tc atom is 0.678(1) A above the plane determined
by the nitrogen atoms. The distance to the doubly bonded apical oxygen is 1.679(3) A.
The bond lengths between the deprotonated N(imino) atoms and the Tc atom of
Tc-N(3)=1.908 and Tc-N(4)=1.917 A are much smaller than the N{(oxime)-Tc bond
distances of Tc-N(2)=2.086 and Tc-N(1)=2.093 A which would indicate multiple-
bond character in the Tc-N(imino) bonds. The O---O distance of 2.420(5) A is in the
range of short interactions that often have a hydrogen bond between the oxime oxy-
gen atoms. The complex crystallizes in the monoclinic space group Pc with
a=6.950(4), b=11.187(3), c=11.060(4) A, p=104.13(5)°, and Z=2 [132].
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Fig. 12.18.A 3.3.9.9-Tetramethyl-4,8-diazaundecanec-2.10-dionc dioximato-oxotechnetium(V), [TcO
(pnao)]° [132].

Other square pyramidal technetium(V) tetradentate amine oxime complexes were
prepared using the ligands 3.3.9-trimethyl-, 3,9-dimethyl-, and 3.6.6.9-tctramethyl-4.8-
diaza-undecane-2,10-dione dioxime or 3,3,8.8-tetramethyl-4,7-diaza-decane-2.9-dione
dioxime. 'The IR spectra show the Tc=0 stretch between 908 and 927 cm! that is at
the low-encrgy end of the range (880-1020 cm™) thus far observed for monooxo-tech-
nctium(V) complexes. This observation can be interpreted by weakening of the Te=0
bond through the multiple bond character of the two Te—N bonds in the basal plane.
Accordingly, the average Te=0 bond distance of 1.676(8) A is at the long end of the
range (1.610-1.672 A) found for monooxo-technetium(V) complexes [133,134].

There is some evidence for the synthesis of grecn oxo-octaethylporphyrinato-tech-
netium(V) acctate, when TcOj and octacthylporphyrin were reacted in glacial acetic
acid under a nitrogen atmosphere. The apparently neutral product is soluble in
CH,Cl, and benzene. The FAB® mass spectrum corresponds to the cation [TcO(oc-
taethylporphyrinate)]' [135].

The dark violet oxochloro-bis-(1,10-phenanthroline}technetium(V) cation [TcOCI
(phen),]** was prepared by controlled potential cathodic reduction or dithionite reduc-
tion of TcOy in aqueous alcoholic solution containing 1,10-phenanthroline. The com-
pound was also obtained by ligand exchange reaction of [ TcOCly|~ with phen in methanol.
The strong IR absorption at 895 cm™! was attributed to the Te=O stretching vibration.
The 'H NMR spectrum of the complex displaycd 16 distinct resonances that were
assigned by HH-COSY experiments to the non-equivalent aromatic protons of the two
phen ligands. The '"H NMR signals suggest that the oxygen and chlorine atoms assume a
cis configuration yielding a completely asymmetrical environment | 136].

A ncutral oxo-technetate(V) complex based on the core TcO(N;O) was obtained
by reaction of [TcO(OCH,CH,0),]” with N-{2(1H-pyrolylmethyl)]N’-(4-pentene-3-
one-2)ethane-1,2-diamine (Hzped) in methanol. The ncutral complex [TcO(ped)]®
precipitated, yielding orange-red needles crystallizing in the orthorhombic space
group P2,2;2; with the ccll parameters a=11.701(1), h=14.949(2), c¢=7.516(1) A, and
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Z=4. The Tc=0 stretch was obscrved at 953 cm !. Strong IR absorptions at 1580 and
1524 cm™! were assigned to the C=N and C=0 stretches, respectively. X-ray analysis
confirmed the five-coordinate. distorted square pyramidal geometry of the core. The
Te=0 bond length is 1.666(3) A, the Tc—Q distance 2.025(3) A, the shortest Te-N
bond length 1.897(4) A [137.138].

Some complexes containing the TcO(N3;0;)-core with pentadentate ligands are
known. The Schiff-basc ligand, dcrived from salicylaldehyde and diethylenetriamine.
reacts with [TcO(OCH-CH-0),] in methanol to give the neutral compound N.N’-3-
azapentanc-1.5-diyl-bis(salicylideneiminato)oxotechnetium(V), [TcO (aps)|°. The red
complex crystallizes in the monoclinic space group °2,/c with a=9.459(8), b=9.437(7).
c=21.768(12) A. =99.08(5)°, and Z=4. The IR spectrum of the diamagnetic com-
pound shows the Tc=0 stretch at a low frequency of 888 cm . The structure reveals a
highly distorted octahedral coordination gecometry (Fig. 12.19.A) of Te(V). The Te
atom lics out of the mean cquatorial planc by 0.30 A towards the oxo ligand. The
O(1) atom of the quinquedentate ligand is located trans to the Te=O group, while the
remaining four donor atoms, N;O. occupy equatorial sites. The O(1)-Te=0O axis of
161.2(3)° is non-linear. The Te-N(2) bond distance of 1.894(2) A is much shorter than
the Te-N(1) bond length of 2.101(8) A. The reason is the deprotonation of N(2). ‘The
Tc=0(3) bond length of 1.685(6) A is at the longer end of the range expected for oxo-
technetium(V) complexes. When the Schiff-base ligand is derived from salicylalde-
hyde and e.g. 3.3’-diamino-N-methyldipropylamine, in which the hydrogen atom of
the central amine group is substituted by an alkyl group, the expected cationic oxo-
technetium(V) complex is obtained [139].

A similar oxotechnetium(V) complex of highly distorted octahedral coordination
geometry was prepared using the pentadentate ligand N,N’-3-azapentane-1,5-diyl-
bis{3-(1-iminocthyl)-6-methyl-2H-pyran-2 4-dione} (Hjsapa). The purple-red. ncutral

0

Fig. 12.19.A N.N’-3-azapentanc-1,5-diyl-bis(salicylideneiminato) oxotechnetium(V), [TcO (aps)]° {139].
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complex crystallizes in the orthorhombic space group Pbca with a=12.833(2),
5=33.320(5). ¢=9.942(4) A, and Z=8. Onc of the two oxygen donor atoms of the pen-
tadentate ligand is located rrans to the Te=O bond. The distance of 1.880(2) A
between the deprotonated N atom and Tc is significantly short [140].

Cationic complexes of the core Tc(N3;O,) have been recently synthesized. The
reaction of chloro{N-(2-oxidophenyl)salicylidenciminatojoxotechnetium(V) [TcOCI
(ophsal)]® with neutral, bidentate, aromatic nitrogen donor ligands gave the complex
salts  [TcO(ophsal)(bpy)|PFs,  [TcO(ophsal)(phen)]Cl- H,O, and [TcO(ophsal)
(dpk - EtOH]CI, wherc bpy=2,2"-dipyridyl. phen=1,10-phcnanthroline, and dpk=bis
(2-pyridyl)ketone. The dark green compounds are soluble in polar solvents. Spectros-
copic and analytical results suggest terdentate coordination of (ophsal)®™ in the equa-
torial plane with the bidentate nitrogen donor ligands bridging the fourth equatorial
site and the position trans 1o the oxo group [141].

The TcO(N>O,) core is represented in anionic and cationic complexes and the core
TcO(N,O,Cl) in neutral complexes. N,N’-ethylenc-bis(2-phenoxyacetamide),
HOCH;CONHCH>CH,NHCOCsH,OH(H epa), reacts with [n-BuyN][TcOCl,] in
CH,Cl- to form orange crystals of [#n-BuyN][TcO(cpa)], in which Tc is coordinated by
a distorted square pyramid. The oxo oxygen occupics the apical position and the base
is defined by the two nitrogen and the two oxygen donors of the quadruply deproto-
nated ligand (Fig. 12.20.A). The Tc atom rests 0.65 A above the N,O, base. The Te=0O
bond length is 1.648(3) A, the average Tc-O ligand distance 1.960(4) A. and the aver-
age Tc-N distance 1.977(6) A. [n-BuyN][TcO(epa)] crystallizes in the triclinic space
group PT with a=12.067(3). b=12.110(4), ¢=12.289(3) A. 2=109.59(1), p=111.11(1),
v=92.09(1)°, and Z=2. The compound is soluble in DMF., CH3CN or CH,(Cl, and
proved to be diamagnctic [142].

The similar ncutral complex
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was obtained as a brown precipitate by refluxing [(#-Bu)uN|[TcOCl4] with N.N"-cthyl-
ene-diyl-bis|3-(1-iminoethyl)-6-methyl-2H-pyran-2,4(3H)-dione} in cthanol. The
¥(Tce=0) frequency was found at 960 em™' [143].

The cationic complexes [TcO(bgo),|* and [TcO(blo),]*, tormed by reduction of
TcO, with Sz()ﬁ in the presence of the bidentate. monoanionic benzimidazolylalcoho-
lates (bgo)~ and (blo)~, were precipitated as the green crystalline hexafluorophos-
phates [TcO(bgo):][PFs]-2H-O and [TcO(blo),]|PF¢]-2H,0. The green neutral
compounds [TcO(bgo)-Cl]° and [TcO(blo),Cl]* were synthesized by substituion of
chloride in [TcOCl]~. The four coordinating sites on the plane perpendicular to
Te=0 are occupicd by rrans-N,O arrangements of the two bidentate ligands. The neu-
tral complexcs appear to have a distorted octahedral geometry around Te(V) [144].
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Fig. 12.20.A N,N’-ethylene-bis(2-phenoxvacetamido)-oxotechnetate(V), [TeO(cpa)|™ [142].

The replacement of chloride ligands on [TcOCL;]™ in cthanol by the tetradentate
Schiff-base ligands N,N’-cthylcne-bis(acetylacetoneimine) {Hs(acac),en} and NN’-
cthylene-bis(salicylideneimine) {H(sal),en} yiclded the cationic acetylacetoneiminato
complex [TcO(H,O){(acac),en}]* which exhibits a distorted octahedral coordination
gcometry containing a rrans-oxo-aqua-technetium(V) core and the neutral N,N’-ethyl-
cne-bis(salicylidencaminato) complex [TcOCl{(sal)>en}]”, which has pseudo-octahe-
dral arrangement of the donor atoms with a rrans-oxo-chloro-technetium(V)-core.
The latter compound crystallizes in the orthorhombic space group P2,2,2; with
a=26.653(11), b=11.697(5). ¢=10.529(3) A, and Z=8. The strong structural trans influ-
ence of the oxo oxygens results in significantly lengthenced bonds, the Te-O(H,O)
bond of 2.282(2) A and the Te—Cl bond of 2.527(4) A [145].

Reduced pertechnetate reacts in aqueous alcoholic solution with N-acetvlanthranil-
ic acid to form the brown anionic complex [TcO(CH,COONCOCHS3),] which also
appears to contain the TcO(N,O,) core [146,147).

A TcO(N,03)-core complex is verified by the neutral compound N-(2-oxidophe-
nyD)salicylideneiminato-8-quinolinolato-oxotechnetium(V).  [TcO(ophsal)Cl]°  was
precipitated from methanolic solution upon reaction of the tridentate Schiff-base lig-
and with [TcOCl,] . and subsequently, [TcO(ophsal)Cl]° in ethanol was reacted with
8-quinoline(quin) to form dark red crystals of [TcO(ophsal)(quin)]°. The complex
crystallizes in the monoclinic space group P2;/n with a=15.496(8), b=10.355(4).
¢=12.122(5) A. =109.03(6)°, and Z=4. The coordination (Fig. 12.21.A) around Tc is
approximately octahedral. The tridentate ligand (ophsal)?~ occupies three equatorial
sites and the bidentate ligand (quin) bridges the remaining cquatorial and one apical
site with the oxygen occupying the sixth position trans 1o the terminal oxo oxygen.
'The tridentate ligand is roughly planar and nearly normal to the 8-quinolinolate mean
plane. The O(1)-Tc-0(2) angle of 160.8(3)° deviates significantly from linearity. The
Te-O(2) bond length of 2.014(6) A seems to exclude considerable trans weakening
[148].

The electrochemistry of six-coordinate oxotechnetium(V) complexes containing
Schiff-base and 8-quinolinol ligands was studied in solutions of acetonitrile and DMF.
The main features of the reactions are the reduction of Te(V) to Te(1V), the subse-



180 12 Complex chemistry of technetium-99

Fig. 12.21.A N-(2-oxidophenyDsalicylide-
neiminato-8-quinolato-oxotechnetium(V),
[TcO(ophsal)(quin)]™ [148].

quent loss of a ligand located cis to the Te=0 linkage, and the following isomerization
of this unstable Tc(IV) product to a more stable complex in which the site trans to the
Te=0 linkage is vacant [149].

An oxotechnetium(V) complex representing the TcO(NQO,)-core is the neutral
amino-sugar-Schiff-base compound (N-salicylidene-1-glucosaminato)(salicylaldchy-
dato)oxotechnetium(V). The complex precipitates from a conc. solution of [TcOCl,]
in methanol after reaction with cxcess N-salicylidene-D-glucosamine. Probably, the
coordinated salicylaldehydato moiety originates from hydrolysis of a coordinated N-
salicylidene-1-glucosaminato ligand. The red, diamagnetic complex is nearly insolu-
ble in common solvents, but slightly soluble in methanol and [{,0. The IR spectrum
shows a Te=O stretch at 970 cm~L, which is at the upper limit for this bond vibration.
The complex crystallizes in the orthorhombic space group P2,2;2; with a=6.533(2),
b=12.649(4), ¢=23.675(7) A, and Z=4. The coordination environment around the ‘T'c
atom can be described as a distorted octahedron (Fig. 12.22.A). If the axial positions
are defined 1o be thosc of the oxo group and the carbonyl oxygen atom of the sali-

0

Fig. 12.22.A N-salicylidenc-D-glucosaminato-salicylaldehydato-oxotechnetium(V).  [TcO(gluca)(sal)]®
[150].
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cylaldehydato ligand. the cquatorial positions are occupied by the aldimine nitrogen
atom, two oxygen atoms of the tridentate ligand and by the phenolic oxygen atom of
the salicylaldehydato moicety. The principal distortion from octahcdral gcometry is
exhibited by the 0.422(1) A displacement of Tc toward the oxo oxygen O(1) from the
mean N(1), O(2), O(3). O(4) plane. The sugar ring shows its usual chair configuration.
The Tc=0(1) distance of 1.656(8) A is indicative of a strong bond. The molecule dis-
plays a long Te—O(5) bond of 2.359 A, which can be explained by the structural trans
effect. Remarkably, the 7rans position is occupied by the neutral carbonyl oxygen and
not by the charged phenolic oxvgen atom [150].

12.3.3.6 TcO(N3S,)-, TcO(N;S)-, and TcO(NS;)-core complexes

TcO3 reacts with 2-aminobenzencthiol in alkaline aqueous solution, using S,03" as
reducing agent, to yield the anion [TcO(NHCH,S),] that was precipitated as a red
crystalline solid by addition of [n-BuyN]*. The diamagnetic complex salt is indefinitely
stable and soluble in acetone, chloroform, methanol, and nitromethane. |#-BuyN]
|TcO(NHC¢H,S)>] crystallizes in the orthorhombic space group P2,2,2;, with
a=17.113(6), b=15.573(5), ¢=11.677(4) A. and Z=4. The structurc analysis confirmed
the expected square pyramidal coordination gcometry around Tc(V). The basal planc
of the distorted square pyramid is defined by the N,S; group. The N and S atoms arc
in trans position. The oxo ligand occupics the apical position. The Tc atom lies 0.72 A
above the basal planc towards the apex. An interesting phenomenon is the unusually
long Tc=0 bond distance of 1.73(2) A. The average Te-S and Te-N distances arc
2.30(1) and 2.08(2) A, respectively. The long Tc=O bond corresponds with the low
Te=0 frequency of 906 cm !in the IR [151.152].

In order to synthesize technetium complexes of kinetic inertness suitable for radio-
pharmaccutical purposes, tetradentate N,S, ligands that bind the Te=O group and
occupy the basal position in a square pyramid were proposcd. N.N’-ethylene-bis(2-
mercaptoacetimido)oxotechnetate(V), [TcO(ema)] , was prepared by S$,05 reduc-
tion of TcOj in alkaline aqueous/cthanolic solution in the presence of the ligand. The
thiol groups were protected as benzoyl esters. The anionic complex was separated as a
yellow precipitate after addition of [PhsAs]™. The tetraphenylarsonium salt is diamag-
netic. air-stable, and readily soluble in polar, non-aqueous solvents. The Tc=0O stretch
was found at 945 cm . 'The configuration of [TcO(cma)|~ containing three five-mem-
bered rings appears to be most tavored [153]. The structure determination of the
methyl-triphenylarsonium salt demonstrates the distorted square pyramid core of the
complex with the oxygen at the apex (Fig. [2.23.A). The Tc=0 bond length is 1.679(5)
A, the distance of the Tc atom above the square plane 0.771(5) A. The distortion is
reflected in the square plane. N(1) is 0.0863(6) A above and N(2) 0.076(6) A below
the best N,S, plane in which the two sulphur atoms lie. [CH3PhaAs][TcO(cma)] has
monoclinic symmetry. space group P2;/c, a=10.203(2), b=13.449(2). ¢=16.140(4) A,
$=110.37(1)°, and 7Z=4 [154]. The structurally related complexes NN’-propylene-
bis(2-mercaptoacctimido)oxotechnetate(V),  N,N’-ethylene-bis(3-mercaptopropioni-
mido)oxotechnetate(V), and N,N-2-phenylene-bis(2-mercaptoacctimido)oxotechne-



182 12 Complex chemistry of technetitm-99

Fig. 12.23.A N,N’-ethylene-bis(2-mercaptoacetimido) oxotechnetate(V). [ TcO(ema)| [154].

tate(V) have also been synthesized and characterized [153} and, in addition, a scrics
of isomeric oxotechnetium(V) diamido dithiolato complex anions, containing the tet-
radentate ligand system, have been identified [155].

To develop a *™Tc radiopharmaceutical as a renal tubular function agent. the
anionic Tc(V) complex with 2,3-bis(mercaptoacctamido)propanoate (map)

COOH '] -
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was prepared. The syn and anti cpimers, configurationally based on the Te=0O and car-
boxylate group relationship. were isolated and structurally identified. Syn-{PhsAs]
[TcO(map)] crystallizes in the monoclinic space group P2;/c with a=12.729(1),
b=13.225(2). c=18.318(2) A, = 91.67(1)°. and Z=4, anti-{PhyAs|[TcO(map)] in the
same spacc group with a=11.260(2), =23.662(3). c=11.834(3) A, f=94.53(2)°, and
Z=4. Both epimeric complex salts are yellow and very stable at 25-100 °C over a pH
range of 1-11. Tc(V) is coordinated in an approximately square pyramidal gcometry.
The average distance of Tc from the basal plane in syn-[TcO(map)] is 0.747 A. the
Te=0 bond distance is 1.656(7) A. The carboxylic group exhibits no interaction with
Tc. This epimer is excreted faster by the renal tubular system in humans than the anri-
epimer [156]. In addition, oxotechnetium(V) complexes with 4,5-bis(mercaptoacet-
amido) pentanoic acid were prepared and the stereochemistry of the epimers assigned
by NMR spectroscoy [157].

To vary the biological behavior of oxotechnetium(V)-diaminodithiol complexes the
diamine portion of the ligand was cxpanded from ethancdiamine to butanediamine.
thus producing complexes containing a seven-membered ring in addition to the two
five-membered rings. N.N’-bis(mercaptoacetyl)butane-14-diaminc (H4,DBDS). in
which the thiol functionalities were protected as benzoylesters, was dissolved in an
alkaline aqueous solution of NH,TcO,. Reaction occurred by reduction with S,07™.
The anionic complex formed was precipitated with [PhyP]~. The brown complex salt
[PhyP][TcO(DBDS)] was spectroscopically identified. The Te=0 stretching vibration
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appeared at 954 cm™!. [PhyP][TcO(DBDS)] - 174 CI1;OH crystallizes in the monoclin-
ic space group P2;/n with a=9.398(4), b=13.942(3), ¢=23.749(8) A, =98.54(3)°, and
7=4. The structurc of the complex anion exhibits again the coordination of Tc(V) by
an approximately square pyramidal arrangement with the oxo oxygen at the apex.
The Te=0 bond distance is 1.66 A. Tc lies 0.67 A out of the mean N,S, basal planc.
‘The chelate bite angles for S—Tc-N arc 82° and 83°. The 7-membered butanediamine
ring is in a distorted twisted boat conformation. The average Te-S bond distance is 2.29(2)
A, the average Tc-N bond length 2.04(2) A. The absence of hydrogen atoms on the nitro-
gens was cslablished by '"H NMR. [TcO(DBDS)]" is very stable in methanol or mixed
methanol/water solutions. The kinetics of the isotope exchange (Sect. 6.3)

[TcO(DBDS)|- + H>'70 « [Tc!’O(DBDS)] + H,0

were studied in DMSO [158].

Neutral oxotechnetium(V) complexes with amide-thiol-thioether chelating ligands
were synthesized to design potential radiopharmaceuticals of the general formula
[TcO(emaR)]°, where ema* stands for (SCH,CONHCH,CH,NHCOCH,S)*" and R
for -CHs;, -CH,Ph, -(CH,);(COOH and -CH,CH,NC,HgO. R forms mono-S-alkylated
derivatives giving the ligand Hs(ema)R. The complex [TcO(ema) (CH,CH,NC4HgO)],
where -CH,CH,NC4HgO is ethylenemorpholine (morph), was synthesized by ligand
exchange reaction of [TcO(OCH,CH,O),] with the ligand Hz(ema)(morph) in alkaline
methanol. The red compound [TcO(ema)(morph)]° - H,O crystallizes in the monoclinic
space group P2;/n with a=12.120(1), b=7.172(1), c=18.933(2) A, p=94.29(1)°, and 7=4.
The structure is a distorted square pyramidal TcO(N,S,)-core with the ethylenemorpho-
line side chain occupying the least sterically hindered position, anti with respect to the oxo
ligand. The weaker Te—S (thiocther) bond distance of 2.387(1) A is 0.13 A longer than the
Te-S (thiolate) bond distance of 2.257(1) A. The Te=0 bond length is 1.658(3) A [159].

The neutral complex N,N’-1.2-cthylene-bis(L-cysteine)diethylester-oxotechneta-
te(V), [TcO(L,L-ECD|°, which was found to bc an excellent *™Tc¢ marker of regional
cerebral blood flow, is rcadily prepared by ligand cxchange from the precursor
[TcOa(py)4]*t with N,N'—1,2-cthylene-bis(L-cysteine) [160]. This ligand was synthe-
sized by reduction of L-thiazolidine-4-carboxylic acid with sodium in liquid ammonia
[161]. [TcO(L,L-ECD)]° forms yellow-orange needles crystallizing in the orthorhom-
bic space group P2;2;2; with the unit cell parameters a=7.121(1), »=9.670(1),
¢=24.530(3) A, and Z=4. The structure (Fig. 12.24.A) of the complex corc has again a
distorted square pyramidal gcometry with the basal plane made up of two nitrogen
and two sulphur donor atoms. The Tc atom is located 0.73 A above the plane. The
Tc=0 bond distance is 1.666 A. The nitrogen donor N(2) is deprotonated, as evident
from the 0.24 A shorter Tc-N bond length compared to the Tc-N(1) bond distance of
2.168 A [160].

Another neutral diaminodithiolate complex, which showed high pulmonary accu-
mulation in rodents, was synthesized by reduction of TcOjg with §,05 in a basic medi-
um in the presence of 4-N-ethyl-2,9-dimethyl-4,7-diaza-2.9-decancdithiol  dihy-
drochloride. X-ray structure analysis of the pale-brown ncedle-shaped crystals con-
firm a distorted square pyramidal arrangement around Tc(V). The cthyl substituent
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Fig. 12.24.A N.N’-1.2-ethylene-bis(l.-cysteinediethylester)oxotechnetium(V), [TcO(L.L-ECD|* |160)].

adopts the syn configuration with respect to the oxo oxygen. The unsubstituted nitro-
gen N(1) is deprotonated resulting in a ncutral molecule. The Tce-S(1) bond trans to
the substituted quarternary nitrogen N(2) is shorter (2.265 A) than the Tc-S(2) bond
of 2.300 A. The Tc-N(1) bond distance of 1.921(2) A is 0.303 A shorter than the Te-
N(2) distance of 2.224 A. Syn-(4-N-ethyl-2,9-dimethyl-4,7-diaza-2.9-decanedithiolato)
oxotechnetium(V). syn-[TcO(NEt-tmdadt)]® crystallizes in the monoclinic space
group P2,/n with a=9.638(2), b=14.371(5), c=11.893(3) A. f=100.79(2)°, and Z=4
[162]. For the analogous neutral complex containing the 4-N-methyl group instead of
4-N-cthyl. the syn/anti isomerism was conclusively established by X-ray structure
analysis [163].

To develop new brain perfusion imaging agents racemic mixtures of bis(amino-
ethanethiol) (BAT) derivates containing an N’-benzylpiperazinyl (BPA) side chain
were reacted with TcO3 and $,03 to form the neutral syn and anti isomers of the
Te(V)oxo complexes. Syn-[TcO-BAT-BPA]®

0

crystallizes in the monoclinic space group P2,/n with «=15.241(5), b=15.658(7),
¢=11.385(3) A, f=109.91(2)°, and Z=4, the anti isomer in the same space group with
a=12.243(7), b=11.022(2), ¢=19.180(5) A, p=102.19(3)°, and Z=4. The Tc=O stretch
for both isomers was observed at 900 cm™. The syn form revealed a higher in vivo
brain uptake and a longer brain retention in rats than the anti form [164].

Contrary to [TcO-BAT-BPAJ®, the brain uptake of the anti isomer of [TcO-BTA-
PPP]° containing a phenylpiperidine side chain (PPP) showed slightly higher cerebral
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uptake than the syn isomer. The gold-brown svn and anti isomers of [TcO-BAT-PPP]°
were prepared by the reduction of TcOj with Sn”' under basic conditions in the pres-
ence of the racemic BAT-PPP ligand. The neutral, lipophilic complexes were isolated
by column chromatography. The molecules exhibit Tc=O stretching frequencies at
919 and 900 cm ! for the sva and anti form. respectively. Syn-[TcO-BAT-PPP]° crys-
tallizes in the monoclinic space group P2;/n with a=12.390(2), b=11.470(2),
c=18.320(3) A. p=103.09(1), and Z=4, anti-|TcO-BAT-PPP}° in the orthorhombic
space group Pra2; with a=19.823(2), b=11.530(2), ¢=22.373(4) A, and Z=8. The Tc=0
bond distance in the syn-form was found to be 1.681(2) A which is rather long and
consistent with the low Te=0 stretching frequency [165].

A neutral oxotechnetium(V)-2-thiohvdantoin complex was prepared by reduction
of TcOj with alkaline dithionite in the presence of excess 2-thiohydantoin. The deep
orange compound is soluble in water and is reported to contain, in the frans position
of the oxo oxygen of the TcON,S, core. a hydroxyl group [166].

In context with the preparation of technetium-labeled steroids as agents for the
diagnosis of breast cancer, the neutral complex

Yo |
X

was synthesized by treating the corresponding ligand with [#-BuyN][TcOCl,] in basic
methanol. The syn and anti products, defined by the position of the benzyl group relative
to the Tc=0 bond, could be separated by flash column chromatography. The two diaster-
comers were differentiated by 'H NMR duc to the upfield shifts of the methylenc protons
on the anti benzyl substituent. An unambiguous structural assignment was established by
an X-ray analysis of the analogous rhenium compounds [167].

As a new approach toward thc inhibition of ribonucleases, the water-stable ribonu-
cleoside technetium-chelate

NH,
N)IN\
LAY
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le) N ON [o]
\[ L
Te
/\
S s

was reported to be synthesized starting from 2’.3’-diamino-2",3’-dideoxy adenosine.
The compound was purificd by reverse-phase chromatography. Analysis of the com-
plex by HPL.C showed the product to be a 2.4:1 mixture of diastereomers [168].

H
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Neutral, mixed ligand complexes of oxotechnetium(V) were preparcd by reacting
Tc(V)gluconate with a tridentate SNN, chelating ligand and a monodentate thiol.
The reaction vielded for instance the compound 4-methvlbenzenethiolato-N-(2-mer-
captoethyl)(2-pyrrolidine-1-yl)ethylamine-oxotechnetium(V) in dark red crystals that
adopt the monoclinic space group P2;/n. The unit cell parameters are a=10.223(1),
b=9.283(1), ¢=18.337(2) A. p=97.262(2)°. and Z=4. The coordination sphere of Tc(V)
is again formed by two sulphur atoms, two nitrogen atoms and the oxygen in the apical
position of a distorted square pyramid. Tc(V) lics 0.68 A out of the basal square planc
(Fig. 12.25.A) toward the oxygen. The Tc=0O bond length is 1.677(3) A. The Te-N(1)
distance of 1.930(3) A indicates a double bond character, while the Tc-N(2) distance
of 2.202(3) A is typical for a Tc-N(amine) single bond. Other structurally related
compounds have been synthesized [169.170].

Reduction of TcOj; with stannous tartrate in aqueous solution in the presence of
cthane-1,2-bis(N-1-amino-3-ethylbutyl-3-thiol) {H;(BAT-TE)} yields the neutral com-
plex [TcYO(BAT-TE)]° in brownish-gold crystals that crystallize in the monoclinic
space group P2;/c with a=12.453(2), b=11.747(1), ¢=12.645(2) A, [=99.66(0)°, and
Z=4. Tc(V) resides in a distorted square pyramidal coordination geometry with the
oxygen in the apical position. The remaining proton of the amine nitrogen is in syn
position relative to the Te=0 oxygen. This structure appears to be maintained in solu-
tion, as shown by 'H NMR measurements. The Tc=0 bond distance is 1.694(2) A.
The S(1)-Tc-S(2) angle is 87.56(3)¢, the N(1)-Tc-N(2) angle 79.83(8)". A similar
Te(V) complex is formed with the ligand biphenyl-2,2’-bis(N-1-amino-2-mcthyipro-

0

Fig. 12.25.A (4-Mecthylbenzencthiolato)-{N-(2-mercaptocthyl}(2-pyrrolidine-1-yl)cthylamine}oxotech-
netium(V) [169).
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panc-2-thiol {H;(BP-BAT-TM)}. However, the proton of the amine nitrogen in the
complex [TcVO(BP-BAT-TM)J® is in anti position to the Tc=O oxygen. Presumably.
steric requirements for the biphenyl group dictate this ansi position [171].

Several cationic diaminodithiol complexes of oxotechnetium(V) have been identi-
fied. 3,6-dimethyl-3,6-diazaoctane-1.8-dithiolato-oxotechnetium(V)pertechnetate was
synthesized by the direct reaction of the ligand with NH4TcO, in sulphuric acid solution
and isolated in red-brown. monoclinic needles of the space group P2,/c. The complex cat-
ion, methylated at both nitrogens, exhibits lipophilic character and may find use as a
PmT¢ agent for imaging purposes. The donor atoms form a rough square pyramid. The Tc
atom is located 0.770(3) A above the N-S, plane. The Tc=0 bond length of 1.646(8) A
and the Tc-N distances of 2.137(7) and 2.186(8) A arc comparable to those in similar com-
pounds, but the Tc—S bond distances of 2.266(3) and 2.238(3) A are somewhat shorter
[172]. In addition, the X-ray structurce of the similar complex cation 2,2"-dimethyl-1.1-
{(N.N’->H,)-cthylenediamino}dipropanc-2-thiolato-N.N’.S,S$"-oxotechnetium(V) was
determined [173].

Some oxotechnetium(V) complex cations containing N-(thiocarbamoyl)benzami-
dine ligands have been prepared. By simple substitutions in the molecular framework
of the ligands the lipophilic properties of the complexes can be easily varied to opti-
mize their biodistribution. N-(N,N-dialkylthiocarbamoyl)benzamidines (HRoteb)
coordinate bidentately via the S and N donor atoms with single deprotonation of the
NH, group. Bis{N-(N,N-dicthylthiocarbamoyl)benzamidinato}oxo-tcchnetium(V)
chloride, [TcO(Et,tch),]Cl, was readily obtained by displacement of the chloride ions
of [TcOCly]~ with Ettcb ligands in methanol or acetone. The red-brown compound
crystallizes in the triclinic space group P1 with a=10.872(2), h=11.587(2). ¢=12.374(2)
A, 2=91.94(2), f=106.04(2), y=112.18(2)°. and Z=2. The Tc=O stretch was found at
978 cm~'. The coordination of the T¢ atom (Fig. 12.26.A) shows a cis arrangement of

Fig. 12.26,A Bis-{N-(N.N-dicthylthiocarbamoyl)benzamidinatojoxotechnetium(V), [TcO(Etteb),]’
[174).
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the S and N donor atoms resulting in a distorted square pyramidal geometry. The Te-
S(1) and Tc-S(2) bond lengths are 2.315 and 2.321 A, respectively, the Te-N(1) and
Tc-N(4) bond distances are 2.015 and 2.027 A, respectively. The Tc=O distance is
1.651 A. In addition, the complex salts bis{N-(N-morpholinylthiocarbonyl)-benzami-
dinato}- and  bis{N-(N-piperidinylthiocarbonyl)benzamidinato}joxotechnetium(V)
chloride have been prepared and identified [174].

Diaminedithiol ligands of the type HSCR,CH>NR'CH,CH,NR'CH,CR,S8H, where
R = Me or Et and R” = Me, Et or H react with [ AsPhy][TcOCly] in methanolic solu-
tion to form cationic complexes containing again the distorted square pyramidal
TcO(N;S,)-core. The orange tetraphenylborate salt of the cation

+
EI\N\’ ?I\N,E‘ —\
Me)( /TC'\ Me

Me S S Me

crystallizes in the orthorhombic space group £2,2;2, with a=14.293(2). b=14.936(6),
¢=17.202(4) A, and 7=4. The Tc=0 stretch was found at 960 cm 1. The compound is
air-stable and soluble in polar organic solvents. The 'H NMR spectrum showed a sya-
configuration. The chloride salt of the cation

Mol O\ -H _]
\II'
Et)( lEt

adopts thc monoclinic space group P2;/c with a=12.153(1), b=12.917(3), ¢=12.410(2)
A, =94.76(1)°. and Z=4. The T'c=0 stretching frequency is 955 cm 1. X-ray structure
analysis showed also a syn configuration. The Tc atom is displaced from the mcan
NS, plane towards the oxygen atom by 0.773(3) A. The Tc=O bond distance of
1.657(1) A indicates strong multiplc-bond character. The Te-S bond distances are
2.2494(6) A and 2.2731(6) A, the Tc-N distances 2.121(1) A and 2.107(1) A [175].

Reaction of N,N’-ethylenc-bis(acctylacetoncthioimine) {(sacac),enH,] with [n-
Bw,N][TcOCl,] in cthanol produces the brown complex salt |[TcOf(sacac),en
(H>,0)]Cl. The compound crystallizes in the orthorhombic space group Pbcn with
a=24.609(1), b=12.4708(6), c=10.995(5) A, and Z=8. The Tc=0 stretch was found
at 964 cm~. The Tc atom is reported to be hexacoordinate, because a water mol-
ecule occupies the irans axial position (Fig. 12.27.A). The Tc=0O bond distance is
1.643(3) A, the Tc-O(water) bond length 2.384(3) A. O=Tc-O(water) form an
angle of 172.3(1)°. The Te-S(1) distance is 2.304(1) A, the Tc-S(2) distance
2.311(1) A. The Tc-N bond lengths are very similar, Te-N(1) 2.092(3) A, Tc-N(2)
2.089(2) A. The '"H NMR and UV/VIS spectra of the complex in solution are sol-
vent dependent indicating the presence of different ligands at the trans axial posi-
tion [176].

2-benzimidazole-2’-yl-ethanethiol (Hbls) reacts in methanol/water with TcOj as
both a rcducing and a chelating agent to form the diamagnetic cation [TcVO(bls),],
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Fig. 12.27.A Aqua-N.N’-cthylenc-bis-
(acetylacetone-thioiminato)oxotechne-
tium(V). [TeO (sacac)en(11-O)]* [176].

which precipitates as tetraphenylborate or as pertcchnetate. The complex salts are
stable in air and soluble in polar organic solvents. The Tc=0 stretching vibration of
[TcO(bls),][BPh,] appcars at 966 cm '. The brown compound gives rise 1o green solu-
tions. The simple procedure for synthesizing the complex could prove practical as a
route to the preparation of a varicty of “"T¢(V) radiopharmaccuticals [177]. The
reaction of [TcOCL] with the corresponding 2-benzimidazol-2’-yl-ethanol (Hblo)
leads to the neutral six-coordinate complex [TcOCl(blo),]° [178].

Some TcO(N:S)- and TcO(NS;)-core complexes have been synthesized. The lig-
and exchange reaction of [n-Buy;N|[TcOCly] in methanol with N-[2-{(2-((acetylami-
no)methyl)(thioacetyl)amino}ethyl]-2-pyridine-carboxamide, H,PIC(Acm). wherc
Acm is thc sulphur-protecting group (acetylamino)methyl, yiclded the neutral
complex N-[2-[{(2-mercaptoacetyl)aminolethyl]-2-pyridinecarboxamidooxotechne-
tium(V), [TcO(PIC)]°. The protected ligand is deprotected upon coordination:

(o}

N\ 0 0
N —TC~ N

07— S

o/

HyPIC(Acm) {TcO(PIO)]

The red complex crystallizes in the tetragonal space group P432,2 with a=8.010(2),
¢=36.845(7) A, and Z=8. The crystal structurc of [TcO(PIC)]° shows technctium to be
five-coordinate in a square pyramidal geometry with an oxo ligand at the apical posi-
tion and the N;S chelate occupying the basal plane. The Te-S and Te=0O bond dis-
tances are unexceptional. while the Te-N(amido) bond lengths of 1.963(4) and
1.966(4) A arc slightly shorter than observed for similar complexes with a TcO(N,S5)
core [179].

Recently, the standard agent for renal function imaging, mercaptoacetylglycylgly-
cylglycine oxotechnetate(V), [*"TcO(MAG);] -, was structurally characterized by
using the long-lived “Tc. [*TcO(MAG);]~ was most successfully preparcd by ligand
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Fig. 12.28.A Mercaptoacetylglyeylglyeylglycine-oxotechnetate(V), [TcO(MAG);]™ [180].

exchange reaction of [TcOCL, ]~ with frec MAG; in methanol and identified by UV/
VIS spectroscopy. 'H and *C NMR and FAB mass spectrometry. [PhyAs][TcO
(MAG);] crystallizes in the monoclinic space group P2,/n with the lattice parameters
a=12.252(6), b=10.169(6), ¢=24.579(7) A, p=92.04(3)°, and Z=4. The Tc(V) coordina-
tion sphere is square pyramidal (Fig. 12.28.A) with the bond distances 1.647(3) A for
Te=0, 2.279(2) A for Te-S, and 1.987(15) A, on average, for Te-N. The chelate bite
angle is 82.8(1)° for S(1)-Tc-N(4) and 78.5(1) for N(4)-Tc-N(7). The methyl cster
derivative of MAGs; also forms a stable complex anion [TcO(MAG;OMe)]  that is a
side product gencrated during the formation of [TcO(MAGs;)] . Two different confor-
mations of the ligand in [PPhy][TcO(MAG;0Me)]-2H,0 wcre established crystallo-
graphically [180]. The [TcO(MAG)s]~ derivative, mercaptoacctylalanyiglycylglyci-
nato-oxotechnetate(V), was preparcd by reacting TcOy, mercaptoacetyl-DL-alanyl-
glycylglycine, and dithionite as the reducing agent in a phosphate buffer at pH 12.
[PhyAs][TcO(CoH1N;OsS)] - CHCly crystallizes from an MeOH/CHCl; solution in
the monoclinic space group P2;/n. The unit cell dimensions are a=9.484(5),
h=10.949(7), ¢=35.74(2) A, fi= 93.87(4)°. and Z=4. The bond distances and bond
angles are similar to those of [TcO(MAG)s] . The methyl group of the complex
adopts a syn configuration with respect to the Tc=0 group [181].

Very recently the peptide dimethylglycyl-L-seryl-L-cysteinylglycinamide (RP294),
a candidate for a bifunctional chelator for the labeling of small biologically important
molecules. was reacted with TcOy in aqueous solution containing sodium gluconate
and SnCl. The red, neutral, mononuclear complex

OH °
O
O
N
O "NO AN 0
/ \S 2
H3C\NéH3 Syn Isomer
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appears to cxist in syn and anti conformations. The v(Tc=0) stretch was observed at
977 cm '. The structure of the complex was identificd by '"H NMR and mass spec-
trometry [181a].

Reaction of [TcOCL]™ with pyridine in methanol/water produces [Tc¢O»(py)s]* in
which in situ three pyridine molecules can be easily displaced by adding 2.4,6-triiso-
propylbenzenethiol (Htibt). The reaction strongly favors the formation of the neutral
compound with onc pyridine and three thiolate ligands. [TcO(tibt)i(py)]® was
obtained in red-orange crystals. The complex is diamagnetic. The Tc=0 stretch is at
914 cm™'. The coordination geometry of [TcO(tibt);(py)]°, containing thc TcO(NS;)-
core, is intermediate between a square pyramid and a trigonal bipyramid. The Te=0O
bond distance is 1.665(3) A. The Te—S bond lengths range from 2.278(1) to 2.291(1)
A. The Tc-N bond distance is 2.205(4) A. [TcO(tibt)s(py)]° crystallizes in the mono-
clinic space group P2,/n with a=13.487(2), b=17.654(3). ¢=21.603(2) A, p=96.676(9)°,
and Z=4 [182].

In order to design neutral, lipid-soluble oxotechnetium(V) complexes as potential
brain pcrfusion imaging agents, a series of tridentate ligands of aza-substituted 2.6-
dimcthyl-4-azaheptane-2.6-dithiols together with benzyl mercaptane as the coligand
were uscd for complexation:

CHy CHy @CH;S\R

HS> \ " PhCH,SH, NH,*%TcO, §—1¢7S
NN —» CH \ CH;
HS}_/ N CH
! CHy 3
CHy CHy
R

Here R stands for N(C,Hs),, piperidine-1-yl, pyrrolidine-1-yl, or morpholine-4-yl.
The green-brown complexes are air stable and soluble in most organic solvents. The
X-ray structure of the complex containing the morpholine ring shows the coordination
geometry of Tc to be trigonally distorted squarc pyramidal with the sulphur and nitro-
gen atoms in the basal plane and the doubly bonded oxygen atom occupying the api-
cal position. The Tc=O bond length is 1.664(3) A. The Tc-S bond lengths are in the
range 2.2708(13) to 2.2877(12) A, which arc consistent with those for other techne-
tium thiolato complexes, while the Te~N bond distance of 2.256(3) A is slightly longer
than usual. The morpholine ring exists in the most stable chair form. The compound
crystallizes in the monoclinic space group P2;/c with a=17.166(2), b=8.9282(7),
c=17.738(2) A, p=166.031(3)°, and Z=4 [183].

12.3.3.7 TcO(N;Cly)-, TecO(N3Br;)-, TecO(N,Cl3)-, and TeO(N,Br3)-core
complexes

In order to introduce lipophilic character into technetium complexes that might be
potentially suitable as **™Tc radiopharmaceuticals, the hydro-tris(1-pyrazolyl)borate
anion (HBpz5 ") was used as a ligand. Dichloro{hydro-tris(1-pyrazolyl)borato}oxotech-
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netium(V) with the TcO(N3Cl,)-core was synthesized by reduction of TcOj in aque-
ous 3 M HCI in the presence of HBpz; ion. The neutral. diamagnetic, light green
complex [TcO(HBpz3)CL® crystallizes in the triclinic space group PI, with
a=7.786(2), b=9.052(2), ¢=11.328(2) A, «=103.20(2), f=92.07(3), 7=113.83(3)", and
Z=2. Tc(V) resides in a distorted octahedral coordination environment. The Tc=0
distance of 1.656(3) A is typical for doubly bonded oxo oxygen. The Te-N bond trans
1o the oxo oxygen has a length of 2.259(4) A. which is almost 0.2 A longer than the other
Tc—N bond distances. In addition, the Tc=0 group causes the cis ligands to bend away
from the oxo group towards the trans pyrazolyl ring. [TcO(HBpz:)Cl]° is insoluble in
water and soluble in most polar organic solvents [184]. The analogous complex
[TcO(HBpz:)Br,]° was prepared by first generating [TcOBr4]™ in situ and subscquent
reaction with HBpzs~. The yellow-brown product shows a Tc=O stretch at 970 cm ' [87].

Another TcO(N;Cl,)-core complex was obtained by a ligand cxchange reaction of
[TcOCl]™ in a twofold molar excess with 2,2%:6°,2”-terpyridine (terpy) in methanol. The
cationic complex [TeOChL(terpy-N,N’ N")|* forms an orange precipitatc with pertechne-
tatc. The complex salt is moderately soluble in DMF, DMSQO, and nitromethane. The
Te=0 stretch was found at 979 cm™!. 'The room temperature reaction of [ TcOCly]~ with an
equimolar quantity of terpyridinc in anhydrous dichloromethane led to the isolation of
the neutral, orange-brown complex [TcOCls(terpy-N,N*)|° in which terpy acts as a biden-
tate ligand. The Tc=O stretching vibration appeared at 974 cm ! [185].

2.3-Bis(2-pyridyl)pyrazine (dpp) and 2,3-bis(2-pyridyl)quinoxaline (dpq) rcact with
[TcOCly]" in ethanol to form the complexes [TcOCl;(dpp)]° - 2H,0 and [TcOCla(dpq))°.
IR and "H NMR data suggest that the coordination of dpp to Te(V) occurs in a biden-
tatc manner through one pyrazine and one pyridine nitrogen. The bidentate coordina-
tion of dpq to technetium appears to take place only through the two pyridinic nitro-
gen atoms. Both neutral complexes are soluble in DMF and DMSO. The dark orange
[TcOCl;(dpp)]° - 2H,0 displays a strong band at 982 cm ! which is ascribed to the
Te=0 stretching vibration, the green [TcOCl; (dpq)]° complex absorbs at 963 cm !
[186).

The TcO(N>Cls)-core has also been found in the neutral complexces trichloro(2,2’-
bipyridine)oxotechnetium(V), [TcOCl;(bpy)]°. and trichloro(1,10-phenanthroline)
oxotechnetium(V) hydrate [TcOCl3(phen)]®- H,O. In addition. [TcOBrs(bpy)] has
been prepared. Yellow-orange [TcOCIly(bpy)]° and orange [TcOBri(bpy)]® wcre
obtained by rcaction of 2,2’-bipyridine in ethanol with [TcOCly]” or [TcOBr4] after
addition of conc. HCI or HBr, while yellow-orange [TcOCi; (phen)]® - H,O is accessi-
ble, when 1,10-phenanthroline is reacted in cthanol/water with TcOy in the presence
of conc. HCI. The Tc=0 stretching vibrations of |[TcOCl3(bpy)]°. [TcOBri(bpy)]°, and
[TcOCl; (phen)]® - H,O are 980, 969, and 977 cm !, respectively [5].

12.3.3.8 TcO(N,0,Cl)-, TcO(N,0;Br)-, TcO(N,OCl;)-, TcO(N,OBr;)-,
TcO(NOCL)-, TcO(NOBr3)-, and TcO(NO,Cl)-core complexes

The bidentate ligand N-phenylsalicylidencimine (Hphsal) reacts in ethanol with
[TcOCL]" to yield chioro-bis(N-phenylsalicylidenciminato)oxotechnetium(V), [TcOCI
(phsal);]°. The neutral complex forms dark violet prisms that arc soluble in CH,Cly, acet-
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onitrile or THF. The compound crystallizes in the monoclinic space group P2,/n with
a=12.854(4), b=15.840(7), c=11.433(4) A, /=93.43(2)°, and Z=4. The Tc(V) center is situ-
ated in a distorted octahedral environment (Fig. 12.29.A). The O(2), N(1). N(2), and C1
atoms define a planc with the Te atom located 0.19 A toward the oxo oxygen O(1). The
angles Cl-Tc-N(1) and O(2)-Te-N(2) are 171.0 and 168.7°, respectivcly. The O(1)-Te-
O(3) angle of 167.17 is also significantly non-linear, while the bond angles in the equatorial
plane are rather closce to 90°. The Te=O(oxo) bond distance is 1.67 A. the Te-O(2) dis-
tance 1.99 A. However, in spite of the expected trans weakening. the TcO(3) bond length
trans to the oxo ligand is only 1.94 A. The Tc=0 stretch was found at 940 cm™". The com-
plex is diamagnetic. Using milder conditions of preparation the anionic compound
[TcOCl;(phsal)] was obtained and precipitated with [AsPhy]” in the form of a yellow-
brown powder [187].

The quadridentate Schiff-basc ligand N,N’-propane-1.3-bis(salicylideneiminc)
(Hasalpd) leads to the light orange, neutral complex [TcOCl(salpd)]® by reaction with
[TcOCly} in cthanol. The compound crystallizes in the orthorhombic space group
Pn2,a with a=12.010(4). b=11.702(4), ¢=11.625(6) A, and Z=4. [TcOCl(salpd)|° cxhib-
its a pseudo-octahedral coordination around the Te(V). The Schiff-base ligand occu-
pics the four equatorial positions, while the Cl and the oxo oxygen are 7rans to cach
other in axial positions. The angle between the two salicylidencimine groups is 138.6°,
meaning that the groups arc bent in an umbrella shape. The Tc=O(ox0) bond distance
1s 1.66 A, the Tc—O distances 1.98 A, the Tc-N and Te~Cl distances are 2.12 and 2 .44
A, respectively. The Te=0(oxo) stretching vibration appeared at the rather low fre-
quency of 930 cm™'. Tn addition, the complexes [TcOCl3(Hsalpd)|~, [TcOCl(salbd)]”,
and [TcOCl;(Hsalbd)] {Hjsalbd = N,N’-butane-1,4-diyl-bis(salicylideneimine} have
been isolated and characterized [188].

Pyridinemethanolate complexes of TcYO?* were synthesized recently from the
reaction of n-Buy[TcOCly] or n-Buy|TcOBr,4] with 2,6-di(hydroxymethyl)pyridine in
methanol or cthanol. The isostructural brownish crystals of [TcO(OCH,py-
CH,OH),Cl]* and [TcO(OCH,pyCH,OH),Br1]° adopt the triclinic space group Pi.
The former has the lattice constants a=7.479(2), b=8.043(2), c¢=14.940(4) A,

0

Fig. 12.29.A Chloro-bis(N-phenylsalicylideneiminato) oxotechnetium(V), [TcOCl(phsal),|” [ 187].
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2=93.66(2), $=102.16(2), y= 117.18(2)", and Z=2. The coordination geometry is dis-
torted octahedral with the oxo and halide ligands in cis position to each other. The
pvridine ligands arc bidentate. The Te=0 and Tc~Cl bond distances are 1.675(3) and
2.385(2) A, respectively. The mean single bonded Te-O length is 1.942 A and the
mean Tc-N bond length 2.202 A. The chelate angles are 74.85 and 81.40°. One of the
two hydroxymethyl groups of cach pyridine ligand is not bonded to Te(V) and orient-
¢d away from the Tc atom. In the IR, v(Tc=0) appeared at 930 cm ! [189].

Neutral oxotechnetium(V) complexes with 8-quino-linolates of the composition
[TcOL,X]° (L = 8-quinolinolate and its 5,7-dichloro, S,7-dibromo, 5-nitro, and 2-
methyl derivatives; X=Cl,Br) were synthesized by substitution of the 8-quinolinolate
ligand onto [TcOX,]™ in methanol. Cis-chloro-his(2-methyl-8-quinolinolate)oxotech-
netium(V), obtained in deep red crystals, crystallizes in the triclinic space group P1
with a=7.693(2), h=9.337(2), ¢=12.739(3) A, 2=86.52(2), =85.99(2). 7=84.12(2)°, and
Z=2. The two mecthylquinolinolato moicties each act as bidentate O,N donor ligands
to the Tc atom that resides in an approximately octahedral coordination environment.
The oxygen atom of one quinolinolate ligand is located frans to the technetium—oxo
bond, while the remaining three donor atoms and the chloride occupy the four equa-
torial sites. The chloride ligand is trans to one nitrogen atom and cis to the oxo oxy-
gen. The Tc=0 distance is 1.649(3) A. The bond length of Tc—O trans to oxo oxygen is
1.994(3) A and the Tc—Cl distance 2.360(1) A. In cis-[TcO(8-quinolinolate),X|” the
halide ligand is susceptible to solvolysis in methanol [{190]. Also the base hvdrolysis of
this complex in alkaline solution was studied [191].

Another mixed ligand, neutral complex containing the TcO(N,O,Cl)-corc is
[TcOCl(eg)(phen)]® (eg=1,2-cthanediolate, phen=1.10-phenanthrolinc). The com-
pound was obtained by reaction of [TcOCly] with 1,2-c¢thanediol in methanol and
subsequent addition of 1,10-phenanthroline to the reaction mixturc. The green com-
plex crystallizes in the monoclinic space group P2,/c¢ with a=7.440(2), p=8.928(3), c=
21.355(4) A, $=92.48(2)°, and Z=4. The Tc atom is six-coordinate, but is significantly
distorted from octahedral gcometry. The Tc=0O(oxo) bond distance is 1.661(4) A. The
lengthening of the 'T'c-N bonds is due to the rrans influence of the oxo oxygen and of
the strongly bonded ethancdiolato moiety, which may also cause the long Te—Cl bond
of 2.418(2) A. The phen ligand is significantly non-planar. probably its fold accommo-
dates the bonding to the Tc atom [192].

Oxotcchnetium(V) complexes of naturally occurring binding moicties like oxazoline
and thiazoline derivatives, found in siderophores, have been synthesized recently. Chloro-
bis{2-(2’-oxyphenyl)-2-thiazolinato}oxotechnetium(V), [TcOCl(thoz),]°-0.5EtOH, was
obtained by reaction of [TcOCL;]~ with Hthoz in refluxing ethanol. The red, ncutral com-
plex is air-stable and crystallizes in the monoclinic space group P2,/n with a=16.506(1).
b=7.664(1). c=16.3216(6) A, i=111.154(4)°. and Z=4. The coordination gcometry of Tc is
a distorted octahedron. The Tc atom is located 0.19 A above the equatorial plane formed
by the two nitrogens, one oxygen, and one chloride atom. The Te=0(ox0) bond distance
is 1.661(3) A. Onc phenolate oxygen is trans to the Tc=0 bond; the Tc-O length of
1.978(3) A is typical of a Tc-O bond trans to an oxo group. The Tc-N distances are nor-
mal, the Te-Cl bond length is 2.362(1) A. The axial O=Tc-O angle of 163.7(1)° is dis-
tinctly below the ideal of 180° for an octahedral complex. The O-Tc-N bite angle for the
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cquatorially coordinated ligand is 89.1(1)°, the bite angle for the axial ligand 82.2(1)”. In
addition, the compounds chloro-bis{2-(2’-oxyphenyl)-2-oxazolinato} oxotechnetium(V),
chloro-bis{2-(2"-oxy-3’-methylphenyl)-2-oxazolinatojoxotechnetium(V), and  chloro-
bis{2-(2"-oxyphenyl)benzoxalinatojoxotechnetium(V) has been isolated and identified
by IR and mass spectra [193].

Red-purple crystals of chloro-bis{2-(2-oxyphenyl)benzothiazolatojoxotechnetium(V),
[TcO(hbt)>Cl]° werc obtained by evaporation of a solution of [TcO(sphsal)Ci]” in
dichloromethane/heptane. The Hhbt ligand is reported to be formed from Hsphal by an
oxidative intramolccular ring closure reaction:

;
-

OH (o]
H,Sphsal Hhbt

0“2

The Tc atom in [TcO(hbt),CI]¢ resides in an approximately octahedral environ-
ment. The two hbt ligands coordinate through the phenolate oxygen atoms and the
nitrogen atoms of the benzothiazole rings. One of the phenolate oxygens is trans to
the Te=0(oxo) linkage. The Tc=O(oxo) bond distance is 1.63(1) A. The steric
requirements of the oxo oxygen atom distort the geometry of the complex and result
in non-orthogonal angles at Tc. The Te-O bond trans to Tc=0O(oxo0) has a length of
1.97(1) A [194].

The TcO(N,OCl)-core was verified in the bis-(2-pyridyl)kctone complexes
[TcOCL{{CsH4N),C(O)(OEt)}]” and [TcOCL{(CsH4N),C(O)(OH)}|® that were pre-
pared by reacting [TcOCl4]™ and the dipyridylketone in refluxing ethanol and in ben-
zene containing 0.02 % watcr, respectively. Dipyridylkctone has the ability to undergo
metal-promoted addition of various nuclcophiles, including water and ethanol, at the
carbon atom of the carbonyl group. to produce the uninegative ligand
{CsH4N)-C(O)(OR)}™ after initial coordination to the transition metal ion. The green
neutral compounds are diamagnetic and slightly soluble in common polar organic sol-
vents. According to the structure analysis of the analogous rhenium complex
[ReOCL{(CsH4N),C(O)OH)}]°, the Te central atom is expected to reside in a highly
distorted octahedral environment in which the two cis chlorides. along with the nitro-
gen donors, occupy the equatorial sites and the oxo ligand is trans to the HO™ oxygen
atom {195].

Dibromoethoxy-bis(4-nitropyridinc)oxotechnetium(V), which contains the corre-
sponding TcO(N->OBr,)-core, was obtained by dissolving 4-nitropyridine and
[TcOBr,] in ethanol and collecting the green precipitate. The neutral compound
[TcOBr,(4-nitropyridine ),(OFE1)]° crystallizes in the triclinic space group 7’1 with the
cell constants a=10.820(1), b=11.146(2). ¢=9.006(1) A, «=102.82(1). p=108.11(1).
y=64.53(1)°, and Z=2. The coordination geometry of the technetium atom is approxi-
mately octahedral (Fig. 12.30.A). The Te=0(oxo0) bond distance is 1.684(6) A, while
the Tc-O(1) bond length of 1.855(6) A reflects a lower bond order assignment to the
ethoxy ligand. The O(1)-Te=0(2) bond angle is 172.9(3)°. The bromine atoms arc at
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Fig. 12.30.A Dibromo-cthoxy-bis(4-nitropyridine)oxotechnetium( V). [TcO(LEtO)Br-(4-nitropyridine),|°
[196].

an average distance of 2.55(2) A with a Br(1)-Tc-Br(2) bond angle of 174.3(1)°. The
average Tce-N distance is 2.146 A, the N(1)-Tc-N(2) bond angle 178.7(3)°. The pyri-
dine rings are twisted, 59° for the N(1) ring and 49° for the N(2) ring, from a planc
defined by the two nitrogens and the two bromines. The Te=O(oxo) stretching vibra-
tion occurs at 938 cm~!. All but the oxo ligands appear to be readily substituted in
various solvents. In addition, other compounds of the type [TcOX,1,(RO)]” where X
= Cl or Br, L = 4-cyanopyridine or 4-nitropyridine, and R = CHj or C;Hs have been
synthesized [196].

Another TcO(N,OClL,)-core complex, 1-(8-quinolyliminomethyl)-2-naphtholato-
trans-dichloro-oxotechnetium(V), was preparcd by ligand-exchange reaction of
[TcOCl,]™ with 1-(8’-quinolyliminomethyl)-2-naphthol (quinim-naphH) in methanol.
The green, ncutral complex [TcOCly(quinim-naph)]® crystallizes in the monoclinic
space group P2;/a with a=23.262(8), h=7.301(4), c=11.444(5) A, p=98.98(5)°, and Z=4.
The Tc environment is scvercely distorted octahedral, with the equatorial plane formed
by the tridentate ligand with the N,O donor atoms and the Tc=O(ox0) oxygen. The
two chlorine atoms are frans to each other in axial positions. The N-O ligand is coordi-
nated in an unusual fashion, becausc the central imino nitrogen is located trans to the
Tc=0 group. The chelatc ligand is very nearly planar. The small angle N-Tc-N of
75.5(2)° corresponds to the very large O=Tc-O angle of 113.4(3)°. Similar neutral
oxotechnetium(V) dichloro complexes have been prepared using the chelating Schift-
base N,O donor set ligands N-(8-quinolyl)salicylideneiminate, 3-mcthoxy-N-
(8-quinolylsalicylideneiminate and N-(2’-dimcthylaminoethyl) salicylidenciminate.
The compounds are air-stable and non-conducting in acctonitrile [197].

Reaction of [AsPh,][TcOX,) (X = CLBr) with 2-(2-hydroxyphenyl)benzothiazole
(Hhbt) in isopropyl alcohol undcr mild conditions yields a red-orange precipitate of
the composition [AsPh,][TcOX;(hbt)] containing the TcO(NOX3)-core. The complex
salts are soluble in CH,Cl,, CHClI;, and acetonc. [AsPhy|[TcOCl;(hbt)] crystallizes in
the orthorhombic space group P2,2,2; with a=12.104(2). b=13.772(3), ¢=20.539(4) A,
and Z=4. The coordination gcometry around the Tc atom is necarly octahedral (Fig.
12.31.A). The three chlorine atoms and the neutral nitrogen atom of the hbt ligand
are located in the plane that is normal to the Te=0O(2) linkage and the anionic pheno-
lato O(1) oxygen trans to the Te=0 linkage. The distortion from octahedral symmetry
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Fig. 12.31.A Trichloro{2-(2-hydroxyphenyl)ben-
zothiazolatojoxotechnetate(V).  [TcOCl;(hbt)]
[198].

is mainly caused by repulsion between the sterically demanding Te=0(2) group and
the coordinate chloride ligands. 'The O(2)-Tc-Cl(2) and O(2)-Tc-Cl(3) angles are
98.5(2) and 99.7(2)°, respectively. The Te=0(2) distance is 1.650(6) A. The hbt ligand
is remarkably planar. The complex anion is diamagnetic, consistent with the spin-
paired d? configuration [198].

The tridentate Schiff-base ligand N-(2-hydroxyphenyl)salicylidencimine (H,ophsal)
reacts with [TcOCly] in methanol to form the dark purple, neutral complex
[TcO(ophsal)Cl]® with the TcO(NO>Cl)-core by simple ligand exchange. By the same
route the analogous complex [TcO(sphsal)Cl|* was obtained by using the ligand N-(2-
mercaptophenyl)salicylidencimine (H,sphsal). Both compounds are only slightly solu-
ble in methanol, but more soluble in chloroform and dichloromethane. [TcO(oph-
sal)CI]® crystallizes in the monoclinic space group P2,/a with a=13.423(6),
b=12.570(5), c=7.769(3) A, =106.53(5)°. and Z=4. The complex has a distorted square
pyramidal coordination geometry with the oxo ligand in the apical position. The steric
requirement of the Te=0 group causcs the Tc atom to be displaced 0.67 A out of the
mcan equatorial planc of the four donor atoms. The Te=0O bond distance is 1.634(7)
A. the basal Tc-O lengths are 1.948 A. The Tce—Cl distance of 2.302(3) A is similar to
that in [TecOCly]". The Te=0 stretching vibration appears at 980 cm™ [199].

12.3.3.9 TcO(N,0S)-, TcO(N,08,)-, TcO(NOS;)-, TcO(NO,S)-,
TcO(N,S;CD)-,TcO(NOSCI)-, and TcO(N,SCl)-core complexes

The tetradentate ligand N-(mercaptoacetyl)-N’-{4-(pentenc-3-one-2)}-cthane-1,2-dia-
minc (Hampd) reacts with |TcOCly} in methanol to yield an orange crystalline preci-
pitate. The neutral TcO(N-OS)-core compound [TcO(mpd)]® crystallizes in the tri-
clinic space group Pl with 4=7.7650(3), h=8.1969(6), c=10.4043(7) A. 2=92.944(6),
B=110.805(5). y=109.957(5)". and Z=2. Tc(V) is five-coordinate with the O(1) oxo oxy-
gen at the apex of a distorted square pyramid (Fig. 12.32.A). The Tc atom lics about
0.709(1) A out of the plane, formed by the four donor atoms of the organic ligand,
towards the O(1) oxygen. The Te=0 bond distance of 1.657(2) A is in the normal
range, as is the Te=S distance of 2.2720(7) A. The Te-N(1) and Te-N(2) distances of
1.959(2) and 2.041(2) A, respectively, are remarkably different. The bite angles S—Te-
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Fig. 12.32.A N-(2-mercaptoacetyl)-N’-{4-(pentene-3-one-2)}ethane-1,2-diaminato-oxotechnetium(V),
[TcO(mpd)|° [200].

N(1) and O(3)-Tc-N(2) arc 83.21(6) and 87.79(9)°, respectively. In the IR the intense
absorption at 952 cm™! is atiributed to the Tc=O streiching vibration [200].

The anionic complex 2-mercaptoacctyl diglycinato-oxotechnetate(V) [TcO
(MAG;)[(H4MAG;) represents another instance of the TcO(N,OS)-core. Reaction
of mercaptoacetyl diglycinc with Te(V) gluconate in alkaline aqueous solution forms
[TcO(MAG;)] , which can be precipitated as the tetraphenylarsonium sallt.
[AsPh,][TcO(MAG-;)] - C:HsOH forms dark brown crystals of the monoclinic space
group P2;/n with a=12.478(5), b=14.922(5), ¢=17.183(9) A, $=103.13(4)°, and Z=4.
‘The coordination geometry of Tc(V) is again a distorted square pyramid with the oxo
oxygen at the apex. The Tc=O(oxo) bond distance is 1.644 A. The Tc=O stretch was
found at 960 cm™'. Remarkably, the hydroxyl oxygen atom of the carboxylic group is
bonded to Tc; carboxylate ligands in Tc complexes have scarccly been described. The
corresponding Te-O bond length is 2.016 A. Both Tc-N bond distances are 1.968 A.
The Te-S distance is 2.271 A. The Tc atom is displaced by 0.756 A towards the oxo
ligand from the equatorial planc [201,202].

To characterize potential *™T¢ radiopharmaceuticals such as **™Ic penicillamine
complexes, the ncutral TcO(N,OS;)-core complex D-penicillaminato-(N,S,0)-D-
penicillaminato-(N,S)-oxotechnetium(V) was obtained by reaction of [TcOCL] in
hydrochloric acid with D(-)-penicillamine. After cvaporation of the dark reddish
brown solution, crystals were isolated, crystallizing in the orthorhombic space group
P2,2,2; with a=21.878(5), b=11.711(2), ¢=5.924(1) A, and Z=4. The structurc com-
prises a distorted octahedron of donor atoms about the Te(V). Technetium is bonded
to the §,N, and O atoms of a D-penicillamine dianion deprotonated at S and O, and to
the S and N atoms of another D-penicillamine anion deprotonated at S. The
Te=0O(oxo0) bond distance is 1.657(4) A. The S and N atoms of the two D-penicilla-
mine groups arc cis arranged in the cquatorial plane and are bent away from the oxo
oxygen. Also this complex reveals a bonding to Tc via the ionized carboxylate group.
The O atom is trans to the oxo oxygen. Its bond distance of 2.214(4) A is comparable
to the Te-N distances. The Te-S bond lengths of 2.296(2) and 2.283(2) A are normal.
The molccular structurc of the technetium penicillamine complex was, in addition,
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extensively elucidated by NMR and vibrational spectra [203]. The mixed complex
[(D-penicillaminato)(L-penicillaminato)TcO]" is fluxional, racemizing by exchange of
carboxylates at the sitc trans to the oxo ligand [204] (Sect. 6.3).

The neutral, mixed ter- and bidentate Schiff-base oxotechnetium(V) complex
[TcO(haf)(pac)]® {H-haf = S-methyl-5-N-(2-hydroxyphenylethylidenc)dithiocarba-
zate, Hpac = S-methyl-f-N-(isopropylidene)dithiocarbazate}, with the TcO(N,OS,)-
core, was synthesized by reaction of [TcOCly] with Hjhaf in methanol/acetone with-
out adding Hpac. The isolated dark red crystals crystaliize in the monoclinic space
group P2;/c with a=14.799(5), b=7.470(2), ¢=19.272(5) A, p=104.31(10)°, and Z=4.
The formation of the ligand (pac)” from Hhaf is unexpected and surprising. As re-
ported, this may be the result of ketone cxchange between the solvent acctone and
the 2-hydroxyacctophenone group of a Hphaf molecule, if the H,haf used for com-
plexation was not contaminated with Hpac. The six-coordinate Tc(V) complex [TcO
(haf)(pac)]® is diamagnetic. The IR spectrum displays an intense band at 926 cm™.
attributed to the Tc=0O stretch. The coordination environment of Tc(V) is distorted
octahcdral (Fig. 12.33.A). The phenolic oxygen O(2) occupics the site trans to the oxo
oxygen O(1). The S and N atoms of the two ligating ligands form a ¢is arrangement in
the equatorial plane. Distortions {from an octahedron are primarily due to the steric
requircments of the O(1) oxo oxygen and to the bite angles N(2)-Tc-S(1) of 78.9(3)°
and N(4)-Tc-S(2) of 81.0(3)°. The Te=O(1) distance is 1.633(8) A. The Tc atom is dis-
placed by 0.20 A from the mcan equatorial planc toward O(1). The distortion also
results in a non-lincar O(1)=Tc-0(2) axis of 157.0(4)° [205,206].

A compound containing the TcO(NOS,)-core was obtained by reaction of
tris(2.,4.6-triisopropyl-benzenethiolato)-pyridino-oxotechnetium(V) (Scct. 12.3.3.6)
with (phenylazo)formic acid 2-phenyl-hydrazide in methanol. The neutral, purple-
green complex [TcO{SCH(isopropyl)z}-(PANNCON,HPh)]* crystallizes in the tricli-
nic spacc group P1 with a=13.3613(8), h=14.0268(6), c=13.0857(6) A, 4=113.949(4),
f=100.265(4), 7=76.019(4)°, and 7Z=2. The Tc atom is five-coordinatc with the coordi-
nation geometry intermediate between square pyramidal and trigonal bipyramidal.
The Te=O(oxo) distance is 1.658(2) A. The Tc—S bond distances are typical for

Fig. 12.33.A (S-methyl-f-N-(2-oxyphenylethylidene) dithiocarbazato}, {S-methyl-f-N-(isopropylidene)
dithiocarbazato}oxotechnetium(V), [TcO(haf)(pac)]* [205].
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Tc(V)-thiolate sulphur bonds. Two coordination sites arc occupied by the z-nitrogen
and the carbonyl oxygen atom of the five-membered chelate ring. In the IR spectrum
the Te=O(oxo0) stretching vibration occurs at 950 cm ! [207].

Another neutral, mixed ligand TcO(NOS»)-core complex, benzenethiolato-{N-(2-
sulphidophenyl)salicylidenciminato}-oxotechnetium(V) was synthesized by reaction
of [TcOCl,] , dissolved in chloroform, with an cthanolic solution of benzenethiol and
2-(salicylideneimino)benzencethiol. The red-brown compound crystallizes in the
monoclinic space group P2, with a=7.901(1), b=10.147(1), c=11.370(2) A, =93.60(1)",
and 7Z=2. Tc(V) is surrounded by a distorted tetragonal pyramid (Fig. 12.34.A) of
donor atoms. The basal plane is defined by the thiolate S(1) atom, the nitrogen N(1)
and the phenolic oxygen O(2) of the tridentate, dianionic N-(2-sulphidophenyl)sali-
cylidene-iminato ligand and the S(2) atom of the benzenethiolato group. The Te atom
lies 0.66 A above the basal planc towards the O(1) oxo oxygen in the apical position.
The Te=0(1) bond distance is 1.661(7) A. The angle between the Te=O(1) axis and
the normal of the basal planc is 177.2°. The mecan plane of the benzenethiolato ligand
and the basal plane form an angle of 102.4°. The Tc-S(1), Te-S(2), Te-N(1), and Tc-
O(2) bond distances are 2.225(5), 2.265(5), 2.126(11), and 2.037(11) A, respectively
[208,209]. In addition, other TcO(NOS;)-core complexes were synthesized by repla-
cing benzenethiol by 4-CH;00CCH,SH, n-CgH,7SH or C;HsOOCCH,SH. Further-
more, 2-(salicylidencimino)benzenethiol was substituted by the Schiff-base ligand N-
acetylacetone-2-aminothiophenol [209].

N-salicylidine-cystcinc-oxotechnetium(V), a brown, neutral, diamagnetic complex,
probably containing a TcO(NO,S)-core, was prepared by reaction of an ethanolic so-
lution of salicylaldchydc with an aqueous TcOj solution, alkaline S,073 as a reductant
and an alkaline solution of L-cysteine. The amino acid Schiff-base ligand is quadriden-
tate and appears to coordinate through the carboxylate, phenolate, and thiolate group
and the uncharged azomethine group:

Similar Schiff-basc ligand Tc(V) complexes were obtained with L-serine, L-histi-
dine, L-threonine. L-glutamic acid, and L-tryptophanc [210)].

A series of oxotechnetium(V) complexes with bidentate, monoanionic Schiff-bases
derived from S-methyldithiocarbazate have been synthesized. The neutral, six-coordi-
nate, diamagnetic, red compounds are suggested to contain the TcO(N,S,Cl)-core.
The complexes were prepared by ligand exchange reaction of [TcOCl,] with the cor-
responding Schiff-base ligands in ethanol or methanol. According to IR spectra the
complexes show a definite correlation between the strength of the Te=0O bond and
the degree of double bond character of the coordinating C=N bonds. The stronger the
Te=0 bond. the weaker the nitrogen coordination and the more double bond charac-
ter is in the coordinating C=N bond [211].
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Fig. 12.34.A Benzenethiolato-{N-(2-mercaptophenyl)salicylideneiminatojoxotechnetium(V),  [TcO(bt)
(sphsal)}° [208].

Other TcO(N,S,Cl-core complexes were obtained when [TcOCl,] was reacted
with 2-amino-1-cyclo-pentene-1-dithiocarboxylic acid (Hacd) or its N- and S-alkyl de-
rivatives in acetone. Orange-red crystals of [TcOCl(acd),]® and of the derivative com-
plexcs were isolated. The diamagnetic, neutral compounds are fairly soluble in accto-
nitrile and DMF. According to IR and '"H NMR spectra, Te(V) is coordinated
through the thiolate and the amino group in the equatorial plane, while the chloro lig-
and resides in the trans position 1o the Tc=O(oxo) oxygen. The Tc=0O streiching vibra-
tions occur at 964 cm™! [212].

The tetradentate Schiff-base ligand N,N’-cthylene-bis(acetylacctoncthioimine)
reacts with [TcOCL]™ in acctonitrile in an incrt atmosphere to give a green precipitate
of the neutral complex [TcOCl{(sacac),en}]”. The ligand coordinates in the equatorial
plane orthogonal to the Tc=0 linkage. The Tc=0 stretch was found at 938 ¢cm . The
complex is unstable in solution. When dissolved in CH,Cl,, CHCl; or acctonitrile the
color of the green solution turns red-brown mainly due to the high lability of the
chlorine ligand trans to the Tc=O group. Traces of moisture lead to the substitution of
chlorine by H>O [213].

The TcO(NOSCI)-core has also been found in some complexes. The reaction of the tri-
dentate Schiff-base ligand N-(2-mercaptophenyl)salicylideneimine(IT,sphsal) with
[TcOCL ] in methanol yields dark red crystals of the neutral complex [TcOCI(sphsal)]”
that crystallizes in the monoclinic space group P2;/a with a=14.255(9), b=12.495(7).
c=7.865(6) A. /=105.22(5)°, and Z=4. The complex is solublc in dichloromethane, chloro-
form or DMF. The preparation of the compound requires that [TcOCl,]™ and the Schiff-
base ligand be uscd in stoichiometric amounts. [TcOCl(sphsal)]° proved to be diamag-
netic. The coordination geometry of Tc(V) is square pyramidal. The ligand occupies three
of the four coordination sites of the basal plane. The Tc atom is displaced from the mean
equatorial planc towards the oxo oxygen by about 0.7 A. The Te=0(ox0) bond distance is
1.62(1) A. the Te=Cl, Te=S, Tc-N, and Tc-O distances are 2.31(1), 2.33(1), 2.15(2) and
1.92(2) A, respectively [214].

The same core of donor atoms has been verified in the complex chloro{S-methyl-3-
(2’-hydroxy-1-naphthylmethylene)dithiocarbazato}-oxotechnetium(V), which was
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synthesized by treating [TcOCL,]  with the corresponding tridentate, dianionic Schifi-
base ligand (H»tcbn) in ethanol. The red compound [TcOCI(tcbn)|° crystallizes in the
orthorhombic space group P2,2,2; with a=7.102(3), h=14.697(5). ¢=14.732(4) A. and
7=4. Tc(V) resides again in a distorted square pyramidal environment (Fig. 12.35.A).
The tridentate O. N, S ligand and the chlorine atom trans to N(2) form the basal planc.
The Tc atom is displaced by 0.693(1) A from the plane defined by N(2). S(1). O(2)
and C1, pointing towards the O(1) oxo atom. The Te=O(1) distance is 1.645(7) A, indi-
cating strong multiple bond character. The Te=0 stretch was found at 980 cm !. The
complex is diamagnetic in solution [215].

Some years prior to the appearance of [215], it was shown that the very similar triden-
tate Schiff-base ligand S-methyl-f-N-(2-hydroxyphenyl-cthylidene)dithiocarbazate
reacts with [TcOCL] to form the corresponding neutral, red complex [TcOCl(haf)]°
which, however, was reported to be paramagnetic with a magnetic moment of 2.45 B.M.
This moment would roughly correspond to the presence of two unpaired clectrons, in con-
trast with previously synthesized square pyramidal oxotechnetium(V) complexes found
to be diamagnetic. One ecxplanation would be to consider a trigonal bipyramidal gcometry
of the complex. However, this exception would be surprising, because other analogous
oxotechnetium(V) complexes synthesized by the same route with derivative tridentate
Schiff-base ligands were also found to be diamagnetic [216,217].

Very recently, TcO(N,SCl)-core complexes were obtained by reaction of [TcOCl]
with derivatized amino acids in CH,ClL/EtOH. The tridentate NS ligands (H,L) were
synthesized by conjugating N-protected amino acids with S-methyl-2-methyldithiocar-
bazate. The purple compounds [TcYO(L)CI]® are stable and possess a square pyrami-

Fig. 12.35.A Chloro-{S-methyl-3-(2-oxy-1-naphthylmethylcene )dithiocarbazatojoxotechnetium(V),
[TcOCI(tcbn)| [215].
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dal geometry. The ligands (L) and the chloride form the basal plane. Structurally ana-
logous, yellow complexes [TeYN(L)(PPh;)]° were prepared when [TeNCl(PPhs)s]°
was reacted with HL [217a].

12.3.3.10 TcO(N,OP5)-, TcO(P,S,Cl)-, TcO(P,0,Cl)-, TcO(P,03)-, and
TcO(NP5Cl;)-core complexes

In this scction we describe those oxotechnetium(V) complexes which contain, in addi-
tion to other donor atoms, coordinated phosphorus.
(2-Aminophenyl)diphenylphosphine,  (2-NH,C¢H,)PPh, (Happ), reacts with
[NBu,]TcO, in methanol or ethanol at the controlled stoichiometric molar ratio of
Te:Happ=1:3 to produce the neutral TcO(N,OP»)-core complex [TeO(app)(OR)]° (R =
Me or Eit) in which the amino groups are deprotonated. Pertechnetate is reduced to oxo-
technetium(V) by 1 mole of the Happ ligand. The dark purple compound is soluble in
acetonitrile, dichloromethane, and chloroform. | TeO(app)>(OFEt)]° is quite stable in the
solid state, more stable than [TcO(app)(OMce)|°. However, both complexes slowly
decomposc in solution. [TcO(app)>(OMe)] crystallizes in the monoclinic space group
P2,/c with a=12.156(3), b=26.005(6), ¢=10.953(2) A, p=102.49(2)°, and Z=4. The coordi-
nation gcometry about Tc is highly distorted octahedral (Fig. 12.36.A). The O(1)-Tc-
O(2) angle is only 158.3°, the bite angles P(1)-Tc-N(1) and P(2)-Tc-N(2) are 79.8(3) and
79.6(3)°, respectively. Each pair of bidentate PN ligand donor atoms is nearly coplanar
with their benzene ring, however, the rings are bent away from the oxo oxygen. The angles
between the Tc=O(1) bond and the equatorial nitrogen donors O(1)-1Tc-N(1) and O(1)-

0

Fig. 12.36.A {Bis(2-aminophenyldiphenylphosphine)(mcthoxy)joxotechnetium(V), [1cO(app), (OMe)]°
[218].
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Te-N(2) are 105.8(4) and 103.6(4)°. respectively, while they are close to 90” with the phos-
phorus donors. The alcoholate O(2) oxygen is at a distance of 1.999(8) A. The Te=0(1)
bond shows a remarkable weakening as demonstrated by the bond length of 1.700(8) A
accompanied by a very low valuc of the Te=O(1) stretching vibration of 878 em ! for the
methoxo derivative and 857 cm ! for the ethoxo one. The unusually low frequency values
much below the low-frequency end of the range thus {ar observed for monooxotechne-
tium(V) complexes and tailing into the region characteristic of frans-dioxo asymmetric
stretching (750-850 cm™), is due o the presence of both the trans-oxo-alcoholate group
and mainly the amido groups in the equatorial plane [218].

Reaction of the tetradentate, dianionic ligand N,N’-bis{2-(diphenylphosphino)phenyi}-
propane-1.3-diaminc (H,dppd) with TcO, in methanol yielded the neutral. stable, six-
coordinate complex [TecO(dppd)(OMe)]°. The red-brown compound, which is soluble in
chlorinated solvents. crystallizes in the monoclinic space group P2,/m with a=9.157(2).
h=20.391(3),¢=9.948(1) A, f=114.76(1)°, and Z=2. The tetradentatc P,N, ligand occupies
the four equatorial positions of a distorted octahedron around the metal atom. In the axial
positions reside the oxo oxygen atom and the methoxo ligand. The angle O=Tc-O is only
155.2°. The Tc atom is displaced from the equatorial PN plane by 0.31 A towards the
oxo oxygen. The Te—P distance is 2.450(1) A, the P-Tc-P angle 102.9(1)°, and the N-Tc—
N angle 91.9(1)°. The P=Tc-N bite angle is 80.4(1)° [219].

The bidentate, monoanionic phosphino-thiol ligand 2-(diphenylphosphino)benzene-
thiol (Hpbt), treated with [TcOCl4]™ in the exact molar ratio of 2:1 in CH,Cl, at -80°C.
produces the neutral complex [TcOCI(pbt),]°. The purple complex contains the
TcO(P5S;Cl)-core and shows a strong Tc=0 stretch at 940 em ! [220].

2-Hydroxyphenyldiphenylphosphine reacts in ethanol with [TcOCl,] to form the
purple crystalline product [TcOCI(OCH4PPh,),]°. The compound is soluble in
chloroform and dichloromethane. The Tc=0 stretching vibration occurs at 940 cm™!
[221]. The same compound was recently obtained by reduction-substitution reaction
of TcO7 with (2-hydroxyphenyl)diphenylphosphine in cthanol/HCl. The dark violet
rhomboids crystallize in the orthorhombic space group P2,2,2; with a=10.183(9),
b=14.028(9), ¢=21.40(1) A, and Z=4. The coordination geometry of the TcO(P,0,Cl)-
core is distorted octahedral. The chclating, bidentate, uninegative ligands form with
Te(V) two five-membered rings with bite angles of 78.1 and 81.9°. Te(V) is out of the
mean P,OCI equatorial planc by 0.29 A towards the oxo atom. The Te=0O(oxo) dis-
tance is 1.665(7) A and the Te—Cl distance 2.389(4) A. The Tc-O single bond dis-
tances arc about 1.99 A. The axial O-Te=0 angle is 164.5(3) A [222].

[TcOCl;] was also treated in EtOH with bis(2-hydroxyphenyl)phenylphosphine
[Ph(OH),PPh]. a potentially tridentate. dianionic ligand. A brown powder of the ncu-
tral complex [TeO(PhO,)PPH(PhOOH)PPh]°, soluble in DMSO and DMF, was iso-
lated and characterized by '"H NMR, mass spectromeltry, and IR spectroscopy. The
Te=0 streteh was found at 965 cm™!. The compound has a TcQ(P,03)-core [221].

A cationic oxotechnetium(V) complex containing the TcO(NP;Cly)-core was pre-
pared by treating TcOj in ethanol with conc. HCI and with the tetradentate tripodal
ligand 2-diphenylphosphino-N.N-bis(2-diphenylphosphinoethyl)ethancamine (NPs).
After addition of the tetraphenylborate anion. the orange crystalline product
[TcOCiz(NP3)][BPh,] was obtained and identified [223].
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The structural data of (1cO)*"-core complexes discussed in Sects 12.3.3.1-12.3.3.10
are summarized in Table 12.6.A.

Table 12.6.A Some structural data of sclected ('l'cO)’“—corc complexes described in Sects. 12.3.3.1 to
12.3.3.10.

Complex Geometry Te=0 v(Te=0) Tc References

[;\] IR [em™'] (displacement)

[A]

12.3.3.1
[TcOCL)~ $q.pyr. 1.593(8) 1025 0.67 [86]
[TcOBry] Sq.pyr. 1.613(9) 1010 - (88.89]
[TcOBr(H,0)] octah. 1.618(9) 1000 0.37 [89]
[TeOL) SQ.PYT. - 993 - [90]
[TcOCI;) octah. - 956 - [98]
[1cOBr,]? octah. - 962 - [98]
12.3.3.2
[TcO(CN)sT octah. - 910 - [99]
[TeO(CNY,(OMe)] octah. - 932 - (99]
[TcO(CN ), (T1:0)]" octah. - - - [100]
[TcO(CN),(NCS)]~ octah. - - - [100]
[TCO(NCS).J* octah. - 945 [101]
12.3.3.3
[TeO(eg)|” $q.pyr. - 970 [102.103]
[TcO(cat),] Sq.pyr- 1.648(5) 972 0.7014(4) [102]
[TeO(nitrocat)s] Sq-pyr. 1.634(4) 983 0.6947(S) [104]
[ TeO(chlorocat)s] Sq.pyT. 1.945(4) 969 - [70]
[TeO(hmpo),Cl}® octah. - 965 - [105]
[TecO(dpp),ClJ* octah. - 950 - [103]
[TcO(hmpo)Cl;] octah. 1.647(2) 965 0.2 [105]
[TcO(ox)-(Hox)J octah. 1.640(6) 985 0.25(1) [68]
12.3.34
[TcO{S(CH-)-S}>] sq.pyr. 1.64(1) 940 0.761(2) [106.107]
[TcO{S(CH-);S}5] $q.pyr. - 945 - [106,107]
[TcO(SCILCHCH:S),)™  sq.pyr. - 925 - (106.107
[TeO(SCH,COS),| $Q.PYT. 1.672(8) 950 0.791 [108]
[TcO(SCOCOS)1] SQ.PYT. 1.646(4) 972/980 0.759 [109,110]
[TcO(mnt), | S.PYT. 1.655(6) 947 0.742(3) [109.112]
[TeO(tdt),] Sq.pyr. - 930 - [109]

[TcO(bd),) Sq.pyr. 1.658(5) - 0.732(1) [111)
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Table 12.6.A Continucd.

Complex Geometry  Te=0 v(Tce=0) Te References

[A] IR [em™] (displacement)

[A]

[TcO{(CHA)1CeI 1-S}4]” SQ.pyr. 1.659(11) 940 0.846 [113]
[TcO{(CII;CHCI;)5Col ILS)]™  sq.pyr. - 940 - [113]
[TeO(Ph,CeH3S),4) $q.pyr. 960 [113]
[TcO(tmbt),] $q.pyr. - 933 - [114]
[TcOmtu),[* $q.pyT. - 975 - [115]
[TeO(tmtu),(CH;),NCSS]* SQ.pyr. 1.661(6) - - [116]
[TcO(DMSE),]” Sq.pyr. 1.672(6) 950/940 0.78 [117.123]
[TcO(NC-N=CS;),] 5q.pyr. - 980 - [117]
[TcO(CsH3CH3S5)-] SQ.pYT. - 935 [117]
[TcO(MoS,)-]" - 895 - [126]
[TeO(SCIHLCIL0O),)~ $Q.pyr. 1.64(1) 948 0.720(1) [127]
[TcO{Se,C=C(CN),}2] S(.pYr. 1.67(2) 965 0.88 [130]
[TcOfSeSC=C(CN),};] $q.pyr. 970 - [131]
12.3.3.5
[TcO(HNCGH,NH),] SQ.pYT. 1.668(7) 891 0.67 [25]
[TcO(pnao)]® $q.pyr. 1.679(3) 923 0.678(1) [132-134]
[TeO(oep)|* - 918/962 - [135]
[TcO(ped)]® SQ.pYI. 1.666(3) 953 - [137.138]
[TcO(aps)]® octah. 1.685(6) 888 0.30 [139]
[TcO(apa)]® octah. 1.678(2) 910/915 0.28 [140]
[TcO(ophsal)(bpy)] octah. - 965 - [141]
[TeO(ophsal)(phen)] octah. - 957 - [141]
[TcO(ophsal)(dpk - EtOI]~ octah. - 957 [141]
[TcO(epa)]” Sq.pyr. 1.648(3) 925 0.65 [142]
[TcO(bgO)-]' $q.pyr. - 952 - [144]
[TeObgO),Cl]° octah. 945 - [144]
[TcOf(acac)en}(H.O)]* octah. 1.648(2) - 0.39 [145]
[TcOf(sal).en}Cl]° octah. 1.626(11) - 0.25/0.28 [145]
[TcO(ophsal){(quin)]® octah. 1.659(7) 948 0.08 [148]
[TeO(gluca)(sal)]® octah. 1.656(8) 970 0.422 [150]
12.3.3.6
| TcO(NHCH,4S)-] Sq.pyr. 1.73(2) 906 0.72 [151]
[TcO(ema)] Sq.pyr. 1.679(5) 945 0.771(5) [153,154]
[TcO(map)]~ sq.pyr. 1.656(7) 945 0.747 [156]
[TcO(DBDS)| $q.pyr. 1.66 954 0.67 [158]




Table 12.6.A Continucd.

12.3 Technetium(V)

207

Complex Geometry Tc=0 W(Te=0) Te References
(A] IR [em™!| (displacement)
[A]
[TcO(ema){morph)|* Sq.pyr. 1.658(3) - [159]
[TcO(LI-ECD)J° Sq.pyr. 1.666 940) 0.73 [160]
[TcO(NEt-tmdad))® SQ.PYT. 1.681 - - (162}
[TcO(NMe-tmdadt)]” $q.pyr. 1.678/1.671 916/924 - [163]
[TcO(BAT-BPA)|° $q.pyr. 900 [164]
[TcO(BAT-PPP)]* Sq.pVT. 1.681/1.691  900/919 0.74 [165]
[TcO(ddd)]* SQ.pyL. 1.646(3) - 0.770(3) [172]
[TeO(dedy)]” Sq.pyr. 1.646(4) - [173]
[TcO(Et, teb),]™ SQ.pVT. 1.651 978 - [174)
[TcO(Ltdad)[" SQ.PYT. 1.657(1) 955 0.773 [175]
[TcO(sacac)yen(H0)] octah. 1.643(3) 964 0.42 [176]
[TcO(bls)2]~ $q.pyr. 966/972 - [177]
[TeO(pic)|® Sq.pyr. 1.653(4) 965 - [179]
[TcO(MAG3)] Sq.PYT. 1.647(3) 0.74/0.76 [180]
[TcOMAG:OMe)] $q.pyr. 1.654/1.658 - 0.74/0.76 [180]
[TcO@ib)(py)I® sq.pyr./ 1.665(3) 914 - [182]
trig.bipyr.
[TcO(bzt)(dta-morph)]* $4-pyr. 1.664(3) 928 - [183]
12.3.3.7
[TcO(IIBPz;3)CL)° octah. 1.656(3) 970 - [184]
[TcOCl,(terpy)]' octah. 979 - [185]
[TcOCl;(terpy)]” octah. - 974 [185]
[TcOCls(dpp)]” octah. - 982 - [186]
[TecOCl3(dpg)]° octah. 966 - [186]
[TcOCls(bpy)]* octah. - 980 5]
[TcOBr3(bpy)|° octah. - 969 - (5]
[TcOCl3(phen)]” octah. - 977 - [5]
12.3.3.8
[TcOCl(phsal);}” octah. 1.67 940 0.19 [187]
[TcOCls(phsal)]” octah. 951 - [187]
[TcOCl(salpd)]” octah. 1.66 930 - [188]
[TcOCly(1 isalpd)] - - 943 - [188]
[TcOCI(Mequin),]|~ octah. 1.649(3) 945 0.22 [190]
[TcOCI(quin),]* octah. - 945 - [190]
[TcOCl(eg)phen)]” octah. 1.661(4) 952 - [192]
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Table 12.6.A Continucd

Complex Geometry Te=0O v(Te=0) Te (dis- References

[A] IR [em™] placement)

[A]

[ TcOCI(thoz), [ octah. 1.661(3) 970 0.19 193]
[TcO(OCH:pyCH-OH)CT  octah. 1.675(3) 930 [189]
[TcOCI(hbt),]" octah. 1.63(1) 0.20 [194]
[TcOC(dpk }(OH)]” octah. - 939 - [195]
[TcOBra(NO»py }(EtO)]” octah. 1.684(6) 938 [196]
[TeOCh(quinim-naph)}” octah. 1.648(5) 956 - [197]
[TcOCL;(hby) [ octah. 1.650(6) 945 0.154 [198]
[TcOCl(ophsal)]® Sq.pyr. 1.634(7) 930 0.67 [199]
12.3.3.9
[TcO(mpd)]® sq.pyr. L657(2) 952 0.709(1) [200]
[TcOMAG,)[” $q.pYT. 1.644 960 0.756 [201.202)
[TcO(penamin)|* octah. 1.657(4) 958 [203]
[TeO(haf)(pac)]” octah. 1.633(8) 926 0.20 [205,206]
[TcO(SCeH,Pry'),(PhNN- sq.pyr/ 1.658(2) 950 - [207]
CON,HPh))? trig.bipyr.
[TcO(bt)(salabt)]” $q.pyr. 1.661(7) 950 0.66 [208,209]
[TcO(saleys)]® Sq.pyL. - 892 - (2107
[TcOCl(acd)-|” octah. 964 - [212]
[TcOCl(sphsal)]” Sq.pyr. 1.62(1) 979 0.7 [214]
[TcOCl(tebn)|” SQ.PYT. 1.645(7) 980 0.693(1) f215)
[ TcOCl(haf)]” trig.bipyr. - 985 - [216,217]
12.3.3.10
[TcO(OMe)(NHPhPPh,),)° octah. 1.700(8) 878 0.22 [218]
[TcO(OMe)(dppd)]° octah. L.691(2) 882 0.31 [219]
[TecOCI(pbt),|° octah. 940 [220]
[TcOCI(OPRPPh.), ] octah. 1.663 940 0.29 [221.222]
[TcOCL(NP3)] octah. - - - [223]

12.3.4 (TcS)3*-core complexes

12.3.4.1 TcS(S4)-and TeS(N3Cl,)-core complexes

From the reaction of K»[TeClg], suspended in methanol, with excess cthane-1,2-dithiol
(H»edt), the anionic technetium(V) sulphido complex [TcS(edt),]” was prepared in
low yicld. The mixture was heated at reflux temperature under an argon atmosphere.
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After addition of tetraphenylarsonium chloride, [AsPhy][TcS(edt),] was isolated as a
blood-red solid. The complex salt is diamagnetic in acetone solution and was charac-
terized by IR, 'TH NMR and FAB mass spectra. The IR absorption at 520 cm™ was
assigned to the Tc=S stretching vibration. [TcS(edt);]™ can be converted to the corre-
sponding orange [TcO(edt),] by refluxing in CH,Cl; in the presence of air [224.225].

[TcOCL{HB(pz)s}]° {HB(pz3) = hydro-tris(1-pyrazolyl)borato, see Scct. 12.3.3.7}
reacts in dichloromethane with suspended B,S; at 80°C under argon to form dark
green | TeSCL{HB(pz);}]°. The ncutral compound is unstable in solution and easily
converted back to the corresponding oxo complex in the presence of air. Therefore
the preparation requires the carcful cxclusion of oxygen and water. Also this complex
proved to be diamagnetic. IR/UV/VIS spectroscopy, and FAB mass spectra identified
the sulphidotechnetium(V) compound [224,225].

12.3.5 Trans-(TcO;)*-core complexes

12.3.5.1 TcO,(Ny)-core complexes

Reaction of TcOCI; with ethylenediamine (en) in THF yielded trans-dioxo-
[TcO,(en),]* that could be obtained as the chloride salt in orange ncedles. The dia-
magnetic compound crystallizes in the monoclinic space group P2,/c with a=5.637(1),
b=11.177(2), ¢=16.112(3) A, =101.11(1)°, and Z=4. The [TcO,(cn),]* cation cxhibits
a distorted octahedral geometry. The four nitrogen atoms arc coplanar. The average
Tc-N distance is 2.15 A. The O=Tc=0 moiety is nearly lincar and perpendicular to
the plane of the nitrogens. The Tc=0O distances are 1.752(1) and 1.741(1) A. The
mutual lengthening of the Tc=0O bonds is consistent with the trans effect exerted by
the respective oxo ligand. The intense IR absorption at 833 cm™!, which has been at-
tributed to the O=Tc=0O group, differs appreciably from the higher Te=0O stretching
frequencies observed in the monooxotechnetium(V) complexes [226].

[TcOsy(en),]* has recently been prepared through an alternative route involving the
reaction of excess ethylenediamine with [TcCl,(PPhs),]° in acetonitrile at room tempera-
ture. In similar procedures the analogous trans-dioxotechnetium(V) cations [TcO,(pn),|*
(pn = 1,3-propanediamine), [TcO,(tad)]™ (tad = 1,5,8,12-tetraaza-dodecanc), [TcO,(cy-
clam)]" (cyclam = 1,4.8,11-tetraaza-cyclotetradecane), [ TcO,(monooxocyclam) |~ (mono-
oxo-cyclam = 148,11-tetraazacyclotetradecane-5-one), and [TcO,(dioxocyclam)|*
(dioxocyclam = 1.4.8,11-tetraaza-cyclotetradecane-5,7-dione) have been synthesized and
characterized. Adventitious water will be the source of oxygen atoms in these reactions.
‘The complex ions proved to be diamagnetic [227]. [TcOs(en),]” and [TcO, (pn),]* are
rather stable in aqueous solution and inert to substitution [228].

Very recently the structure of [IcVOs(pn):]° was determined. The cation was
synthesized by reduction of TcOj with S,0%” in aqueous solution in the presence of
1,3-propancdiamine. To the pink solution obtained, a large excess of Nal was added
resulting in a pink solid of [TcYO,(pn),]T- H,O. The complex salt crystallizes in the
orthorhombic space group P2,2,2,; with a=14.873(2). b=16.994(2), ¢=5.5945(5) A, and
Z=4. The coordination gcometry around Tc(V) is a tetragonally distorted octahedron.
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The bond distances of O=Tc=0 arc 1.748(4) and 1.754(4) A. The Tc-N distances
range from 2.163(5) 0 2.179(5) A. The (TcO,)*-core is nearly linear and perpendicu-
lar to the plane defined by the four nitrogens [229].

[TcOy(cyclam)]CIO, - 11,0 crystallizes as yellow orange rectangular plates in the
triclinic space group P1 with a=9.964(3), h=9.473(2), c=11.815(3) A, 2=101.38(2)°,
p=112.54(2)°, »=113.50(2)°, and Z=2. The coordination geometry of [TcO,(cyclam)]*
is slightly distorted octahedral. The average Tc=O distance is 1.751(4) A, and the
average Te-N distance 2.125(11) A. The N-Tc-N angle and the N-Tc=0 anglc arc
96.2(1) and 90.4(1)°, respectively. The asymmetric stretching vibration of the
O=Tc=0 group was observed at 790 cm™' [189].

By reaction of [TcOCly] with 1,4,8,11-tetraaza-undecane (2,3,2-tet) in THF the cat-
ion trans-dioxo-[TcO,(2.3.2-tet)]" was obtained and precipitated as hexafluoropho-
sphate in yellow crystals. A strong IR absorption at 790 cm™! was assigned to the
trans-dioxotechnetium moiety [231].

Some aminc oxime complexes contain the (TcO,)*-core. When 3,3,11,11-tetra-
mcthyl-4,10-diazatridecane-2,12-dionedioxime [Hpent(ao),] is rcacted in aqucous so-
lution with TcQy after its reduction with Sn(II) tartrate, an orange, crystalline, neutral
compound trans-dioxo-[TcO,{pent(ao),}]° is obtained, which crystallizes in the tricli-
nic space group P1 with a=11.418(2), h=13.940(7), c=18.992(10) A, =69.29(4),
£=90.00, 7=83.69(3)°, and Z=4. [TcO,{pent(a0),}]° has a slightly distorted octahedral
geometry with the Tc atom lying in the planc of the four nitrogens. The O=Tc=0
angle is 170.2(1)°. One oxime proton is lost upon coordination, resulting in a neutral
complex with a strong hydrogen bond between the oxime oxygen atoms. The average
Tc-N bond length of 2.22 A is in the range observed for Te-N single bonds and the
average Tc—O bond distance of 1.74 A is typical for trans-dioxo-technetium(V) com-
plexes. Bands at 794 and 789 ¢cm™' are attributed to the asymmetric stretch of the
O=Tc=0 moiety [134].

Imidazole (im), 1-methyl-(1-Me-im), and 4-methyl-imidazole (4-Mec-im) react with
[TcOCL] in cthanol to form the pink trans dioxo compounds [TcO,(im),]Cl, [ TcO,(1-
Mec-im)4]Cl, and [TcO,(4-Me-im)4]Cl. Trans-dioxo-[TcO,(im)4]Cl-2H,0 crystallizes in
the monoclinic space group C2/c with a=13.249(3), b=11.239(2). ¢=14.358(3) A,
p=115.56(2)°, and Z=4. The cation core is a tetragonally distorted octahedron (Fig.
12.37.A) with Tc=0 bond distances of 1.71(2) A and Tc-N distances of 2.15(2) A. The
dihedral angles between the imidazole rings and the Tc-N equatorial planc are 75° and
82°. The IR vibration frequency vuym(1cO,) is 810 cm™!. The imidazole complexes are
diamagnctic duc to the strong tetragonal distortion exerted by the oxo ligands. They are
unstable in aqueous solution. The formation of dioxo instcad of monooxo complexes is
probably due to the attack of water during the reaction [232). [TcO5(thiazole)4]Cl- 3H,O
was obtaincd in orange crystals by reaction of [TcOCL]™ with thiazole in methanol. The
complex is unstable in solution in the absence of excess thiazole [192].

The first report on a trans-dioxo-pyridine complex, [TcOa(py)4]~, dates back to
1972. [TcClg]? in hydrochloric acid solution rcacts at pH 4-5 with pyridine to produce
orange, highly hygroscopic crystals of [TcO(py)4]|Cl- 10H,O. The complex salt readily
dissolves in water, methanol and ethanol. An intense band at 825 cm ! was attributed
to the O=Tc=0 stretching vibration [233]. The same complex cation was also obtained
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Fig. 12.37.A Tetrakis(imidazole)-rrans-dioxotechnetium(V), [TcO,(im)4]™ [232].

in later work, when [Tc¢"O(tmtu),]" (tmtu = tetramcthylthiourea) was reacted with
pyridine in acetone. [TcOy(py).]PF, forms yellow needles [115].

Trans-dioxo-[TcO,(tbpy)s]* (tbpy = 4-rerr-butylpyridine) was prepared by reacting
[TcOCl,] with tbpy in ethanol. By adding [F;CSOs]~ the complex salt [TcO,
(tbpy)4][F3CSO;] was precipitated in yellow crystals belonging to the triclinic space
group PL The cell constants are a=13.876(5). b=15.429(4), ¢=11.822(2) A.
a=111.83(2), p=108.77(2)°, 7=65.24(2)°, and Z=2. The coordination sphere of Tc is
again tetragonally distorted octahedral. The average Tc=0 bond distance is 1.743(5)
A, the average Tce-N distance 2.15(2) A. The pyridine rings are twisted away from the
O=Tc=0 axis by varying degrces and form an average dihedral angle of 74° with a
plane defined by the Tc atom and two adjacent nitrogen atoms. In similar preparation
routes the analogous frans-dioxo cations [TcO,(pico)4]' (pico = 4-methylpyridine=pi-
coline). [TcO; (lut)y]* (lut = 3,5-dimethylpyridine=lutidine), [TcO, (apy)]* (apy = 4-
aminopyridine), and [TcO,(dmapy)]* {dmapy = 4-(dimcthylamino)pyridine} were
synthesized. IR absorptions, assigned to the asymmetric O=Tc=0 stretch. were found
between 818 and 828 cm !, All these compounds were shown to be diamagnetic [234)].

The substitution kinetics of the trans-dioxo cations [TcOx(py)a]™. [TcOx(pico)y]*, and
[TcOo(lut)y]” were studied with 4-aminopyridine, 4-(dimethylamino)pyridine, imidazole.
cthylenediamine, cyanide, and cyclam as substituting ligands in methanol. ¢thanol and
partially in DME In alcohols the reactions proceed by a solvent-mediated mechanism
and arc independent of the concentration of both the substituting and leaving ligands. In
DMEF the reactions were described by a dissociative mechanism. In methanol/DMF mix-
tures specific solvation effccts can significantly alter the substitution rates [235].

[TeOy(bptz)-]Cl {bptz = 3,6-bis(2’-pyridyl)-1,2.4,5-tetrazinc} was synthesized by the
reaction of [TcOCL]~ with an excess of the ligand bptz in cthanolic solution. The indigo
colored complex is only slightly soluble in organic solvents and unstable in solution. The
asymmetric O=Tc=0 stretching vibration appeared in the IR at 798 em™ [6].
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12.3.5.2 TcO3(N;S;)-, TcO3(NO3)-, TcO,(N,05)-, and
TcO2(NO,S)-core complexes

The reaction of 1.4-dithia-8.11-diazacyclotetradecane (14ane-N,S;) with [TcOBry]- in
THF and addition of [PFg] vyiclded yellow crystals of trans-dioxo-[TcO,(14-
anc-N,S-)|[PFe], which crystallizes in the monoclinic space group P2,/n with
a=9.726(3). b=9.668(2). ¢=19.262(3) A, $=95.84(2)°, and Z=4. The coordination
around TcY has the gcometry of a distorted octahedron with the N,S, donor atoms
located in the equatorial plane. The Te=0 bond distances are 1.748(2) A. The average
Te-N and Tc-S bond lengths are 2.150(4) and 2.395(1) A. respectively. The O=Tc=0
axis is almost lincar with 176.6(1)°. The bitc angles N-Tc-N and S-Tc-S arc 82.9(2)
and 84.1(1)°, respectively. The IR spectrum shows a strong absorption at 800 cm™!
assignablc to the asymmetric O=Tc=0 stretching vibration [236,237].

The trans-dioxo-TcO(N,S,)-core is also represented by the complex anion [1cO,
(bem),]” which contains the monoanionic, hidentate Schiff-base ligand benzylidine-2-
thioaniline (Hbem). [TcOs(bem);]™ {v,s(Tc=0) = 743 cm™!} was obtained by reaction
of the ligand with dithionite-reduced TcOj3. In a similar route [TcOs(atp),] (Hatp =
2-aminothiophenol) {v,(I'c=0) = 743 cm™!] was synthesized. The anions
[TcO,(hbh)(H,0)]~ (H.hbh = 2-hydroxybeunzylidine-2-hydroxyaniline) {v,s(Tc=0) =
798 cm~!}, [TcO,(hba),]  (Hhba = 2’-hydroxybenzylidine-aniline) {r,s(Tc=0) = 808
em '), [TcO,(hpa)(H,0)]” (Hphpa) = 4-hydroxypentyl-2"-idine-2-hydroxyaniline)
{vus(Te=0) = 781 e 1}, and [TcOs(ap),] (Hap = 2-aminophcnol) {v,(Tc=0Q) = 798
cm !} contain the TcO»(NO3)- or the TcO(N,O5)-core. The TcO-(NO-S)-core has
been verified in [TcO,(hbta)(H,O)| (Hphbta = 2”-hydroxybenzylidine-2-thioaniline)
{vras(Te=0) = 748 ecm™!} and [TcO,(hpt)(H,0)]~ (Hyhpt = 4-hydroxypentyl-2’-idine-2-
thioaniline) {v,(Tc=0) = 747 cm™!}. The Tc atom is six-coordinate in all these com-
plexes. which are diamagnetic. The [BuyN|* salts are crystalline red solids [238].

12.3.5.3 TcO,(P4)-, TcO,(P3)-, and TcO,(P,N;)-core complexes

Reduction of pertechnetate with excess bis(1.2-dimethylphosphino)cthane (dmpe) at
ambient temperature under mild alkaline conditions and short reaction time yields
yellow trans-dioxo-[TcO,(dmpe),]* which was precipitated with [FzCSOs]~. The IR
stretching vibration of v, ('1'c=Q) appcared at 775 cm™.. The protonated form of this
complex cation was obtained by dissolving [TcO,(dmpe),][F3CSOz] in hot 2-propanol
and adding several drops of conc. FsCSOs;H. Addition of dicthyl cther, followed by
cooling to —4°C, produced a dark orange precipitate of [TcO(OH)(dmpe),]
[I3:CSOalo. At the ionic strength of 0.5 M and 25 °C the pK, of the cation is 0.80. Red-
dish orange necedles of this salt crystallize in the monoclinic space group P2;/c with
a=8.052(2), b=11.527(2), ¢=16.070(3) A, f=101.96(2)°, and Z=2. Te(V) is approxi-
mately octahedrally coordinated with four equatorial P atoms at an average distance
of 2.477(5) A. The oxygen atoms occupy mutually trans positions in the (O=
Tc-OH)? -core. The average Tc—O bond length is 1.795(3) A. An EXAFS (cxtended
X-ray absorption fine structure) study gives a Te=0 distance of 1.66 A and a Te-OH
distance of 1.96 A [239].
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In addition. the myocardial perfusion imaging cationic agent [TcOs(tetrofosmin),]*
{tetrofosmin = 1,2-bis[bis(2-cthoxyethyl)phosphino|cthane} contains the trans-dioxo
TcO;(Py)-core. The compound was prepared by mixing TeOj and tetrofosmin in aque-
ous ethanol. A pink precipitate of [TcOs(tetrofosmin),][Cr(SCN)(NH;5)2] was
isolated by addition of [Cr(SCN)4(NHz3),]". The structural formula shows the axial
trans-dioxo core (Fig. 12.38.A) with the four P atoms of the two bidentate diphosphine
ligands forming an exactly planar array. The coordination geometry of Tc is nearly
octahedral. 'The Tc=0 bond distance is 1.738(17) A, the average Tc—P distance 2.473
A. [TcO,(tetrofosmin),][Cr(SCN)(NH3),] crystallizes in the triclinic space group P1
with a=12.635(3), b=12.939(3). ¢=12.021(3) A, 2=106.95(3). f=113.11(3). 7=60.83(3)°.
and Z=1 [240].

Very recently TcQ,(P3)-core complexes have been found in the cations [1cO;
(PEt3)s]' and [TcO,(PPrs);]". which were synthesized by reacting TcOj with the per-
tinent phosphine and precipitated as tetraphenylborate. [TcO,(PEt,);][BPhy] crystal-
lizes in two crystallographic forms occurring in the monoclinic space groups P2,/n and
P2;/c. [TcO2(PPr;);][BPhy] belongs to the monoclinic space group C2/c. Dark brown
[TcO5(PEt;);][BPhy] of the space group P2;/m has the unit ccll dimensions
a=14.354(3), b=11.731(2). ¢=26.478(6) A, f=101.220(10)°, and Z=4. The cations show
a distorted trigonal bipyramid structure, not yct known for cationic dioxo techne-
tium(V) complexes. The two oxo ligands and the P(2) donor atom form the trigonal
planc (Fig. 12.39.A). This cis-dioxo structurce was also found for [TcO,(PPr3)z]*. The
Tc=0 bond distances of both cations range from 1.707(4) to 1.726(3) A, the Tc-P
bonds from 2.506(1) to 2.528(2) A for the axial ligands and from 2.395(1) to 2.403(1)
A for the equatorial bond. The O=Tc=0 angles vary between 141.5(2) and 143.4(2)°.
The v(Tc=0) stretching vibration was observed around 850 em™. The compounds are
paramagnetic. Reaction of the complexes with pyridine in methanol produced the
TcO,(PoNy)-trans.cis,cis-core  cations [TcO2(PR3)2(py)2]” of distorted octahedral
structure. Their tetraphenylborate salts are diamagnetic, indicating a significant distor-
tion of the octahedral gcometry [241].

P
H,C,0  pc— \0 TT~cH, OCH;

Tc
H,C,0 HZC\P/! \P/CHZ OC,H,

/\ / cu;— CH; |

,C CH,

H,C~—py ¢
2
H
HCO~ 7 N _—OC:H,
H,C CH;

Fig. 12.38.A Bis(tetrofosmin)-trans-dioxotechnetium(V), [TcO,(tetrofosmin),] ™ [240].
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tium(V). [TcO,(PEt)s] [241].

12.3.5.4 Trans-dioxotetracyanotechnetate(V), [TcO, (CN)4]*-

Reaction of trans-dioxo [TcOy(py)4]* with a large excess of KCN in aqueous solution
leads to the formation of K;[1cO,(CN),] that can be recrystallized from methanol/
water to yield lemon-yellow needies. The compound can also be obtained by repeated
hydrolysis of either K4[Tc(CN)7}-2H,0 or K;[TcO(CN)s] - 4H,O. The asymmetric
O=Tc=0 stretching vibration of [TcO,(CN),]* appears in the IR at 785 cm ! [99].
The diamagnetic anion rcpresents a highly deshiclded *Tc environment as observed
in ?Tc NMR spectroscopy |3].

The structural data of dioxotechnetate(V) complexcs are summarized in Table 12.7.A.

Table 12.7.A Some structural data for sclected (TeO,)*-core complexes treated in Sect. 12.3.5

Complex Geometry Te=0 Vas References

[A] (0=Tc=0)

IR [em ™)

12.3.5.1
[TcO-(en),|’ octah. 1.746(1) 833 {226}
[TcO(pn)-]* octah. - 830 [227]
[TeOs(tad),|” octah. - 810 [227]
[TcOs(cyclam)]” octah. 1.751(4) 790 [227.230]
[TcO,(2,3.2-tet)]’ octah. - 790 [231]
| TcOs{pent(ao),}{° octah. 1.743(3) 789/794 [134]
[TeOy(im)y] octah. 1.71(2) 810 [232]

[TcOApy)a]' octah. - 825 [233]
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Table 12.7.A Continucd.

Complex Geometry Te=0 Vas References
[A] (0=Tc=0)
IR [em™!]
[TcOx(tbpy),]' octah. 1.743(6) 821 [234]
[TcOa(bptz),]' octah. - 798 [6]
12.3.5.2
[TcO(14-ane-N,S5)]'  octah. 1.748(2) 800 [236,237]
[TcOz(bem)-]~ octah. 743 [238]
[TcOq(atp)s] octah. - 743 [238]
[TcO(hbh)(H,0)]  octah. - 798 [238]
[TcOs(hba),|~ octah. - 808 [238]
[TcOs(hpa)(11;0)] octah. - 781 [238]
[TcO2(ap)2] octah. - 798 [238]
[TcO(hbta)(H,0)]"  octah. - 748 [238]
[TcO2(hpH(IL,0)| octah. - 747 [238]
12.3.5.3
[TcO2(dmpe)-]' octah. 1.795(3) 775 [239]
[TcOs(tetrofosmin),]™  octah. 1.738(17) - [240]
[TcO(PEt3)3]* trig.bipy. 1.712(3). 850 [241]
1.726(3)
[TcOx(PEts)2(py)2]'  octah. 1.728(7), 805-810 [241]
1.736(7)
12.3.54
[TcOL(CN) > octah. - 785 [99]

12.3.6 Dinuclear oxo complexes

12.3.6.1 y-Oxo compounds

The quadridentate Schiff base N,N’-propanec-1,3-bis(salicylideneimine) (Hosalpd) reacts
with [TcOCly] in ethanol to produce an orange precipitate of [p-O{TcO (salpd)},]°. The
red-violet crystals adopt the monoclinic space group P2,/c with a=15.041(2), b=12.630(3),
c=16.522(4) A. =95.35(3)°, and Z=4. The structurc of the dinuclear g-oxo complex is
characterized by the almost linear [O=T¢-O-Tc=0]* group. The coordination geometry
of both Tc atoms is ncarly octahedral. Each central atom is displaced by 0.12 A from the
mecan plane of the NoO, donor atoms towards the terminal oxygens. The bridging Te-O
distance is 1.90(1) A which is distinctly shorter than the average Tc-O distances of 2.01 A
in the cquatorial planc. The mean Tc-N bond length is 2.12 A, the mean Tc=0 distance
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1.69 A. The O=Tc-O angle is 167.0(5)°. The IR absorption at 685 cm™ is attributed to the
Te—-O-Tc vibration. {u-O{TcO (salpd)}>|° melts at 215 °C[188].

Reaction of the very similar Schiff base N,N’-2-hvdroxypropane-1.3-bis(salicvlide-
neimine) (Hjsalhpd) with [TeOCL]™ in methanol yielded a deep red crystalline solid
which is soluble in DMF, DMSO. CH,Cl,, and CIHCl;. The neutral diamagnetic com-
pound [¢-O{TcO (Hsalhpd)};]” crystallizes in the same monoclinic space group P2;/c
with a=9.423(6), h=19.666(9), ¢=22.785(11) A, $=99.41(4), and Z=4. The structure
involves two distorted octahedra of Te(V) (Fig. 12.40.A) bridged by a single oxygen
atom of the nearly linear Tc,03% group. The average ;—O-Te bond distance is 1.91 A
and the average terminal Te=0 bond length is 1.71 A. The Tc and Tc” atoms are dis-
placed by 0.14 and 0.10 A, respectively, from the mean cquatorial plane of the N,O,
donor atoms towards the terminal oxygens. The structure of [i-O{TcO (Hsalhpd)},]°
is strongly rclated to the structure of the parent compound [p-O{TcO (salpd)}-]°
[188]. The IR bands at 625 cm™" and 912 cm™! are assigned to the asymmetric Te-O-
Tc and the terminal Tc=0 vibration, respectively. The redox reaction of [u-O{TcO(H-
salhpd)},]°, dissolved in DMF, reveals a one electron transfer for the Tc, O34/ Te,O53~
and Tc,03%/Tc,037* couples [242].

Amine phenol ligands like N,N’-bis(2-hydroxy-benzyl)-1,3-diaminopropanc
(Hzhbdp), and some derivatives, form highly lipophilic zi-oxo-bis(oxo0) dinuclear com-
plexes of Te(V) by reduction of TcOy with Sn(IT)-tartrate in the presence of the ligand
in aqueous alcoholic solution. The brown compound [p-OfTcO(hbdp)}.]® crystallizes
in the tetragonal space group P42,c with a=29.505(6). ¢=9.544(3) A, and 7Z=8. The
coordination gecometry of the Tc atoms is distorted octahedral. similar to the p-oxo
complexes mentioned before. The O=Tc-O-Tc=0 backbone shows significant devia-
tion from linearity. The O=Tc-O(bridging) angle is 164.4°. The Tc=0O(terminal) and
Tc-O(bridging) bond distances are 1.677(1) and 1.917(27) A, respectively. The Tc

0

Fig. 12.40.A 1-Oxo-bis [oxo{N.N"-2-hydroxypropane-1.3-bis(salicylidenciminato)}]technetium( V),
[1-O{TcO(Hsathpd)}.]” [242].
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atoms arc 0.1 A out of the planes defined by the N,O, donor atoms, toward the termi-
nal oxygen atoms. The Te—O(phenol) and Tc-N bond lengths are 1.99(1) and 2.17(3)
A, respectively. The IR vibration frequency of 674 cm ! was attributed to the Te-O—
Tc group, the vibration at 920 cm™! to the terminal Te=0 bond [243].

Another amine phenolate ligand containing a nitrobenzyl group for binding the
Te(V) complex to biomolecules. N,N"-bis(2-hydroxybenzyl)-1,3-diamino-2-(4-nitro-
benzyl)propane (H,hbdnp), reacts with [TcO(eg),] to form the brown. neutral dinuc-
lear complex [u-O{TcO(hbdnp)},|®. The compound crystallizes in the monoclinic
space group P2,/c with a=10.633(2). b= 13.705(1), ¢=16.364(3) A, p=94.65(1)°, and
Z=2. Two distorted octahedral TcO(N,O,)-cores are connected by a g-oxo ligand.
The structure is similar to those described before. The terminal Te=O and the bridging
Tc-O bond distances are 1.655(7) and 1.903(1) A, respectively. The IR vibration fre-
quency at 950 cm™! was assigned to the Te=0 stretch. The Te—O-Tc unit is linear and
forms an angle of 163.4(4)° with thc terminal oxo ligand. The Tc atoms reside 0.117 A
outside of the N,O; planc towards the terminal oxygen [244].

A dinuclear p-oxo complex containing an S;Cl; planc was obtained by reaction of the
bidentate thiocther 5,8-dithiadodecane (C4HoSCH,CH,SC4Hg) with [TcOCly]™ in ace-
tone/methanol solution. The yellow-green compound [;-OfTcO(dithiadod)Cl,),]° crys-
tallizes in the orthorhombic space group Pbca with a=16.474(7), b=17.044(6), ¢=23.756(9)
A.and Z=8. Each Tc atom is centered in a flattened octahedron with the cquatorial plane
formed by the S;Cl, donor set. The § and Cl atoms of the octahedra arc in the anti position
with respect to the bridging oxygen. The Tc atoms reside 0.12 A out of the S,Cl, planes
towards the terminal oxygens. The average terminal Te=0O bond distance is 1.670 A. The
IR vibration of the Te=0 group appeared at 920 cm™. The mcan bridging Te—O distance
is 1.899 A and the mean Te-Cl and Te-S bond lengths arc 2.402 and 2.442 A, respectively.
Using 3,6-dithiaoctane (C;HsSCIT,CH,SC;Hs) as a bidentate thioether ligand, the reac-
tion with [TcOCly] yielded the analogous pi-oxo compound [u-O{TcO(dithiaoct)Cl,},]°
showing the Te=O stretch in the TR also at 920 cm™. Both dinuclear complexes are stable
in air and soluble in acetone and acetonitrile. With 1,8-dihydroxy-3,6-dithiaoctane the
mononuclear complex [TcO(8-hydroxy-3,6-dithiaoctane-1-olato)Cl,]° was obtained and
contains the [O=Tc-O]?' group [245].

The tetradentate Schiff-base ligand N,N’-cthylene-bis(thioacetylacetonylidenei-
mine) {(sacac)-en H} reacts with [TcOCl,]™ in refluxing methanol to produce the red-
brown, dinuclear complex [u-O{TcO(sacac),cn};|® which is poorly soluble in common
organic solvents. The frequencics at 910 and 680 ¢cm™! are attributed to the terminal
Te=0 and Tc-O-Te stretching vibrations. respectively [213].

The cationic dinuclear complex [u-OfTcOCl(terpy)}s]*" was synthesized by reac-
tion of excess terpyridine with [TcOCl,] in refluxing cthanol. The blue-violet chloride
precipitate is soluble in DMF and DMSO. IR absorptions at 679 and 936 ¢cm ! arc
ascribed to v('I'c—O-Tc) and v(Tc=0), respectively [185].

12.3.6.2 Other ligand-bridged compounds

The remarkable sulphur-bridged dinuclear complex [u-S,S{(TcO)~(SCH-CH,S)5}]°
was obtained by reaction of [TcOCIl4]~ with ethanedithiol in mcthanolic solution.
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The orange compound crystallizes in the monoclinic space group P2,/c¢ with
a=8.833(2), b=15.034(3), c=11.350(2) A, p=108.17(1)°, and 7=4. Each Tc atom sits
in the center of a square pyramid, the base formed by four sulphur atoms. and the
apex occupied by an oxo oxygen atom (Fig. 12.41.A). The Tc=0(1) and Tc=0(2)
bond distances are 1.665(3) and 1.661(3) A, respectively. Tc(1) is 0.7410(3) A,
Te(2) 0.8025(4) A above the sulphur atom planes. The bonds to the unique ethanc-
1,2-dithiolate group are quite short, with Tec(1)-S(1)=2.260(1) and Tc(1)~
S$(2)=2.256(2) A, whereas the distance to the bridging sulphur atoms trans to the
former are 0.15 A longer. The two square pyramidal systems are arranged in the
syn configuration. The Te(1)-Tc(2) distance is 3.654(1) A. The pyramids sharc an
edge with an angle of 106.0(1) between the basal plancs. Two Tc=O streiching
vibrations arc observed in the IR at 953 and 946 cm™'. The compound is soluble in
CH,(Cl,, acetone and acetonitrile [246]. The rcaction of 1,3-propanedithiol with
| TecOCl,]- gives the corresponding compound [u-S,8'{{TcO),(SCH,CH,CH,S)3}¢
[128].

An uncommon dinuclear oxo-complex of “lantern” structurc was produced by reac-
tion of N,N’-ethylene-bis(2-mercaptoacctamide) (Hyecma) (HSCH>,CONHCH,CH,
NHCOCH,SH) with [TcOCl]" in methanolic sodium methoxide. The blue, micro-
crystalline complex salt [AsPhy][Te;Oo(Hzema)y] - 6H,O was formed. It crystallizes
in the monoclinic space group P2,/n with a=19.099(4). b=14.144(6), ¢=15.809(5) A,
5=109.17(2)°, and Z=2. The dianion is ccntrosymmetric and consists of two square-
pyramidal OTcS,-cores bridged by four (H,ema)?~ ligands. Each Tc atom is posi-
tioned 0.769 A above the Sy basal planc. The oxo ligand occupies the apical position
of each square pyramid (Fig. 12.42.A). A most interesting feature of this anion is that
the oxo ligands are found inside the cage created by the bridging ligands. The Tc=O
bond distance is 1.64(1) A. The Tc-S bond lengths are within the range 2.283-2.485 A.

Fig. 12.41.A Bis(cthane-1.2-dithiolato-S.x-8")oxo-technetium(V)-(ethane-1,2-dithiolato-S,S")oxotech-
netium(V), [1-S.8" {{TcO)s (SCH>CH,S)1}J° [246).
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Fig. 12.42.A Lantern dimer, | 1¢¥>0,(SCH,CONHCH,CH,NHCOCHS),] [247].

The intramolecular Te=T¢” distance is 7.175(4) A. and the distance between the oxo
ligands O(1)-0(1)" 3.96(2) A. The Tc=0O stretch was observed at 962 cm™. [AsPhy],
[Te,0-(H,ema)ys) decomposes immediately in aqueous basic solution to give two
cquivalents of [AsPhy][TcO(ema)] [247].

2.3.5,6-Tetrakis(2-pyridyl)pyrazine (tppz) reacts with [TcOCl,|™ in ethanol to give a
dark green precipitate of [u-tppz{TcOCL(OE)}:]* which is soluble in CH,Cl,. aceto-
nitrile, DMF, and nitromethane. As indicated by the presence of two distinct Te=O
stretching vibrations at 938 and 916 c¢m !, the two Tc(V) centers are reported to
experience different coordination environments, one Tc atom is deduced to be seven-
coordinate and the other six-coordinate [248].

The dinuclear complex [(TcOCL)(u-dpp){TcOCL(OE)}]°, with dpp = 2,3-bis
(2-pyridyl)pyrazine, was synthesized by heating excess [1TcOCI,]™ with dpp in cthanol
under reflux. The orange-brown precipitate proved to be diamagnetic. Two strong IR
absorptions at 986 and 936 cm™! arc observed, which are related 1o the Tc=0(ox0)
bonds. The dpp coordination is bidentate through a pyrazine and a pyridine nitrogen
atom [186].

Some structural data of dinuclear oxo complexes are reviewced in Table 12.8.A.
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Table 12.8.A Structural data of selected dinuclear oxo complexes described in Sect. [2.3.6.

Complex Geometry Te-L w(Te-L) Ref.
Distance IR [em™]
IA]
12.3.6.1
[-O{TeO(salpd)})* octah. 1.90(Te-10) 685(Tc O Te) [188]
[1-OTcOLIsalhpd)), ] octah. 1L91(Te-pO) 625(1c-0-T¢) [242]
[-O{TcO(hbdp)},]* octah. LI17(Te-10) 674(Te-O-Tc) [243]
[1-O{TcO(hbdnp)).]* octah. 1.903(Te u0) 950(Te—0) [244]
[#-OfTcO(dithiadod)Cly})° octah. 1.899(Te—xO) 920(1¢=0) [245]
[1-O{TcOCl(terpy))-]** - - 679(Tc-0-Tc) [185]
12.3.6.2
[1-S.S'{(Tc Q) (SCHL,CHA-S )3} ° square pyr. 3.654(Tc-Tc) 953('Tc=0) [246]
946('1'c=0)
[Tea0a(Haema), | square pyr. 1.64(Tc=0) 962(Tc=0) [247]
[1-tppz{TcOCL{OEN):]° - - 916('1c=0) [248]
938(Tc=0)

12.3.7 (TeN)?*+-core complexes

12.3.7.1 Nitridohalogeno-, nitridothiocyanato-, and nitridocyanotechnetate

In contrast to the wcll characterized nitridohalogeno complexes [TeNCly]™ and
[TeNBry] of Te(VI), the existence of the corresponding complexes of Te(V),
[TeNX4)? , could not vet be proved. Only spectroclectrochemical studies at —60°C
showed a reversible onc-clectron reduction of [T¢YINXy]7, but the reduced species
have not been isolated [249].

The reaction of [TcNCLy]™ in acetonitrile with an excess of thiocyanate in aqueous
solution results in the reduction of Tc(VI) to Te(V) and the formation of
[TeN(NCS)4(CH5CN)|*, which was precipitated as tetraethylammonium salt and
recrystallized from acctonitrile to give red-brown crystals. Its composition is based on
clemental analysis and IR absorption. A band at 1081 cm™! was attributed to the
TcV=N stretch [53]. In a similar preparation route [AsPhy],[TcN(NCS),] was
obtained, which crystallizes in orange-red ncedles and dissolves in CHCl; or acetone
[43,250]. Crystal structure determination revealed that the compound crystallized
from acetonitrile/cthanol is the trans-aqua complex [AsPhy];[TeN(OH;)(NCS)4]-
EtOH [251]. In the distorted octahedral complex anion [TeN(NCS),(CH;CN)J? | the
Tc atom is disordered over two sites with the N atom of the acetonitrile ligand sharing
equally the trans-axial coordination sites with the nitrido N atom [252].

The neutral nitrido-isothiocyanato complex [TeN(NCS)-(CH;CN)(PPh;),]°
0.5CH;CN was synthesized by substitution of the chloride atoms in [TeNCl-(PPhs),]°
with NCS in water/ethanol followed by the reaction of [TeN(NCS)>(PPh;),|° with
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acetonitrile. Thc orange-red crystals are monoclinic. space group P2,/c with
a=9.296(3). b=18.614(5). ¢=23.307(6) A, f=109.63(2)°, and Z=4. The technetium coor-
dination environment is distorted octahedral. The terminal Tc=N bond distance is
1.629(4) A, the Tc=N stretching frequency in the IR 1088 cm '. The bonding of the
thiocyanato groups is through the nitrogen atoms, the Tc—N single bond distances of
which are 2.045(4) and 2.068(3) A. Both NCS groups are lincar with N—C-S angles of
177.6(5) and 179.3(3)°. The two trans PPhs ligands are bonded to technetium also in
an approximately lincar fashion with a P~Tc-P angle of 174.0(1). The Te-P bond dis-
tances are 2.494(1) and 2.524(1) A. The exceptionally long Tc-N bond distance of
2.491(4) A for the acctonitrile group is a result of the trans influence ot the nitrido
ligand. Dissolution of [TeN(NCS)>(CH3CN)(PPh;3),|” in chloroform resulted in the
complete loss of acctonitrile and the formation of [TeN(NCS)2(PPhs),|° [253).

The reaction of [TcVINCl,] with CN~ in acetonitrile/water leads to the reduction of
Te(VI) to Te(V) and the formation of [TeN(CN),(OH»))? , which was isolated as the
tetraphenylarsonium salt in vyellow. water-soluble crystals. [AsPhy,[TeN(CN),
(OH»)]-5H>0 crystallizes in the monoclinic space group P2,/n with a=17.107(5).
b=19.965(7), ¢=15.473(5) A, B=101.70(2)°, and Z=4. Tc(V) is coordinated in a dis-
torted octahedron containing the terminal nitrogen. The cyano ligands occupy the
equatorial positions (Fig. 12.43.A). The Te=N bond distance is only 1.596(10) A. The
long Tc~O bond length of 2.559(9) A for the coordinaied water molecule is again a
consequence of the strong trans influence of the nitrido ligand. The N=Tc¢-O anglc of
177.9(5)° demonstrates an almost linear arrangement. The Tc atom is displaced by
0.35 A above the planc of the four equatorial cyano ligands towards the terminal
nitrogen. The Te-C=N angles of 171(1) to 179(1)" arc also close to linearity. ESR
results confirm that [1cN(CN);(OH,)]*" is diamagnetic. The C=N absorption in the
IR occurred as a single sharp peak at 2112 em™, indicating the equivalence of the
cyano ligands. The Tc=N stretch appeared at 1100 cm™ [254].

Fig. 12.43.A Trans-aqua-tetracyano-nitridotechnetate(V), [ TeN(CN),(OH,)]™~ {254].
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The structurally characterized trans-[TcN(CN)4(N3)]?  is obtained by ligand
exchange of [TeN(CN),CI]® with a large excess of NaN;. [TeN(CN)s]*~ was synthe-
sized by rcaction of [TeN(tu),CIJCl with CN™[249].

12.3.7.2 TeN(Oy)-, TeN(O,S5)-, TeN(S4)-, TeN(Se)4-, and TeN(S4Cl)-core
complexes

Technetium(V) nitrido f-diketonate complexes were readily prepared by ligand
cxchange reaction of |TcNCl,(PPh);]° with the f-diketone ligands acetylacetone
(Hacac), benzoylacetone (Hbza), dibenzoylmethane (Hdbm) and dipivaloylmethane
(Hdpm) in CH>Cly/cthanol solution containing potassium bicarbonate. The formula-
tion of the neutral, red. TeN(Oy4)-core complexes as [TcN(acac),]®, [TeN(bza),]°.
[TeN(dbm),]°, and [TcN(dpm),]° was supported by clemental analysis and IR spectra.
The Te=N stretching vibrations were observed around 1045 cm™. The lipophilicity of
the f-diketonato compounds increases in the given sequence [255]. Thiodibenzoyl-
methane rcacts with [TcVINCl] in acetone to form the dark brown, crystalline
TeN(O,S,)-core complex bis(thiodibenzoylmethanato)-nitridotechnetium(V),
[TcN{S=C(CeHs)-CH=C(C¢H;5)O},]°, which is soluble in acetone, benzene and
chloroform [256].

Isotrithionedithiolate (dmit?") liberated {rom the benzoyl-protected compound
through rcaction with NaOH, was reacted with [TcY'Cly] in CH;CN. Addition of
[BuyN]Cl to the reddish rcaction mixture finally yielded red needles of
[BuyN]5[TcYN(dmit),]. The TeN(S4)-core compound crystallizes in the monoclinic
space group C2/c with Te(V) and the nitrido ligand located on a two-fold crystallo-
graphic axis. The unit cell dimensions are a=23.143(5), b=8.342(2), ¢=26.382(5) A,
$=95.12(3)°, and Z=4. Tc(V) is five-coordinate with the four sulphur atoms forming
the basal plane of a square pyramid and the nitrido nitrogen at the apex (Fig.
12.44.A). The Tc atom is situated 0.620(2) A above the basal planc, being displaced
towards the nitrido ligand. The Tc=N bond distance is 1.615(2) A. The Tc-S(1) and
Tc-S(2) bond lengths are 2.396(2) and 2.370(2) A, respectively. The isotrithionedithio-
lato ligands are planar within 0.120(3) A and form an angle of 168.5° to each other.
The v(Te=N) stretching vibration appeared in the IR at 1055 em™ [257].

Fig. 12.44.A Bis(isotrithionedithiolato)nitridotechnetate(V), [TeN(dmit),] ™ [257].
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Bis(dicthyldithiocarbamato)nitridotechnetium(V), [TeN(S,CNEt),]°, the first com-
pound containing the Tc=N** core, was synthesized by the reduction of TeQ, with
hydrazine and the following reaction with diethyldithiocarbamate in aqueous solution.
The nitrido nitrogen atom presumably originates from the deprotonation of hydra-
zine. The yellow crystals of the neutral complex are monoclinic, space group P2,/c
with a=14.823(1), b=9.159(1), ¢=12.865(1) A. =107.98(1)°, and Z=4. The Tc atom is
again in a distorted squarc pyramidal environment with the nitrido nitrogen in the api-
cal position and four sulphur atoms forming the base. The Tc=N bond has a length of
1.604(6) A and the Tc-S distances range from 2.392(2) to 2.405(2) A. The Tc atom is
0.745(1) A above the plane of the four sulphur atoms. The angle betwcen the two
(S,CNEt,) planes is 59.4°. The S-Te=N bond angles are between 107.0(2) and
108.9(2)°. A strong IR absorption at 1070 cm™! was assigned to the Tc=N stretching
frequency [258]. Later. [TcN(S,CNEt,),]° was prepared by reacting [TcY!NCly]™ with
dicthyldithiocarbamatc in acctonitrile, resulting in the reduction of Te(VT) to Te(V)
[53].

A scrics of nitrido-bis(dialkyldithiocarbamato)-technetium(V) complexes were
obtained by reaction of hyrazine-reduced pertechnetate with dialkyldithiocarbamate
or by ligand exchange reaction starting from [TecNCl,(PPh;),]°. The Tc=N stretching
vibrations in the IR were found in the 1050-1100 cm™ region. The compounds are
diamagnetic and stable in solution [259].

Very recently, unusual, mixed Tc(V)nitridoferrocencdithiocarboxylate complexes
have been synthesized. When [T¢VNCIy(PPh;),]° is reacted with piperidinium ferro-
cencdithiocarboxylate in CH»Cl,, a deep-violet microcrystallinc precipitate is
obtained. The isolated product [TcYN{Fe!'(CsH,CS,)(CsHs)),]° is insoluble in water
and soluble in CH,Cl. In the IR, v(Tc=N) was found at 1040 cm~!. The probable ge-
ometry of the complex is square pyramidal with the nitrido nitrogen in the apical
position and the basal plane formed by the four sulphur atoms. The compound is non-
conducting in CH3;CN/CH,Cl,. Reaction of ferrocenedithiocarboxylate with
[TcYINCL] yielded, among other compounds, an ink-blue product, the analytical and
spectroscopic data of which correspond to the mixed-valence, monocationic complex
[TcVN{Fe'(CsH,CS,)(CsHs) H{Fe''(CsH4CS,)(CsHs)}]™. The presence of the mixed
iron valency was supported by electrochemical measurements [260)].

Tetraphenylarsonium-bis(1,2-dithiooxalato)nitridotechnetate(V), [AsPhy];[TeN
(SCOCOS),]. was prepared by reaction of dithiooxalate, dissolved in acctone/water,
with [AsPh,][TcYINCl,] in acetonitrile. The pale purple TeN(Sy)-core compound crys-
tallizes in the triclinic space group P1 with a=14.225(5), b=17.778(2). ¢=10.993(3) A,
a=101.52(2), p=111.74(2), v=100.68(2)°, and Z=2. The geometry about Tc(V) is again
distorted square pyramidal. The distortion arises {rom the large trans influence of the
nitrido ligand and is manifested by the displacement of the technetium atom from the
basal plane by 0.647 A. The Tc=N bond length is 1.613(4) A and the Te-S bond dis-
tances are between 2.378(2) and 2.391(2) A. In the corresponding compound
[AsPhy][TcYO(SCOCOS),]. the 1Tc=0 bond distance of 1.646(4) A proved to be sig-
nificantly longer, indicative of a weaker m-interaction with the Tc atom. In the IR
spectrum of the nitrido complex the Te=N stretching vibration appearced at 1071 cm™
[110]. [AsPhy]>[ TcN(SCOCQS),] may also be synthesized from [TcNCIy(PPh;),]” by
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ligand exchange and crystallizes in a sccond modification, space group C2/k,
a=19.424(3), b=11.254(2), ¢=24.958(3) A, f=107.68(1), and Z=4. This monoclinic mod-
ification is reported to be deep purple. The bond distances and angles show no signifi-
cant deviation from thosc in the triclinic compound [261].

The mixed ligand complex compound [AsPh,]{TeVN(S;CNEL)(SCOCOS)| was
obtained by reaction of [T¢YINCIy(S,CNEL,)]° with Ky(SCOCOS) in acetonitrile/
water and addition of [AsPh,]Cl. The red-brown crystals are monoclinic, space group
P2,/n, with a=20.670(10). b=15.740(6), c=10.162(5) A, }=93.61(4)", and Z=4. The Tc
atom resides again in a distorted square pyramidal environment and is displaced by
0.66(1) A above the S, basal plane. The Te=N length of 1.54(2) A is noticcably
shorter than is gencrally found for nitridotechnetium complexes. The Tc=N stretching
vibration in the IR was found at 1071 cm™ [67].

[TecNCly(PPh;),]" reacts with K(S,COE) in a dichloromethane/benzene mixture to
give pale vellow [TcN(S;COEt),|* which, when treated with a water-cthanol mixture,
forms by hydrolysis of the ester the crystalline potassium bis(dithiocarbonato)nitrido-
technetate(V) complex salt K5[TeN(S,CO);|. Dithiocarbonate complexes generally
cannol be obtained directly from the ligand because of its instability. The complex salt
crystallizes in the monoclinic space group P2;/n with a=8.353(5), b=15.630(4).
¢=9.230(5) A, p=90.94(3)°, and Z=4. Te(V) has a distorted square pyramidal cnviron-
ment and is bonded to the two dithiocarbonato dianions and to the apical nitrogen. Tc
is displaced by 0.71 A from the basc planc of the four sulphur atoms. All Te-S-C
angles are essentially 90°. 'The Tc-S bond distances are about 2.39 A, the Te=N bond
length is 1.621(6) A. The IR spectrum shows the Tc=N vibration frequency at 1060
cmt [262].

The reaction of [TcNCL(PPh;),]° with the bis(diphenylthiophosphoryl)amide
anion in a rcfluxing mixture of CH,Cl,/MecOH yiclds a ycllow, air-stablic solid of
[TeN{N(SPPh;,),}-]°. The amide anion acts as a chelating ligand coordinated via the
sulphur atoms. [TeN{N(SPPh,);}-]° - CH,Cl, crystallizes in the monoclinic space group
P2,/c with a=18.078(4). b=21.250(3), c=13.168(6) A, [1=103.16(4)°. and Z=4. The com-
plex is five-coordinate with the nitrido nitrogen atom at the apex of a square pyramid.
Te(V) is displaced by about 0.60 A from the basal planc. The Te-nitrido nitrogen
bond distance is 1.608(5) A. The Tc-S distances range from 2.405(2) to 2.451(2) A.
The Tc=N vibration was assigned to an absorption in the IR at 1081 cm™!. The mixed
ligand complex [TcVN(CI)(PPhMe,),{N(SPPh;),}|° can bec obtained when
[TeNClp(PPhMe,)s}° is reacted in refluxing methanol with equimolar amounts of
Na|[N(SPPh,),]. The yellow compound crystallizes with one molccule of methanol in
the triclinic space group PL The lattice constants are a=10.453(3), b=11.790(5).
¢=18.919(6) A, =90.54(2), f=92.52(2). y=110.43(2)°, and Z=2. Tc(V) resides in a dis-
torted octahedral coordination gecometry with the chloride bonded trans to the nitrido
nitrogen. The exceptionally long Te~Cl bond of 2.661(1) A is duc to the trans labiliz-
ing influence of the nitrido ligand {271].

Bis(1,2-dicyanoethenedithiolato)nitridotechnetate(V) [TcN(mnt),]> . (mnt = 1,2-
dicyanocthenedithiolate) was prepared by reaction of [AsPhy][TcYINCl,] with
Na,mnt in acetonitrile/ethanol and concomitant reduction of Te(VI) to Te(V). The
bright yellow crystals of [AsPhy|,[TeN(mnt),] arc monoclinic, space group Pn, with
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a=11.369(2), b=15.530(2). ¢=14.421(3) A. =97.58(2)°, and Z=2. The Tc atom in
[TeN(mnt),)? is tive-coordinate. The four sulphur atoms form an almost exact plane
with the disordered Tec atoms displaced in cqual distances (0.6 A) above and below
the plane. Cach (N;C,S,)?" ligand deviates slightly from planarity. The Tc-S bond dis-
tances range from 2.367(4) to 2.419(4) A. The Tc=N bond length is 1.59(1) A. The
N=Tc-S angles vary between 101.8(8) and 106.8(8)°. The Tc=N stretch appeared at
1060 cm 1 [263].

[TcN(mnt),]? - was also obtained by ligand exchange reaction of [TeNCly(PPhs),|”
with (mnt)>- in acetonic or ¢thanolic solution. In analogous preparation routes, a scr-
ies of new neutral, anionic or cationic nitrido complexes of Te(V) were synthesized
using similar ligands. The yellow to orange crystalline compounds are highly soluble
in chloroform or methylene chloride and the solutions arc air-stable for several days.
The Te=N stretching vibrations in the TR range between 1071 and 1089 cm™
[264.265]. In addition. [TcY'NCl,]~ or [TeVINBry)~ react by ligand exchange in acetone
with dialkyldithiocarbamates, diisopropyldithiophosphate. 1.2-dicyanoethenedithio-
late, thiocyanate, pyridine, and imidazole to give Te(V)-nitrido complexes containing
Ss or N, donor scts [43]. A new synthesis of Te(V)-nitrido complexes of the composi-
tion [TeNClL3] (L = dimethyl- or diethylphenylphosphine) in very good yield by
reaction of T ClsLy with NaNj in boiling cthanol was suggested [266)].

The complex anion bis(1,2-dicyanoethenedisclenolato)nitridotechnetatc(V)
[TcN(mns),]> was obtained by reaction of K;[CN),C=CSe,] with [NBuy][TcYVINCl]
in acetonitrile. The yellow compound [NBuy],[TeN(mns),] precipitated after addition
of [NBuy|Br. The complex salt crystallizes in the triclinic space group P1 with
a=9.620(1), b=10.567(1), ¢=26.774(1) A, 4=91.453(4), p=92.395(5), 7=112.546(5)°, and
7=2. The structure (Fig. 12.45.A) of the anion resembles that of [TeN(mnt),]* . The
basal planc of the distorted square pyramid is formed by the four selenium atoms. The
Tc atom resides 0.768(1) A out of this plane towards the nitrido ligand. The Te=N
distance is 1.61(1) A, the mean Tc-Se bond length 2.52(1) A. The compound is soluble
in acetone and dichloromethane. The Tc=N stretching vibration was found at 1072

em™! [267].
N1 —' 2-

g Cr ’ ,Ci
N4 C2™\ QNa
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Fig. 12.45.A Bis(1.2-dicyanoethenedisclenolato)nitridotechnetate(V), [TeN{(CN),C=CSea},J* [267].
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The reaction of excess thiourca (tu) with the [TcYINCL,] anion in acetonitrile
gives an orange crystalline product of [Tc¢YN(tu),Cl]JCl which is readily soluble in
water to producc a strongly acid solution, indicating extensive hydrolysis. The pres-
ence of the Tc=N group in [TeN(tu),Cl]* is confirmed by the IR absorption at
1042 cm~L. This valuc is consistent with the prescence of a ligand (Cl) trans to the
nitrido group. Substitution rcactions on [TcN(tu),Cl]* may be performed in aque-
ous solution leading to the preparation of new Te(V) nitrido complexes in good
vield [268].

Cationic nitridotechnetium(V) complexes with thiacrown ethers also contain a
TcN(S4Cl)-core. Ligand exchange reactions on [NBu,][TcVINCl,] with the thiacrown
cthers 1,4.8,11-tetrathiacyclotetradecane (14S4), 1,5,9,13-tetrathiacyclohexadecanc
(1684), 1.3.9,13-tetrathiacyclohexadecane-3,11-diol {16S4-(OH),} or 1.4,7,10,13,16-
hexathiacyclooctadecane (18S6), procceding in acetone/methanol solutions, result in
the formation of cationic complexes containing always only four coordinated S-atoms.
The X-ray structurcs of [TeNCI(1484)], [TeNCI(18S6]*, and [TcNCI(16S4-(OH).J*
reveal Tc(V) to be in a distorted octahedral geometry with four sulphur atoms of the
macrocyclic ligand in the cquatorial plane and the nitrido and the chlorine atom in
the axial positions. In [TcNCI(14S4)]* the Tc atom is displaced from the planc by
0.236 A toward the nitrido nitrogen. The Te=N bond distance is 1.615 A and the Te—
Cl distance is 2.178 A, which is lengthened by the trans influence of the nitrido ligand.
The mean Tc-S bond length is 2.410 A and the N-Tc-Cl angle is 176.4(1)°. The struc-
tures of the cations [TcNCI(18S6)]* and [TcNCI(16S4-(OH),|™ arc similar to that of
[TecNCI(14S84)]". Coordination of Tc(V) by four sulphur atoms in the equatorial planc
was found to be the common feature, regardless of differences in ring size or the pres-
ence of two additional sulphur atoms in the ring of 1856 or two hydroxyl groups in
{16S4-(OH),} [269,270].

12.3.7.3 TcN(Ny)-, TeN(N40)-, TeN(N4CD)-, TeN (N4Br)-,
and TcN(NzBr;)-core complexes

So far only a few TcN(Ny)-core complexes are known. Phthalocyanine-nitrido-techne-
tium(V) was obtained by melting NH,TcO,4 and phthalodinitrile at 280 °C. The dark
blue compound dissolves completely in conc. H;SO4 and sublimates in vacuum with-
out decomposition. The formation of thc compound presupposcs the presence of
NH,*. Phthalocyanine-nitrido-technetium(V) is diamagnetic and was characterized
by elemental analysis, mass spectrometry and IR spectroscopy. The absorption at 1078
cm ! was assigned to the Tc=N stretching vibration [272]. [TcN(py)s]?>' and
[TeN(im)y]?* were prepared by reaction of [TeVINCl,]~ with pyridine or imidazol in
retluxing acetone. The red [Te¢N(py)4]Cl; and the orange-brown [TcN(im)4]Cl, show
the Te=N stretching vibrations at 1072 and 1075 cm !, respectively [43].

The nitrido-technetium(V) complex containing the TcN(N,O)-core with the tetra-
dentate amine oxime ligand pnao (propylencamineoxime). i.c. 3,3,9,9-tetramethyl-4,8-
diazaundccane-2.10-dione dioxime, was synthesized rccently. Ligand exchange reac-
tion of [TeNCL(PPhz),]° with pnao in CH,Cly/cthanol yielded yellow [TcN
(pnao)(H,0)]” which was precipitated with [BPhy]~. The coordination around the Tc
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atom is distorted octahedral (Fig. 12.46.A). The four N atoms of the pnao ligand are
located in the equatorial plane, the nitrido and the O(3)(H,0O) ligand in the axial posi-
tions. The Tc atom resides at 0.399 A from the plane, defined by the four basal N
atoms, toward the nitrido nitrogen. The Te=N(1) bond distance is 1.610(5) A. The
N(1)=Tc-O(3) arrangement is approximately linear with an angle of 176.0(2)°. The
Te-O(3) bond of 2.481(4) A is lengthened by the trans cffect of the nitrido ligand. The
distance between the two oxime oxygen atoms O(1)---O(2) of 2.720(5) A suggests
the loss of an oxime proton and the formation of a hydrogen bond. The relatively long
bond lengths of Te-N(4) with 2.094(4) A and Te-N(5) with 2.113 A can be cxplained
by a weak interaction between Te(V) and the proton bearing nitrogens. In the IR
spectrum the absorption at 1061 cm™ indicates the Te=N stretching vibration.
[TeN(pnao)(H,0)][BPh,] - 2C,HsOH crystallizes in the triclinic space group P1 with
a=14.897(2), b=17.075(3), ¢=9.731(1) A, 2=104.50(1), =104.39(1), y=62.12(1)°, and
Z=2 [273]. Very rccently the corresponding structures of analogous nitridotechne-
tium(V) amine oxime complexes of longer carbon chains was communicated [273a].

The tetraazamacrocycle 1,4.8,11-tetraazacyclotetradecane-5,7-dionc (H.dioxocy-
clame) reacts with [TeNCl(PPhj),]° in dichloromethane/ethanol to produce yellow
crystals of the neutral complex [TeN(dioxocyclame)[H,0]° - 2H,0 which crystallizes in
the monoclinic space group P2,/c with a=10.154(5), b=10.453(5), ¢=28.937(4) A,
$=92.69(3)°, and Z=8. The Tc atom is six-coordinate in a rather distorted octahedral
geometry, being bonded to four N atoms of the macrocyclic ligand in the equatorial
planc and the nitrido N atom and one H,O molecule in axial positions. The Tc atom is
displaced by 0.52 A from the basal plane towards the nitrido nitrogen atom. The
N=Tc-O(H,0) angle of 173.7(2)° is approximatcly lincar. The Tc=N bond length is
1.612(4) A and the Te—O(H,0) distancc is 2.688(4) A. The mean N-Tc-N angles in
the five- and six-membered cycles arc 80.8 and 92.4°, respectively. The Tc=N stretch
was found in the IR at 1080 cm ! [274]. Using thc monooxocyclame ligand 1,4,8,11-
tetraazacyclotctradecane-S-one for the reaction with [TcNCl(PPhs),]°, the orange,
monocationic complex [TeN(oxocyclame)(H,O)]™ was obtained through deprotona-
tion of onc amide group [275]. The structure closely resembles that of the before-men-
tioned ncutral {TcN(dioxocyclame)(H,0)]° complex [274].

.
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Fig. 12.46.A Trans-aqua-3,3.9.9-tetramethyl-4,8-diazaundecane-2,10-dione dioximato-nitridotechne-
tium(V), | TeN(pnao)(H,0)]' [273].
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Another complex cation, [TeN(OH)py)]™, containing the TcN(N,O)-core, is
formed by reduction of [TeY'NCL] in the presence of pyridine in methanol solu-
tion. [TcN(OH)(py)4][BPhy] precipitates in feathery orange crystals. The Tc=N
stretching vibration appeared at 1050 cm™ in the IR. As in the oxo analoguc
[TcO(py)4]™ the pyridine ligands are labile and undergo exchange with free pyri-
dine in solution [276].

The reaction of [TeNCl(PPh;),]° with excess diethylenctriamine in a benzence/
cthanol mixturc and in the presence of air leads surprisingly to the formation of the
dicationic complex [TeN(en)s(aec)]?', where en = cthylenediamine and acc = N-(2-
aminoethyl)carbamic acid. The compound [TeN(en),(ace)][BPhy]; crystallizes in the
monoclinic space group Cc with a=22.903(6), h=9.346(3). ¢=25.731(5) A. $=91.76(2)°.
and Z=4. The two cthylenediamine ligands are coordinated in the plane normal to the
Te¢=N?* group, and a unique structural form of N-(2-aminoethyl)carbamic acid is
coordinated in a trans position through onc oxygen atom of the carboxylic group. The
resulting coordination around the Te atom is distorted octahedral, the Te being dis-
placed from the plane defined by the N atoms of the two ethylenediamine ligands by
0.3268 A towards the nitrido group. The ligand aec is in the zwitterionic form
"OOCNHCH,CIH,NHj5' stabilized in an intramolecular head-to-tail hydrogen bond.
The specics en and acc of this TeN(N4O)-core complex may be generated as a conse-
quence of the Te-promoted degradation of diethylenetriamine during the reaction
with [TeNCLL(PPh3)]° [277].

Substitution reactions of [TeNCl(PPh;),]° with ethylencediamine (en), 1,3-propanc-
diamine (pn), or 1.58,12-tetraazadodecanc (tad) in CH,Cl./EtOH solutions lead to
the monocationic, light yellow complexes [TcN(en),Cl]', [TcN(pn),Cl]* and
[TeN(tad)Cl]*, containing the TeN(N,4Cl)-core, which were precipitated as [BPhy|
salts. The compounds are diamagnetic. [TcN(en),Cl][BPh,] crystallizes in thc mono-
clinic space group P2,/n, with a=9.316(1), h=12.404(1), ¢=24.367(5) A, p=93.76(1),
and Z=4. The coordination around the Tc atom is approximately octahedral with two
molecules of cthylencdiamine in the basal planc and the Cl atom at the apical position
trans to the nitrido group. The Tc atom is displaced from the basal plane by (0.3231(3)
A toward the nitrido nitrogen. The trans influence of the nitrido ligand causes an
extreme lengthening of the Te-Cl bond distance which is 2.7320(8) A. The Te=N
bond length is 1.603(3) A and the Tc=N stretching vibration appears in the IR at 1085
cm 1. The average Te-N(NIT») bond distance is 2.156 A. [TcN(tad)Cl||BPh,] crystal-
lizes in the orthorhombic space group Pna2;, with a=9.966(2), b=31.203(10),
¢=9.706(4) A, and Z=4. The coordination geometry of [TeN(tad)ClI]" is likewise dis-
torted octahedral. The Tc atom is displaced from the equatorial planc by 0.2163(6) A
toward the nitrido nitrogen. The Tc=N and the Tc—Cl bond distances are 1.626 and
2.663 A, respectively. The Tc=N stretch was found again at 1085 em™'. The mean Te-
N(aza) bond length is 2.158 A and the Cl-Tc=N(nitrido) angle 176.6(2)° [278].

The 1,10-phenanthroline complex cis-[TeN(phen),ClJCl- 1,0 was prepared by
reaction of [TcY!NCly] with phenanthroline in methanol. The reddish-yellow com-
pound was precipitated upon addition of diethyl cther. It crystallizes in the triclinic
space group Pl with a=11.4148(8), h=12.332(1). ¢=8.5835(6) A. 2=101.244(3),
$=107.363(1), ;=80.326(6)", and 7Z=2. The coordination geometry of cis-[Tc¥N
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Fig. 12.47.A Cis-chloro-bis(1,10-phenanthroline)-nitridotechnetium(V), [TeN(phen),Cl]™ [279].

(phen),Cl|* is essentially octahedral (Fig. 12.47.A) with an N(1)=Tc-N(3) angle of
170.0°. The equatorial planc is formed by the nitrogen atoms N(2). N(4). N(5), and
the chlorine atom Cl. The dihedral angle between the two phenanthroline molecules
1s 73.85°. The Tc=N(nitrido) distance is 1.603(5) A and the Te—Cl distance 2.412(2) A.
The Tc-N(3) bond distance of 2.399(4) A is, as expected, considerably longer than the
average Te-N distance of 2.127 A for the phenanthroline nitrogens in the equatorial
plane. Two Tc=N stretching frequencies appeared in the IR at 1071 and 1054 em .
The small value of the magnetic moment p.=0.6 B.M. is probably due to tempera-
turc-independent paramagnetism [279]. The structure of [TeN(phen)-Cl|* resembles
closely that of [TcO(phen),C1]>* [136].

Reaction of [TcVINBry] with an excess of 2,2"-bipyridyl (bpy) in methanol gives
the orange cation [TcVYN(bpy),Br]* isolated as the tetraphenylborate salt. However,
when the reaction is carried out in absolute ethanol a deep red product is obtained
showing the composition cis-|TcYN(bpy),Br]o[T¢""Bry] with the new tetrahedral
[Tc"Bry)> counter anion. This complex salt crystallizes in the monoclinic space group
P2,/c with a=9.143(2), b=35.014(7). ¢=15.581(3) A. = 105.96(2)°. and Z=4. The
TeN(NyBr)-core cation [TeN(bpy)-Br]* cxhibits distorted octahedral coordination
about the Te(V) with the featurc that the nitride and bromide ligands arc in cis config-
uration. This may reflect both the small bite angle exerted by the bipyridyl ligand and
the steric difficultics of accommodating two bipyridyl ligands in the equatorial planc.
The Tc=N bond distance is 1.621(20) A. The two bipyridyl ligands are folded towards
onc another with a mean dihedral angle between the plane of these ligands of 70.8°.
The strong irans influence of the nitrido nitrogen is again reflected in the lengthening
of the Te-N bond. 2.415(19) A, rrans to the nitrido atom. The angle N=Tc-N is
161.6(8)" showing a strong deviation from linearity. The Tc=N stretching vibration
appeared in the IR at 1050 em™ [280-282].
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[TeN(PPh;),Br,|° reacts with the tridentate ligand bis(2-pyridylmethyl)-2-benz-
ylthio-2,2-dimethylethylamine (pybta) in acetonitrile under reflux to give an orange
solid of [TcYNB{(pyCH,),NCH,C(CH;3),SCH,Ph}[“. The ncutral TeN(N3Br,)-core
complex crystallizes in the triclinic space group Pl with a=7.458(1), h=10.852(3),
¢=16.598(6) A, 2=84.07(2), 5=86.24(2), 7=72.44(2)°, and Z=2. It is stable in air and sol-
uble in most polar organic solvents. The IR spectrum showed the Te=N stretching
vibration at 1072 cm !. The geometry about Tc(V) is distorted octahedral, the S atom
is uncoordinated. The Te=N(nitrido) distance is 1.61(1) A and the Tc-N bond length
trans to the nitrido nitrogen 2.47(1) A. The average of the Tc-Br bond lengths is 2.535
A."H NMR spectroscopy showed that in CDCl; solution of the complex there is an
equilibrium between this structure and onc in which a bromide ion is expelled and the
thioether sulphur is ligated [283].

12.3.7.4 TcN(N,S;)-, TeN(N;P>Cl)-, TcN(N,S,0,P)-, TcN(NSO,)-,
TeN(N,S,CLP)-, and TeN(NO,P)-core complexes

[TeVINCl] undergoes reduction upon reaction with 8-quinolinethiol in acetonitrile
to yicld neutral bis(8-quinolinethiolato)nitridotcchnetium(V), [TcYN(CoHeNS),]°.
The orange compound crystallizes in the monoclinic space group C2/c with
a=15.92(1), b=7.347(6), ¢=15.33(2) A. f=110.89(8)°, and Z=4. The coordination envi-
ronment of technetium is distorted square pyramidal with the nitrido nitrogen at the
apical position. The 8-quinolinethiolato ligands arc arranged with the like donor
atoms diametrically opposed. The N,S; donor atoms arc markedly distorted from
coplanarity. The Tc=N(nitrido) bond distance is 1.623(4) A, the Te-N distance
2.135(2) A. and the Tc-$ distance 2.3559(7) A. Each 8-quinolincthiolate ligand is
almost planar. The N=Tc-N angle and the N=Tc-S angle are 98.98(6) and 112.19(2)°.
respectively. The bite angle of the 8-quinolinethiolato ligand N-Tc-S is 82.16(6)°. The
strong absorption in the IR at 1064 cm ! may be attributed to the Te=N stretch [53].

The bidentate ligand S-methyl-3-isopropylidenedithiocarbazate  reacts  with
[TeVINCly] in ethanol/methylene chloride or with [TcYNCl,(PPhs),]° in benzene to
produce [TcYN{(CH;),CNNCS(SCH3)},]°. The compound crystallizes in thc mono-
clinic space group C2/c with a=16.707(3), b=8.838(1). ¢=12.514(2) A, f=106.85(1)",
and Z=4. The Tc=N stretching vibration appears in the IR at 1070 cm . The coordi-
nation around the Tc atom is again distorted square pyramidal. The Tc atom resides
0.8443(3) A above the mean N,S, plane towards the nitrido nitrogen atom. The
Te=N(nitrido) distance is 1.613(3) A, the Tc~-N and the Tc-S$ distances are 2.161(2)
and 2.3442(6) A. respectively. The bite anglec S—Tc-N is 80.80(4)°. The basal ligands
arc bent away from the nitrido nitrogen |284].

The tetradentate, unsaturated Schiff-base ligand NN’-cthylenc-bis(thioacetylaccto-
nylideneimine) {H»(sacac),en} reacts by a reduction-substitution route with [TcV!NCly]~
in a mixture of CH,ClL/EtOH to yield orange. neutral [TeN{(sacac),en}]°. The compound
crystallizes in the monoclinic space group P2,/n with a=14.654(7), b=12.62(5), c=7.819(4)
A, f=92.60(3)°, and Z=4. The coordination around Tc(V) is nearly square pyramidal with
the nitrido nitrogen at the apex and the N,S, atoms of the tetradentate ligand composing
the basal plane (Fig. 12.48.A). The ligand around the (Te¢N)?* moiety is almost planar.
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c(12)

Fig. 12.48.A N,N’-cthylene-bis(thioacetylacetonylidenciminato)nitridotechnetium(V), [TcN{(sacac),
en}|° [213].

The Tc=N bond distance is 1.621(8) A, the average Tc-N(2), Tc-N(3) distance is 2.112 A,
and the average Tc-S(1), Tc—S(2) distance is 2.351 A. The displacement of Te(V) from
the base of the pyramid enlarges the N-Tc=N angles to 102.8 and 107.5° and the S-Tc=N
angles to 106.3 and 105.0°. The Te=N stretching vibration was found in the IR at 1075
cm [213].

Reaction of a similar diaminodithiol ligand, N,N’-ethylene-bis(methyl-2-aminocy-
clopentane-1-dithiocarboxylate) (Homact) with [TeNCly(PPhs),]° in refluxing ethanol
produced the brown complex [TeN(mact)]°, which crystallizes in the monoclinic space
group P2,/c with a=13.380(6), b=9.945(2), ¢=15.839(9) A, =113.91(3)°, and Z=4. The
Tc atom resides in a slightly distorted squarc pyramid and is displaced by 0.59(6) A
from the mean basal N,S; plane towards the nitrido nitrogen. The Tc=N bond dis-
tance is 1.629(7) A. Bond lengths and angles rescmble those of the before-mentioned
complex. The Tc=N stretch appeared in the IR at 1060 cm ! [285].

A series of tetradentate, symmetrical, methyl and ethyl derivatives of diamino-
dithiol (H,L) was rcacted with [TeNCL(PPh;),]° in CH,Cl,/EtOH to form ncutral,
yellow nitridotechnetium(V) complexes of the general formula [TeN(L)]°. All thesc
complexes are air-stable, diamagnetic solids. Their IR spectra showed the absorptions
of the Tc=N group in the range 1060-1070 cm™! [175].

N-(N’-morpholinylthiocarbonyl)benzamidine (Hmorphtcb) undergocs reaction
with [TcYINCly] in acctone to yicld the TcN(N,Sy)-core complex [TcVN
(morphtcb);|°. The yellow, diamagnetic compound shows the Tc=N stretching vibra-
tion in the IR at 1065 cm ! and melts at 287-288 °C [286]. In addition, products
obtained via substitution of one hydrogen of the amino group by phenyl derivatives
were characterized [287].

Refluxing of [TcNClp(Mc,PhP);]° with N,N-diethylthiocarbamoylbenzamidine
(HEt,tcb) in methanol produces lemon-yellow crystals of [TeN(Etateb),|® that adopt
the triclinic space group P1 with a=9.749(4), h=11.264(9), c=12.359(4) A, 2=75.34(2),
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B=79.69(2), v=87.55(2)°, and Z=2. The Te(V)-core is a square pyramid. the basal plane
of which is formed by the cis coordinated N»S; ligands. Tc is located 0.607(2) A above
the basal plane toward the nitrido atom. The Te=N distance of 1.610(5) Ais compara-
tively short [288].

The nitridotechnetium(V) complex cation [TeNCI(PPh,CH;NH,),]". containing
the  TeN(N,P,Cl)-core, was synthesized either by ligand cxchange from
[TeNCl,(PPhs),]° or by reduction-substitution from |TcY!NCl,|~ with 2-aminophenyl-
diphenylphosphine in acctonitrile. The pale yellow chloride is stable both in the solid
state and in solution. The ionic nature was established by conductivity measurements.
[TeNCI(PPh,CyH4NH,;)-|Cl- CH3CN crystallizes in the triclinic space group P1 with
a=10.688(5). b=11.910(5). ¢=15.753(7) A. «=70.18(3), p=81.59(4), y=74.96(3)°, and
Z=2. The Tc=N stretch appeared in the IR at 1046 cm™. The coordination goemetry
of the Tc atom is highly distorted octahedral (compare Fig. 12.36.A). The two phos-
phorus atoms of the phophine ligands are in cis configuration and the ncutral ligands
are symmetrically coordinated in the equatorial plane. The T'c atom is displaced from
the mean plane of the P,N, donor set by 0.26 A towards the nitrido nitrogen atom.
The two PCCN rings arc bent away from the nitrido nitrogen resulting in an umbrella
arrangement of the complex. The Te=N, Te-N(1). and Tc-N(2) bond distances are
1.627(3), 2.178(3), and 2.205(4) A, respectively. The mean Tc-P distance is 2.433 A.
As a result of the trans influence of the nitrido nitrogen, the Tc—Cl distance is as long
as 2.593(2) A. The N=Tc-Cl angle is almost lincar with 179.5(1) [289].

Recaction of the tridentate, dianionic dithiocarbazic acid derivative 2-CgH,OH-
CH=N-NH-C(=S)SCH; (H,dtcb) with [FcVINCl4] and triphenylphosphine in a mix-
ture of cthanol/methylenc chloride gives yellow crystals of the neutral complex
[TcN(dteb)(PPh;3)]°. The same compound can also bc obtained by using
[TeNCIp(PPha),]°> as starting material.  [TcN(dteb)(PPhs)]®  with  the  core
TeN(N.S,O,P) crystallizes in the triclinic space group P1 with a=8.309(1), h=12.294(1).
c=13.308(3) A, 2=96.22(1), p=95.07(1), y=101.34(1)°, and Z=2. The coordination
around the Tc¢ atom is distorted square pyramidal. The Tc atom is displaced by
0.569(1) A towards the nitrido nitrogen from the plane defined by the atoms N,S,0.P.
The Tc=N bond length is 1.611(3) A. The tridentate ligand occupies the three coordi-
nation sites of the base, the fourth position being occupied by the phosphorus atom of
PPh; rrans to the nitrogen in the base. The Te-P and Te—O distances are 2.4195(6)
and 2.0215(14) A. respectively. The complex is diamagnetic. The Te=N stretching
vibration was found in the IR at 1060 cm™ [284]. [TcN(dtcb)(PPhs)]° may also be pre-
pared directly by reaction of TcO,4 with Hydicb in the presence of HCI and PPhs.
H,dtcb and other derivatives of S-mcthyldithiocarbazate behave as sources of the
nitrido nitrogen, giving risc to the formation of various technetium nitrido complexes
[290].

The unusual cyclic nitrido-bridged tetrameric complex [{TcYN(tu)}y(edta),]® - 6H,O
containing TeN(NSQ-)-cores was synthesized by reaction of [TcVN(tu),ClJCl with
Na,H,edlta in aqueous solution. The deep brown, ncutral compound, which is insoluble in
water and organic solvents, crystallizes monoclinic in the space group P2; with
a=16374(2), b=12.525(1), ¢=12.205(1) A, =107.77(1)°, and Z=2. A medium pcak at 984
cm !in the IR is assigned to v(Tc=N). The low valuc is consistent with a bridging nitrido
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ligand in the presence of a rrans ligand. The structure of the complex shows a cyclic tetra-
meric configuration for technetium with four asymmetrical Tc=N-Te bridges and with
cach diagonal pair of Tc atoms bridged by an (edta)*~ ligand, one edta over and the other
under the T'¢;N, core resulting in an open cage-like structure. The Te=N(nitrido) dis-
tances range from 1.681(7) to 1.695(7) A. The coordination geometry about each Tc atom
is distorted octahedral with the nitrido nitrogen atom in an axial position [291].

Another mixed donor atom nitrido technctium(V) complex [TeN(Cl)
(PPh3){PhN=C(OEt)S}]® with the TeN(N,S,CLP)-core was prepated by reaction of
[TeNCla(PPhs),]° with thiazetidine {PhN=C(OEt)SH} in toluene. The orange. ncutral
complex crystallizes in the triclinic space group P1 with a=9.428(5), b=10.237(5).
e=15.603(5) A, 2=89.29(3), =102.74(3), ;=115.61(3)", and Z=2. Tc(V) has a distorted
squarc pyramidal coordination geometry (Fig. 12.49.A) with the nitrido nitrogen atom
at the apex. The Te=N bond distance is 1.615(7) A. The Tc atom is displaced by 0.78
A toward the nitrido nitrogen N(1) from the mean plane defined by N(2), S, P, and CL
The bidentate ligand PhN=C(OEt)S is approximatcly planar. The Tc—Cl, Tc-N(2),
Tc-S, and Te~-P bond distances are 2.366(2), 2.135(7). 2.375(3), and 2.429(2) A,
respectively. The bite angle S-Tc-N(2) is 68.1(2)°. The absorption of the complex in
the TR at 1100 cm ! was attributed to v(Te=N). When [TeNCl,(PPh;)»]° was reacted
in THF with the ligand salt PhN=C(OEt)SNa, generated in situ by (reating
PhN=C(OEt)SH with NaH, the orange complex [TcN{PhN=C(OEt)S};]° was
obtained containing the TeN(N-Ss)-core [292].

Synthesis and characterization of nitridotechnetium(V) complexes with L-cysteine-
ethylester (HeysOEt). L-cysteine (Heys) and cysteamine (Hsca) were reported recently.
[TeNCl,(PPh3),]° was reacted in CH,Ci/CH;OH with the appropriate ligand. Yellow,
air-stable crystals of [TcNCl{cys-OEt)(PPh;)]°, [TcNCl(cys)(PPh;)]°, and [TcN(esa),]°
were obtained in high yicld. Their IR spectra showed the Te=N absorption in the range
1060-1090 cm™ and denote that the carboxylic group is not coordinated to the Tc atom.
Magnetic susceptibility measurements cstablished diamagnetism of the compounds.
[TeNCl(cys-OEt)(PPh;)]° has a distorted square pyramidal geometry around the Te(V)

0

Fig. 12.49.A Chloro-{O-ethyl-(phenylimi-
no)thiocarbonatojtriphenylphosphine-nit-
ridotechnetium(V), [TeN(Cl)(PPhy)
{PhN=C(OE?)S}]° [292].
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which is displaced from the mean plane. defined by N, S, Cl, and P, towards the nitrido
nitrogen atom by 0.594(1) A. The Tc=N bond distance of 1.605(3) A is indicative of a
strong triple bond. The bite angle N-Tc-S is 82.6(1)° [293].

Several complexes containing the core TeN(NO,P) were synthesized. The triden-
tate azomethine ligands N-{2-ethoxycarbonyl-3-oxobut(!)en(l)yl}laminoacetic acid
and N-{2-acetyl-3-oxobut(1)en(1)yljaminoacetic acid react with [TeNCL(PPhs),]” in
refluxing acctone/ methanol to yield orange crystals that are stable in air and easily
soluble in chloroform and benzene [294]. Similar reactions proceed with the azo-
methine N-[2-ethoxycarbonyl-3-oxobut(1)en(1)yl}-2-aminopheno! (H,ecbap). 'The
neutral complex [TcN{ccbap)(PPh3)]° crystallizes in the monoclinic space group C2/c
with ¢=27.480(5). b=11.4145(10). c=18.443(3) A, ;=103.22(2)°, and Z=8. The techne-
tium atom is five-coordinate with the phosphorus atom of the triphenylphosphine
group and the O.N,O donor atoms of the azomethinc in the basal plane, and the
nitrido ligand in the apical position, giving a distorted square pyramidal environment.
Te(V) is displaced by 0.66 A towards the nitrido nitrogen from the plane. The Te=N
bond length is 1.605(7) A, the Te-P distance 2.398(2) A [295].

12.3.7.5 TeN(PS,4)-, TeN(P,S5)-, TeN(P,Cl,)-, TeN (P3Br;)-, TeN(ASs,Cl3)-,
TeN(As;Br,)-, TeN(P;Cly)-, TeN(P3Br;)-, TcN(PCls)-, TeN(PBrs)-,
and TcN(P4Cl)-core complexes

A TcN(PSy)-core complex, |TeN(Me,PhP)(Et,dtc),|°, was obtained in orange-yellow
crystals when [TcNCly(Me,PhP);]° was refluxed in methanol with sodium diethyl-
dithiocarbamate (NaEt,dtc). The compound crystallizes in the monoclinic space
group P2;/c with a=17.369(5), b=15.024(1), c=9.906(3) A. f=76.47(1)°, and Z=4. The
coordination geometry of Tc(V) is distorted octahedral (Fig. 12.50.A) with the chelate
angles S(1)-Tc~S(2) of 72.54(3)° and S(3)-Tc-5(4) of 66.57(3)°. The Tc=N distance is
1.624(3) A. The Tc-S(4) distance of 2.826(1) A is remarkably long by the rrans effect
of the nitrido ligand [288].

[TeN(Me,PhP),(mnt)]® (mnt = 1,2-dicyanocthene-1,2-dithiolate) represcnts a
TeN(P5S;)-core complex. The compound was recently preparcd by rcaction of
[TeNClo(Me,PhP);]° with Naymat in refluxing methanol. The yellow, air-stable. dia-
magnetic crystals adopt the triclinic space group P1 with a=10.000(5), b=14.182(6),
e=17.77(1) A, 2=98.77(3), f=103.7(3), 7=104.55(3)°, and Z=4. The coordination gcom-
etry of Te(V) is a distorted square pyramid with the P»S, donor atoms as basal planc.
The Tc atom lies out of this plane by 0.56 A towards the nitrido ligand. The Te=N
distance is 1.611(4) A, the average Tc-S distance 2.374(2) A. The Te=N stretching
frequency was found at 1060 cm !. With a large excess of Na,mnt the reaction with
[TeNClL(MesPhP);° vields [ TeN(mnt), [~ [296].

Bis(2-diphenylphosphinobenzencthiolato)nitridotechnetium(V).  [TcN(dppbt),]°.
was synthesized by rcaction of [TeNBra(PPh;),]° with Hdppbt in acetone. The bright
yellow product showed the Te=N stretching vibration at 1070 cm ™ [220)].

[TcNCly(PPh;),[° containing the TeN(P>Clh)-core was frequently used as starting
compound for the synthesis of various nitridotechnetium(V) complexes. Its first prep-
aration succeeded in rcacting TcO, with hydrazinedihydrochloride, triphenylphos-
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0

Fig. 12.50.A Bis(dicthyldithiocarbamato)(dimethylphenylphosphine)nitridotechnetium(V),
[TeN (Me,PhP)(Etxdtc),]° [288].

phine, and hydrochloric acid in ethanol/water and adding benzene. After removal of
the ternary mixture of benzene/ethanol/water by distillation, the brick-red
[TeNCl,(PPh;),]° was obtained [297]. [T¢Y!'NCly] - undergoes reduction upon reaction
with PPh; in acctonitrile (o give [TcNCl(PPhs),]°. Its melting point is 231-232 °C and
the Tc=N stretch appears in the TR at 1088 cm!. [TeNCly] obviously strongly favors
substitution by soft rather than by hard ligands. Soft ligands are often reducing, result-
ing in the ready reduction of the [TcYN]**-core to the more stable [TcYN]?!-core
[53]. Furthermore, the reaction of TcQy with the S-mcthyl ester of dithiocarbazic acid.,
H,N-NH-C(=S)SCH,3, in the presence of HCl and PPh;, surprisingly leads to
[TcNCly(PPh;),)° [290].

When 1,1-diphenylhydrazine and [TcCly(PPh;),]° arc refluxed in dichloromethane
for several hours, orange crystals of [TcNCly(PPhj),]-0.25CH-Cl, are obtained.
[TeNCL(PPh;3),] - 0.25CH,Cl, crystallizes in the monoclinic space group C2/c, with
a=24.081(9), b=9.539(4), c=15.650(6) A, =116.18(1)°, and Z=4. The coordination ge-
ometry about Tc is distorted square pyramidal with the nitrido nitrogen atom at the
apical position and P,Cl, defining the cquatorial plane. The Tc atom resides 0.59 A
above this plane displaced towards the apical nitrogen. The Te=N bond distance is
1.602(8) A. The mean Tc—P and Te-Cl distances are 2.463 and 2.376 A, respectively,
and the P-Tc-P angle 162.0(1)°. The IR band at 1078 cm™! is attributed to the Te=N
stretching vibration and the absorption at 350 cm ! to v(Te—Cl) [298].
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The corresponding arsine complex [TeNCl{ AsPhs)s] crystallizes in the monoclinic
space group [2/a. with ¢ =15.823(4). b=9.638(2), ¢=22.490(7) A. p=101.91(2) ", and /=4.
Te(V) resides in a distorted square pyramid, The Te-As bond distance is 2.5440(4) A,
otherwise the molecular structure, including bond distances und bond angles. closely
rescmbles that of [TeNCL(PPh;):]" According to clectron spin resonance studies the
oxidation of [ T¢Y NCI(PPhy),] " and [TeYNCly(AsPhy)a]” with SOCI- at room temper-
ature leads to [TcY!NCly|™ via the intermediate species [TcYINCH(PPhy)]- and
[T INCL(AsPh:)]. respectively. The oxidation of [T NCla(AsPhy)s]  is more rapid
than that of [TcYNCIL(PPha),] [299].

The reactions of [Tc¢Y'NCL,]™ or [T¢Y'NBr,)~ with PPhs. AsPh: or PMc,Ph in
refluxing acetonc resulted in the formation of brick-red [TeNCl(PPh3),|° {y(Te=N) =
1095 cm™'}, red-brown [TcNBry(PPhs).]° {v(Tc=N) = 1090 cm™'}, vellow-brown
ITeNCh(AsPhy):] {v(Te=N) = 1091 emr Y. red-brown [TeNBry( AsPhs),] {r(Tez:N)
= 1091 em. vellow [TeNCL(PMce,Ph);)e (v(Te=N) = 1048 em™!). and orange
[TcNBra(PMe-Ph):]" {v(Tc:=N) = 1028 cm~'1 [297.301].

[[eNCI(PMe,Ph):]° was also svathesized by the rcaction of sner-[TeMCls
(PMe-Ph);] with NaN; in refluxing cthanol. The nitrido complex crystallizes in the
orthorhombic space group Pbca, with a=16.663(1). b =19.219(1), ¢= 16.769(1) A.and
7Z=8. The coordination geometry of Te(V) is distorted octahedral with the three
dimethylphenylphosphine ligands in meridional positions (Fig. 12.51.A). The Tc=N
bond distance is 1.624(4) A. Because of the strong (rany intluence of the nitrido nitro-
gen the Te-Cl(2) bond length is 2.665(1) A, while the Te-Cl(1) bond distance is only
2.441(1) A. The Te-P(1). Te=P(2) and Te-P(3) bond distances arc 2.444(1). 2.487(1),

Fig. 12.5LA Cis-dichlorouner-tris{dimethyipheny Iphosphine ) nitridotechnetium(V). [TeNClL
{Me,PPh)sJ° {302).
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and 2.486(1) A. respectively. The P(2)-Tce-P(3) angle of 170.68(5)° shows some devia-
tion from linearity. The N--Tc—P angles are almost rectangular. The Cl atoms are in cis
configuration [302].

The chelating phosphines 1.8-bis(diphenylphosphino)-3,6-dioxaoctane (ppoo), bis
(diphenylphosphinocthyl)propylamine (pppa). and  1.1.1-tris(diphenylphosphino-
methyl)ethane (ppme), react with [TcVINCl,]™ in a mixture of ethanol and dichloro-
methane to form the vellow complexes |TcNCly(ppoo)]®, |TeNCly(pppa)]”. and
[TeNCla(ppme)]° containing the TeN(P>Cly)-core. [TeNCly(ppoo)]® crystallizes in the
orthorhombic space group Fdd2 with a=28.714(7). b=23.915(5). ¢=8.779(2) A, and
7=8, [TeNCl(pppa)]® in the orthorhombic space group Pra2; with a=11.650(3),
b=23.570(2). c=13.003(2) A, and Z=4. For [TeNCly(ppoo)]” the coordination around
Te(V) is trigonal bipyramidal with the two P atoms in apical positions and the termi-
nal N.CL,Cl" atoms forming the basal planc. The trigonal bipyramidal coordination
polyhedron for nitridotechnetium(V) complexes is unusual. The Tc=N, Te-P, and Tc-
Cl bond distances are 1.601(4). 2.4730(8). and 2.385(1) A, respectively. The P-Tc-P
angle of 176.46 (4)° is almost linear and the Cl-Tc-P and P-Tc-N angles are about
90°. The structure of [TcNCla(pppa)]® shows square pyramidal coordination around
Tec with the Tc atom displaced from the P,Cl; plane toward the nitrido nitrogen atom
by 0.410(2) A. The Tc=N bond distance is 1.60(1) A, the mean Tc—P distance 2.410 A.
v(Tc=N) of [TeNCly(pppa)]® was found in the IR at 1057 cm 1. The three nitrido tech-
netium(V) complexes with the chelating phosphines are readily sofuble in CH,Cly
and react with a wide range of ligands [300].

Complex anions of the TcN(PCl;)- and TcN(PBrj)-core were obtained by reaction
of [T¢YINCl,] and [TcYINBry|~ with tris(2-cyanoethyl)phosphine (cep) in retluxing
acctone. Orange crystals of [BuyN][TcYNClsy(cep)]° and red-brown crystals of
[BuyN][TcVNBr3(cep)|® were isolaicd. The Te=N stretch appeared at 1050 cm ™! in
the IR [303].

The diphosphines 1,2-bis(dimethylphosphino)ethane (dmpe) and 1.2-bis(diphenyl-
phosphino)ethane (dppe) react with [ TcYINCy] in acetonitrile and ethanol, respectively,
to give [TcYNCl(dmpe),]~ and [Tc¢YNCl(dppe),|. Both cationic complexes of the
TeN(P,Cl)-core were isolated as [BPhy]™ salts [281,282]. Reaction of [TcVN(tu)4Cl]CI
with dmpe in acetonitrile also yields the cation [TeNCl(dmpe),]'. which was isolated as
the yellow complex salt { TeNCl(dmpe),]CF;SO5 - 0.5tu. The compound crystallizes in the
orthorhombic space group Cmic2; with a=23.269(10), b=19.206(9), ¢=12.205(6) A. and
7=8. The geometry around Tc(V) is distorted octahedral with the Cl ligand located trans
to the nitrido nitrogen (Fig. 12.52.A). The angles around Tc(V) are close to 90 and 180,
but the chelate angles arc only 81°. The Te—Cl distance of 2.643(3) A is very long, due to
the strong trans influence of the nitrogen atom. The Tc-N distance is 1.613(9) A. The Te-
P distances range between 2.450(3) and 2.459(3) A. The reaction of [TeN(tu),C1]Cl with
dppe in methanol produces yellow [TeNCl(dppe),]Cl- CH;OH which adopts the mono-
clinic space group P2,/c with the latticc constants a=11.023(3), b=13.550(5), c¢=16.892(7)
A. B=95.22(3)°. and Z=2. The molecular structure of [TeNCl(dppe).]* is similar to that of
[TeNCl(dmpe),] - [304].

Structural data of sclected compounds discussed in Sect. 12.3.7 are reviewed in
Table 12.9.A.
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C(6)

Fig. 12.52.A Bis|(dimethylphosphino)cthane}-rrans-chloro-nitridotechnetium(V). [ TeN(dmpe),Cl]!

304].

Table 12.9.A Some structural data for sclected (Te—NY -core complexes

Complex Geometry Te=N v(Te=N) Te Ref.

[A] IR [cm™ ] }f{jplaccmem)
12.3.7.1
[TeN(OH)(NCS), [ octah. 1.59 - - [252]
[TeN(NCS),(PPha),]° octah, 1.629(4) 1088 - [253]
[TeN(OH,)(CN), ) octah. 1.596(10) 1100 0.35 [254]
12.3.7.2
[TeN(S,CNE),)° SQ.pyT. 1.604(6) 1070 0.74 [258]
[TeN(SCOCOS), [ $q.pyr. 1.613(4) 1071 0.647 (110.261]
[TeN(S;CNEL)(SCOCOS)) sq.pyr. 1.54(2) 1071 0.66(1) [67]
[TeN(S,CO)*" SQ.PYT. 1.621(6) 1060 0.71 [262)
[TeN(mat), | SU.PYL. 1.59(1) 1060 0.6 [263]
[TeN(mns), ) $q.pyI. 1.61(1) 1072 0.768(1) [267]
[TeN(tu),Cl)™ octah, - 1042 - [268]
[TeNCI(14S4)]* octah. 1.615 0.236 [269,270]
12.3.7.3
[TeN(py).]*! Sq.pyr. - 1072 - [43]
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Complex Geometry TSEN v(Te=N) Te Ref.
A - isplace
[A] IR [em™] ;Eipldccmcm)

[TeN(pnao)(H,0)]* octah. 1.610(5) 1061 0.399 (273
[TcN(dioxocyclam)(1H,0)]° octah. 1.612(4) 1080 0.52 [274]
[TeN(OID(py)s]’ octah. - 1050 - [276]
[TeN(en)(acc) octah. 1.607(9) 0.3268 [277]
[TeN(en)ClJ” octah. 1.603(3) 1085 0.3231(3) [278]
[TeN(phen),Cl]” octah. 1.603(5) 1034/1071 - [279]
[TeN(bpy)-Br]' octah. 1.621(20) 1050 [282]
[TeN(pybta)Br|° octah. 1.61(1) 1072 - [283]
12.3.74

[TeN(CgHgNS)-|? $q.pyr- 1.623(4) 1064 - [53]
[TeN(sacac)-en]’ $q.pyr. 1.621(8) 1075 - [213]
[TeN(mact)]” Sq.pyr. 1.629(7) 1060 0.59(6) [285]
[TeN(Me-PhP)(Etdtc),]° octah. 1.624(3) 1069 - [288]
[TeN(Etsteb),|* Sq.pyr. 1.610(5) 1071 0.607(2) [288]
[TeNCI(PPh>CgHNH,), ] octah. 1.627(3) 1046 0.26 [289]
[TeN{(CH3),CNNCS(SCH3)}J° sq.pyr. 1.613(3) 1070 0.8443 [284]
[[TeN(tu)}q(cdta),]? octah. 1.681-1.695 984 - [291]
[TeNCI(PPhs){PhN=C(OE)S)]* sq.pyr. 1.615(7) 1100 0.78 [292]
[TeNCl(cys-OEt)(PPhs)]° SQ.pyT. 1.605(3) - 0.594(1) [293]
[TcN(ecbap)(PPh3)]° sq.pyr. 1.605(7) - 0.66 [295]
12.3.7.5

[TeN(Mc,PhP),(mnt)]° Sq.pYT. 1.611(4) 1060 0.56 [296]
[TeNCL(PPhy)s]° SQ.PyT. 1.602(8) 1078 0.59 [298]
[TeNCla(ppoo)]© trig.bipyr. 1.601(4) 1057 - [300]
[TecNCla(PMeaPh)s)? octah. 1.624(4) - [302]
[TeNCl{dmpe),]™ octah, 1.613(9) - - [304]

12.3.8 Imido, hydrazido, diazenido, and diazene complexes

12.3.8.1 Imido complexes

The dianionic, terminal organoimido unit in its linear conformation is formally iso-
electronic to the oxo group.

The technetium(V) phenylimido complex [TcCl3(NPh)(PPhs),]° was synthesized
by reaction of TcOy with N-acetyl-N"-phenylhydrazine (PANHNHCOCT;) and PPh;
in methanol with a small amount of conc. hydrochloric acid. The phenylimido unit is
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generated through the cleavage of the N—N bond in the organohydrazine. The yellow-
green  [TeClL:{NPh)(PPhs),}° crystallizes in the triclinic spacc group Pl with
a=10.8651(9), b=12.2236(9). c=16.687(2) A. x=71.998(7). ;=74.078(7). ~=80.336(7)".
and Z=2. The absorption at 1090 cm! was assigned 1o v(Tc=N). The coordination ge-
ometry about the Tc(V) is slightly distorted octahedral. The steric bulk associated
with the PPhj ligands results in their mutually trans coordination. The remaining coor-
dination sites arc occupicd by the three chlorine atoms and the phenylimido unit. The
mean Te—P and Te-Cl bond distances are 2.503 and 2.411 A, respectively. The Te=N
bond length is 1.704(4) A. The Te-N-C bond angle of 171.8(4)° confirms the almost
linear coordination mode of the phenylimido unit [305]. [TeCls(NPh)(PPhs),]° reacts
with pyridine (py) in refluxing methanol to give the mixed ligand. red-brown complex
| TeCls(NPh)(PPh;s)(py)]°© showing v('T'c=N) unchanged at 1090 em ! [306]. The struc-
tures of the compounds [TcCl3(NPh)(PMcPh,),]° and [TeBry(NPh)(PMcPha)»]° [307]
resemble that of [TcClz;(NPh)(PPh,),|°.

[TcOCly] reacts in refluxing methanol with N-acetyl-N"-phenylhydrazinc and 1,2-
bis(diphenylphosphino)ethane (dppe) to yield the green technetium(V)phenylimido
complex [TeCl;(NPh)(dppe)]°. In the IR the Te=N stretching vibration appeared at
1110 em™, which is characteristic of the lincarly coordinated phenylimido unit. The
Te-N-C angle is 175.7°. The Tc=N bond distance is 1.687 A. The aforc-mentioned
phenylimido complex containing PPh;y instcad of dppe can bc synthesized analo-
gously. starting with [TcOCl,]}~ [306].

Reaction of [TcClz(NPh)(PPh;),]° with 2.3,5.6-tetramcthylbenzenethiol (Htmbt)
gives [Tc(NPh)(tmbt);(PPhz)]°, an unstable product with the v(Te=N) IR absorption
at 1100 cm L. Using 2,6-dimcthylbenzenethiol (Hdmbt), the anionic phenylimido com-
plex [Te(NPh)(dmbt),| is formed with vw(Tc=N) at 1093 cm™'. Reaction of
[TcBrs(NPh)(PPh;),]° with unsubstituted, sterically less hindered thiophenol (PhSH)
yields the anionic oxotechnetium(V) complex | TcO(PhS),]~ [308].

The cationic phenylimido complex [TcClo(NPh)(PMe,Ph);]* was obtained by reac-
tion of [TcClz3(NPh)(PPhs),]° with excess dimcthylphenylphosphine in refluxing
mecthanol and isolated as the tetraphenylborate salt. The orange-brown compound
[TcCl(NPh)(PMc,Ph)s][BPhy] crystallizes in the triclinic space group PL with
a=11.337(2), b=13.054(3), ¢=17.854(4) A. 2=72.36(3)°, =88.51(3)°, 7=89.76(3)°. and
7=2. The coordination geometry of technetium is distorted octahedral displaying a
meridional arrangement of the phosphine ligands with one chlorine atom trans to the
phenylimido unit. The Te=N bond distance is 1.711(2) A. The average Tc-P bond
length is 2.471 A. The Te—~Cl bond lengths are 2.433(1) and 2.455(1) A with the shorter
bond 10 the chloride ligand rrans to the phenylimido unit, which suggests that therc is
no trans influence. The almost linear Te-N-C bond angle of 178.8(2)° reflects the sp
hybridization of the phenylimido nitrogen atom. The threc phenyl rings of the phos-
phine ligands arc all dirccted to the phenylimido ligand forming a protective pocket
around the nitrogen atom. The complex is diamagnetic. The IR spectrum displays an
absorption at 1102 em™, which is assigned to v(Tc=N) [309].

[TcOCl,] reacts with aromatic amines (arNH,) and triphenylphosphine in alcohol
to produce neutral, diamagnetic, air-stable, green-brown solids of the composition
[TeCla(Nar)(PPhs)-|°. The dcerivative with 4-aminotoluene has been structurally char-
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acterized. It is pscudo-octahedral with the two PPh; groups in frans position to cach
other. The tolylimido figand is essentially lincar with a Te-N-C angle of 168° and a
Te=N distance of 1.7 A [310].

Treatment of [TeYI(NA®);1]° (Ar=2.6-diisopropylphenyl) (Sect. 12.14) [35] with
two equivalents of sodium causes the green solution to rapidly change to the orange-
brown color of [TcY(NAr),|™:

Te~ N
Né \\\N 2 Na N=TC//
@ \ N

When the orange-brown solution of [Tc(NAr)3}~is added to a solution of PhaPAuCl, an
immediate reaction occurs, and the color of the mixturc changes to green, yielding
[(ATN)3TcAu(PPhs)|°. The dark green compound crystallizes in the rhombohedral space
group R3, with a=14.943(3) and ¢=39.607(12) A, 7=6. The geometry about the Te(V) is
best described as a distorted trigonal-bascd pyramid with gold occupying the apex. The
imido ligands occupy the base with an Au-Tc-N angle of 97.2(1)° and a N-Tc—N angle of
118.5(1)°. The Te-Au distance is 2.589(1) A. The Te=N and Au-P bond lengths are
1.758(5) and 2.278(2) A, respectively. The Te-Au-P angle is exactly linear with 180.0(1)°.
This compound is the first cxample of a structurally characterized, terminal gold phos-
phinc complex of technetium. Reaction of [TcY(NAr);)~ with 0.5 equivalent of HgBr,
yields [(ArN);TcHgTc(ArN),]°. The red compound crystallizes in the cubic space group
Pa3, with a=19.560(3) A and Z=8. The coordination gcometry of technetium is again de-
scribed as a distorted trigonal-based pyramid with mercury occupying the apex. The imido
ligands are at the base with a Hg—Tc—N angle of 97.6(4)° and a N-Tc-N angle of 118.3(2)°.
In fact, the Tc(NAr); fragments in the structures of [(ArN)s;TcAu(PPh;)]° and
[(ArN)TcHgTc(ArN);]° are almost identical. suggesting that the nature of the metal cat-
ion has little effect on Te(NAr);™. The Te-Hg and Te=N bond distances arc 2.615(1) and
1.718(10) A, respectively. The Te-Hg-Tc angle is 180.0(1)° [35].

‘The ncutral imidotechnetium(V) complex [Tc(NCH4PPh)}(NHC,H4PPh,)CL,]¢ is
obtained by ligand exchange reaction of [TcOCly] with 2-aminophenyl-diphenyl-
phosphine in anhydrous benzene under nitrogen:

[TcOCL| + 2NH,CqHPPh, — [Te(NCeHPPhy)(NHCHPPhs)CL]° + HCl + H,0 + Cl

The brown complex is soluble in acctone and dichloromethane. The v('I'e=N) vibra-
tion is reported at 951 em™'. The structurc of the analogous rhenium compound shows
the ligands (NCgH PPh>)? and (HNC,H,PPh,)™ twisted to cach other, with the imido
group bondcd trans to a chlorine atom, and the other chlorine atom coordinated cqua-
torially [289].
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12.3.8.2 Hydrazido, diazenido, and diazene complexes

Reaction of [TcOCI,]~ with hydralazine hydrochloride and PPh; in methanol at room
temperature produces the Te(V)-hydrazido(3-) complex [Tc(CsHsN4)CL(PPhs),]°.
The green-violet dichroic crystals adopt the triclinic space group P1 with a=11.592(3).
b=12.205(3), ¢=17.884(4) A, 2=107.76(2), p=99.03(2), 7=106.11(2)°, and Z=2. How-
ever. if the reaction is carried out in refluxing CH,Cl,. N-N bond cleavage appears to
be promoted and the nitrido species [TecNCly(PPh;3),]° (298] is the major product. The
coordination geometry of [Tc(CsHsN4)ClL(PPh,),]° is distorted octahedral. with the
phosphinc donors adopting the trans axial configuration. The equatorial plane is
defined by the two chlorine atoms and the nitrogen donors of the chelating hydrala-
zino ligand (Fig. 12.53.A). The Tc-P and Tc—Cl average bond distances are 2.484(6)
and 2.379(5) A, respectively. The Te-Cl(1) bond rrans 10 the phthalazine N(3) donor
is 0.026 A longer than the Tce-Cl(2) bond trans to the hydrazido N(1) atom. The short
Te-N(1) distance of 1.77(1) A is consistent with significant multiple bonding, in con-
trast to the Te-N(3) distance of 2.151(9) A. The N(1)-N(2) distance of 1.274(17) A
suggests a bond order approaching 2. The Te-N(1)-N(2) angle is 138.6(7)°. IR absorp-
tion at 1542 and 1618 cm ! arc assigned to v(N=N). The '"H NMR spectrum indicates
the triple deprotonation of the hydrazido moicty [311].

The technetium(V)phenyldiazenido complex [Tc(NNPh)Bry(PMc,Ph);]° was
obtained by reaction of TcOj with N-acetyl-N’-phenylhydrazine (PRNHNHCOCH;),

N4
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Fig. 12.53.A Cis-dichloro-hydralazino-rrans-bis(triphenylphosphino)technetium(V),
[Te(CsHsNLCL(PPh;)-]” [311].
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dimethylphenylphosphine (PMe,Ph) and HBr in methanol. The orange compound
crystallizes in the orthorhombic space group P°2,2;2;. with ¢=8.475(4), b=12.633(4).
¢=31.171(14) A. and Z=4. The formation of the diazenido complex is cxplained by the
cleavage of the N-C bond of the hydrazine precursor. The coordination geometry of
Te(V) is distorted octahedral. The three PMe,Ph ligands arc in mer position with the
two trans Te—P distances of 2.458(5) A (Fig. 12.54.A). The Tc—P(2) bond which is in
trans position to Br(2) is shorter, with 2.409(5) A. The Tc-Br(1) and Tc-Br(2) bond
distances arc 2.603(3) and 2.635(3) A, respectively. The Te-N(1) bond length is
1.753(13) A. The Te-N-N angle is almost lincar at 172(1)°. The formal charge on the
~NNPh ligand is —3. The N-N bond distance is 1.208(16) A [307].

The bis(aryldiazenido)technetivm  complex [TcCI(NNC¢Hy-4-Br),(PPh;),|° was
synihcsized by reacting [TcCly(PPhs),]° with (4-bromophenyl)hydrazine hydrochloride
and diisopropylethylamine in methanol. The bright orange compound crystallizes in the
monoclinic space group P2;/n. with a=12.174(2), b=19.008(3), ¢=20162(3) A.
f=106.39(1)°, and Z=4. The bond anglcs of the bis(diazenido) complex show around the
technctium little deviation from an ideal trigonal bipyramid. The P-Tc-P angle of
175.78(7)° is almost linear. The Tc atom, the chlorine atom, and the two (4-bromophen-
vl)diazenido ligands arc essentially coplanar. The aryldiazenido units display nearly linear
Te-N-N linkages and the bond length Te-N of 1.796(6) and 1.783(7) A reflect multiple
bonding throughout both units. The N=N stretching vibrations appear in the IR at 1518
and 1573 cm™!. With dianionic aryldiazenido ligands the oxidation state of technetium is
+5. Reaction of HCI with the complex dissolved in methanol yielded the six-coordinate
dark red compound [TcCL(NNCgH,Br){(NNHCyH4Br) (PPh;),]° [312]. TcOj4 reacts with
2-hydrazinopyridine-dihydrochloride in methanol to give the purple-brown organodiaze-
nido-organodiazene chelate [TeCl3(N=NCsH, NH)(H-N=NCsH,N)|°[313].

A Te(V) diazene complex is reported to be obtained by reaction of thiobenzoylhy-
drazine {H;NNHC(S)Ce¢Hs} with [TcOCly]™ in methanol. The lustrous red crystals of
[TfHNNC(S)CeHs)(S,CCeHs)]° - n-BugNCl adopt the monoclinic space group °2;/c

Fig. 12.54.A Phenyldiazenido-mer-tris(dimethylphenylphos-
phino)-dibromotechnetium(V), [ Tec(NNPh)(Me,PPh);Br]*
[307].
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with a=11.576(4), b=15.698(5). ¢=22.718(6) A, =94.93(2)°, and Z=4. The dithioacid
CeHsC(S)S™ ligand was a contaminant of thiobenzoylhydrazine. [Te{HNNC(S)CHs),
(S8,CCHs)]* exhibits distorted trigonal prismatic gcometry through ligation 10 the $
donors of the bidentate dithioacid group and the N, and S donors of the chelating
diazene ligands. The diazenc form is suggested by the IR absorption at 3060 c¢cm !
which is attributed to v(N-H) [314].

Table 12.10.A summarizes some structural data of complexes described in Sect. 12.3.8.

Table 12.10.A Some structural data of selected imido, hydrazido. diazenido. and diazene complexes.

Complex Geometry Te=N v(Te=N) Ref.
(Al IR [em™]

12.3.8.1

[TeCl3(NPh)(PPh3)-]° octah. 1.704(4) 1090 [305]

| TeClz(NPh)(dppe)]” octah. 1.687 1110 [306]

{Te(NPh)(tmbt)3(PPh3)]° Sq.pVr. - 1100 [308]

[ TeCly(NPh)(PMePh)s]* octah. 1.711(2) 1102 [309]

[TeCl(NCH;CgHu)(PPhs), [° octah. 1.7 - [310]

[(ArN);TcAu(PPh;)[° trig. 1.758(5) - [35]
pyr.

[(ArN);TcHgTc(ArN)5]° trig. 1.718(10) - [35]
pyr.

[TeCL(NCeH4PPh)(NHCI1,PPhy)]©  octah. 951 [289]

12.3.8.2

[TeClay(CeHIsNy)(PPh3),]° octah. 1.77(1) - [311]

[TeBry(NNPh)(PMe,Ph)z]” octah. 1.77(1) - [307]

[TeCI(NNCgH,Br),(PPhs),]° trig. 1.796(6) - [312]
bipyr.

[Te[HNNC(S)C,Hs)> trig. 1.969(7) 1610 [314]

(S;CCH5)]° prism 1.980(7) (Te N=-N)

12.4 Technetium(IV)

Hexahalogeno and hexathiocyanato complex compounds of quadrivalent technetium
were some of the earliest Tc species to be prepared and characterized. Frequently. halo-
geno complexcs arc uscd as starting compounds to synthesizc mono- and dinuclear
Te(IV) complexes of various cores. The Te(IV)-cores predominantly exhibit distorted
octahedral coordination goemetry. Due to the presence of threc unpaired clectrons, the
magnetic moments of mononuclear complexes range between 3.5 and 4.1 B.M., whereas
the dinuclear compounds arc diamagnctic. In addition to halogen ligands, oxygen and sul-
phur containing ligands were mainly observed in complexces, but no terminal oxygen. sul-
phur or nitrogen atoms. Numerous halogeno complexcs with phosphinc ligands were pre-
pared and identified.



12.4 Technetium(IV) 245

12.4.1 Hexahalogeno and hexathiocyanato complexes, nonabromodi-
technetate(1V)

K,[TcF¢] was preparcd by fusion of K[TeBrg| with excess KHF». Recrystallization of
potassium hexafluorotechnetate(IV) from water gave pale pink platelets. The resis-
tance of [TcFq|>~ against hydrolysis is remarkable, only conc. alkaline solution decom-
poses the compound by precipitation of TcO,-hydrate. The solubility of Ky[TcFs] is
1.5 g/100 g water at 25°C. The complex salt adopts the trigonal K;[GeT] structure,
space group C3m, and is isostructural with Ky[RcFg| and a low-temperature version
of K;|MnF,]. The hexagonal unit cell has the dimensions a=5.807(2) and ¢=4.645(2) A
[315.316]. The dimensions of the isostructural, less soluble Rby[TcFg] are a=5.986(2)
and ¢=4.798(2) A [317]. The magnetic moment of K,[TcFy) is 3.95 B.M. with 0=-28K.
This is similar to the “spin-only” value for three unpaired clectrons [318]. The EPR
hyperfine structure of [**TcF,]*~ in mixed polycrystalline K[ TcFq]/Ko|PtFg] shows
the expected 10 lines at 3 cm wavelength and 77 K. The parameters arc |g|=3.884,
|A]=3.34-10 2em™!, and |B|=1.76-102 cm ! [319]. The absorption spcctrum of an
aqueous solution of K,|[TcF,| was mecasured in the near IR, VIS, and UV betwcen
8000 and 50000 cm™'. The ligand field paramcter A was determined as 28400 cm™!, the
Racah parameter B is 530 cm !, and the nephelauxetic ratio f35 is 0.75 [320]. The IR
and Raman spectra of K;[1cF,] and Cs,[TckF,] were measured from 1000 to 45 cm !
and the force constants were determined in the valence force field and in the standard
Urey-Bradley ficld [321.322]. Morc recently K,[I'cFe] was obtained by reacting
K»|TeBrg) with 40 % HF and precipitation of Br~ with silver fluoride [323] according
to the equation:

[TcBrg)> + 6F + 6Ag' — |TcFg]* + 6AgBr

Hydraziniumhexafluorotechnetate(IV), [N>Hg][TcF]. was prepared by reaction of
TcFg in anhydrous hydrofluoric acid with [N,Hg]F,. The brown compound crystallizes
in a body-centered cubic lattice with a=10.48 A. The magnetic moment of
[NoHg ][ TcFs] at 300 K is p.;=3.79 B.M. with a Weiss constant 0=52K. The IR spcc-
trum shows a strong absorption at 545 cm~!, which was tentatively assigned to vy of
[TcFg]>~ [324].

K;| TeClg] was obtained by reduction of KTcO, with KI in conc. hydrochloric acid.
Recrystallization from hydrochloric acid yielded yellow crystals of Kj[TcClg)
[316,325,326]. The solubility of the complex salt at 25°C in 3 M HCl is 1.16-107
mole/l [327]. In aqucous solution [TcClg)> is rapidly decomposed by precipitation of
'TcO,-hydrate. Ko[TcClg] crystallizes in the face-centered cubic lattice, space group
Fm3m, with a=9.825(2) A [317]. Heat capacity mcasurcments indicatc no crystal
structure change at low temperatures. The heat capacity of Kj[1cClg] exhibits a
lambda-type anomaly with a maximum at 7.0£0.1 K indicative of a coopcrative-type
transition. There is no doubt that this anomaly represents the transition from an
ordercd antiferromagnetic state below 7.0 K to a disordered paramagnetic state above
this temperature. The Néel temperature of 7.0 K for K;[TcClg] is considerably lower
than that of K»[ReClg] with 11.9 K [328]. The magnctic moment of K;[TcClg] was
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found to be p=4.05 B.M. with the Weiss constant 0=—68K [318]. The EPR hyperfine
structure of “Tc(IV) in mixed single crystals of Ko[ TeCle)/K,[PtCle] was measured at
3 cm wavelength at 1.7 K. Consistent with the nuclear spin of 9/2 of *°Tc the spectrum
(Fig. 12.55.A) reveals 10 strong lines [319,329,330]. The stepwise formation constant
ke of K[ TcClg), dissolved in 3 M HClO,, was determined potentiometrically at 15°C
10 k¢=4.6-10* mole !-1 which is almost 50 times smaller than that of [ReClg)> [331].
The force constant of the Te~Cl bond in K5[TcClg] was calculated in the valence force
ficld from IR and Raman vibrations to be f,=1.51 mdyne - A ! [321]. The cubic ligand
field paramter was derived from the polarized low temperature absorption spectrum
in the VIS and UV at 4=24.4-10% cm™' [332]. Single crystal structure analysis of
K,[TcCly| yielded 2.35 A for the Te-Cl bond distance in a regular octahedral struc-
ture. Assuming a value of 0.99 A for the covalent radius of chloride, the octahedral
covalent radius of 1.36 A was obtained for Tc(IV) [333].

Some crystallographic and magnetic data of Tc(IV) hexahalogeno complex salts
are collected in Table 12.11.A.

+5 42 +2 +5 4
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Fig. 12.55.A EPR hyperfine structure of a mixed single crystal of Ko[TcClg)/Ks[PtCly] at 1.7 K and
[111]-direction of the magnetic ficld [319].

Table 12.11.A Crystallographic and magnetic data of Tc(1V) hexahalogeno complex salts.

Complex salt Structure Lattice . Magnetic Weiss Ref.
constants [A] Moment [B.M.] constant [0]

Ks| Tckq) Cim a=5.807 3.95 28 [317,318]
¢=4.645

Rb,| TcFq) Cim a=5.986 - - 317}
¢=4.798

[N-Hg|[TeF] bee a=10.48 3.79 52 (324]

K[ TeClg) Fm3m a=9.825 4.05 -68 [317,318]

(NH,),[TeClg) Fim3m a=9.9072 - - [334]

Rbo[TeCly) Fm3m a=9.965 - - [317]
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Table 12.11.A Continued.

Complex salt Structure Lattice . Magnetic Weiss Ref.
constants [A] Moment | B.M.] constant [ @]
Cso[ TeClg) Fm3m a-10.237 - - [335]
[AsPhyls(TeCly)  PT a=10.111, - 1337]
bh=12.165
¢=10.263
2=93.86°
fi=114.51°
1=99.08°
K,[TcBrg] Fm3m a=10.371 4.06 75 [317]
(NH.)5[TeBre) Fin3m a=10.417 - [335.330]
Rb,[I'eBry) I'm3m a=10.460 - - [317.318]
Cs,[TeBry] Fm3m a-10.650 - - 338]
K;[Telg) P2,/c a=11.352
h=7.846 4.20 -81 [318,339]
=13.817
f=145.63"
(NHy),[Tclg] ortho- a=11.24 - - [340]
rhombic bh=8.02
=792
Rb,[Tclg) Fin3m a=11.301 424 -126 [317.318]
Csy[ Telg) Fm3m a=11.410 - - [340]

X-ray structure analysis of a single crystal of (NHy),[TcClg] established the Tc-Cl
bond distance in the regular octahedral [TcCle]? to be 2.3531(5) A [334]. Structural
studics of [AsPhy],[TcCls] showed this complex salt to crystallize in the triclinic space
group PL The [TcClg]?> ion exhibits small but significant deviations from ideal octahe-
dral geometry, with Tc-Cl bond distances 2.3441(7), 2.3635(7), 2.3649(7) A, and Ci-
Te—Cl angles of 88.63(3), 89.95(3). and 90.26(3)°. The slight tetragonal distortion in
the anion scems to be caused by crystal-packing forces arising from the presence of
the bulky [AsPhy]” ions [337].

Hexabromotechnetic(IV) acid, (H;0),[TcBrg]. forms red cubic crystals crystalliz-
ing in the space group Fm3m with a=10.410(4) A and Z=4. The Tc-Br bond distance
is 2.506(2) A [341). Salts of [TcBrg)> may be prepared by reduction of TcQj with
conc. HBr containing the appropriate cation. The solubility of K[ TcBrg} at 25°C in
3.5 M HBr is 8.96- 10 3 mole/l [327]. In aqueous solution [TcBrg]* is readily decom-
posed by precipitation of TcO,-hydratc. The stepwise formation constant k, of
[TeBrg]? in 3M HCIO, is 3.8 10* mole™ - 1 at 15°C, which is almost 50 times smaller
than that of [ReBrg]*, measured potentiometrically at the same conditions [331]. The
force constant of the Tc-Br bond in K;[TcBrg] was determined in the valence force
field to be f,=1.39 mdyne - A-' |[321]. The cubic ligand field parameter of [TcBrg]* was
derived as 4=18.7-10% em ! [332] and 4=21.6-10? cm ' [342].

Purple black salts of [Tclg]*~ were obtained by reduction of TcQZ with moderately
conc. HI in the presence of the required cation. Rby[Telg] and Cs,[Tclg) crystallizes in
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the face-centered cubic lattice, K»[Telg] in the monoclinic space group P2,/¢ and
(NH,)5[Telg] in the orthorohombic system. The mean Te-I bond distance is 2.725(1)
A [339]. [TcI)? undergoes very rapid hydrolysis in water and is only stable in conc.
HI. The absorption spectrum of K;|Telg] in 57 % HI was measured between 8000 and
35000 cm™! along with the spectra of Ky[TeF]. Ko[TeClg), and K;[TeBrg] in aqueous
or acidic solution (Fig. 12.56.A). Electron transfer bands indicate the optical electro-
negativity X,,=2.25 for Te(IV) and 2.05 for the less oxidizing Re(IV) [320]. The cubic
ligand ficld parameter of |Tclg]?~ was reported as 4=20.4-10° em ! [342].

When KTcOy in 11 M HCl is reduced with K, the red precipitate K>[Tc(OH)Cls)
is formed. The compound crystallizes in the space group Frm3m with a=9.829 A and is
isostructural with K5[TeClg]. The magnetic moment of Ky[Tc(OH)Cls] is prer=3.60
B.M. at 293 K with a Weiss constant of approximately 50 K. The most striking feature
ol the absorption spectrum is the distinct band around 18500 cm™!', which is more
intense than for K,[TcClg]. This is presumably the reason for the red color of
K,[Tc(OH)Cls]. A weak absorption in the IR at 467 cm™! was assigned to the v(Tc-O)
stretching mode. The OH stretch is observed as a very weak band at 3400 cm™ [333].

[TcCly]?  and [TcBrg|>~ dissolved in hydrochloric acid and hydrobromic acid,
respectively, were shown to be sensitive to visible and ultraviolet light. Changes of the
spectra of the complexcs in the VIS and UV were induced by irradiation of light. The
aquation reactions

[TeXg]> + Ho0 — [Te(OH,)Xs] + X (X=Cl,Br)

arc reported to be responsible for the changes at least in the early stage of the photo-
lysis. Kinetic parameters and equilibrium constants of the aquation rcactions were
determined and reaction species also for subsequent aquation stages were identificd
|343.349].
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Fig. 12.56.A Absork)lion spectra of the hexahalogenotechnetate(IV) complexes in aqueous solution
320 kK =107 cm &
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The reaction of TeCly with 1,4,7,10,13-pentaoxacyclopentadecane (15-Crown-5) in
dichloromethane produced the yellow compound [(15-Crown-5)(H;0)(15-Crown-5)]
[TeCls(H,0)], from which the X-ray structural parameters of the anion
[TcCls(H,0)] were determined. Tc resides in a distorted octahedral environment
with the average Tc-Cl bond distance of 2.34 A and a Tc-O distance of 2.08 A [350].

The mixed chloro-bromo-technetates(1V), [TcCl,Bre_,]*~. n=1-5. were separated
by 1on exchange chromatography on diethylaminoethyleclluiose. Due to the stronger
trans effect of Br~ as compared to CI , the ligand exchange reactions of [TeBre]*~ with
HCI and of [TcClg}~ with HBr proceeded stereospecifically to form either cis/fac- or
trans/mer species for n=234, respectively. The IR and Raman spectra of the ten
chloro-bromo-technctates(TV), including the pure geometrical isomers, were recorded
at 80 K and completely assigned. The force constants were calculated in the valence
force field [351].

The luminescence spectra '7(?T2,) — Ts(*Aj,) of the mixed chloro-bromo-techne-
tates(1V) Csy[{TcCl,Bre,]. n=1-5, in some host crystals such as Cs;[SnClg],
Cs>[SnBry), and Cs,|TeClg|, were measured at 10K between 12800 and 14000 cm ™, in-
cluding the pairs of pure gcometrical isomers, with n=2.3.4. Duc to the weak spin-orbit
coupling of Te(IV), only from the I'; level does a phosphorescence transition arise.
Because of the nephelauxctic effect the electronic origins of [TcCl,Brg_,]? shift to
higher wavenumbers with increasing n. While the splittings in cis-[TcClBr;]*~ and
cis-| TeClyBry]? are the same but of opposite sign, the splittings of trans isomers are
twice as large. The T'7(°T,,) — T'g(*A,,) phosphorescence exhibits for all specics a dis-
tinct vibronic structure [352,353].

Electrochemical studies on solutions of [BuyN]>[TcCly] and [BuyN],[TcBrg] in
acctonitrile indicate the anodic irreversible oxidation reactions

[TAVX(P — [TeVXq] + ¢

of [TcClg]* and [TcBre]?> at £y, of +1.88 and +1.70 V vs SCE, respectively, and the
cathodic irreversible reduction reactions

[TVX]? + e — [TX >

at 15 of =0.34 and -0.27 V vs SCE, respectively [354]. Spectroclectrochemical inves-
tigations on [TcClg)?~ and [TcBrg]* in conc. HX/NaX aqucous media show that the
complexes undergo a reversible one-clectron reduction. The bromo system is 160 mV
easier to reduce [355].

In addition to the aforcmentioned hcexahalogeno complex salts, the orange-red
Agy[TeClg]. the yellow 1,2-bis(diphenylphosphonium)ethane hexachlorotechnetate(IV),
[dppeH:][LeClg), pter=3.74 BM. at 20 °C, and the orange [dppel 1,][ TeBrg), jteti=4.02 B.M.
at 20 °C, werce prepared [356]. Also the green compounds [pyH [ TeClg], [bpyH ]2 TeClg],
and [quinH, ;[ TcClg] were precipitated and characterized [233].

Thiocyanato complexes of technetium were used very early to determine techne-
tium spectrophotometrically in solution [357-359]. Their isolation and identification
was initiated several years later [360]. Reaction between [1cClg}* and (SCN)™ in
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refluxing methanol yiclded a decp red-violet solution with absorption bands in the
visible region at 400 and 500 nm. Chromatography of the reaction mixture resulted in
a purple and a yellow compound. The purple complex with the absorption at 500 nm
was obtained as (NH4),[Tc!Y(NCS)4] in a microcrystalline powder with a bright green
reflex. A band in the 1R at 320 cm™' was assigned to the Te—N stretching vibration.
The magnetic moment fieqr (298 K)=4.1 B.M. is consistent with a 4A2g ground state for
an octahedral d* ion in the range observed for hexahalogenotechnetate(IV).
[Tc(NCS)g]> " shows a reversible one-electron reduction at £7,=0.18 V vs SCE in acet-
onitrile which produces [Tc!"'(NCS)¢]? . the complex with the absorption maximum at
400 nm [361]. The redox system is illustrated (Fig. 12.57.A) by isosbestic points in the
absorption spectrum of the technetium thiocyanate complexes [360,361].
[AsPhy],[Te(NCS)e]- CHyCl, crystallizes in the tetragonal space group [4/m with
a=11.523(5), ¢=22.43(2) A. and Z=2. The [Tc(NCS)s]* anion is octahedral and the
thiocyanate groups are N-coordinated. Two Te-NCS groups are constrained by crystal
symmetry to perfect linearity, whereas the remaining four Te-NCS groups situated on
the mirror plane are almost lincar with a Tc-N-C angle of 175.9(9)". The Tc-N bond
lengths are 2.00(1) and 2.01(1) A with N=Tc-N angles of exactly 90° [362].

The nonabromoditechnetate(IV) complex [Tc,Bre]” was obtained when
IN(C,Hs)4)s| TeBre| was heated with trifluoroacetic acid. During the hcterogeneous
reaction thc red hexabromotechnctate is quantitatively converted to violet
[N(C,5Hs),][TeaBrg]. The compound is only stable by exclusion of light and is readily
soluble in acetonitrile. The IR and Raman spectra of the face-sharing bioctahedral
[Tc;Bro]™ were assigned according to the point group Ds,. Due to the stronger bond-
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ing of the terminal (1) ligands as compared to the bridging (b) ligands, the valence
force constant f(Tc-Br)=1.045 mdyne/A is significantly higher than f(Tc-Br,)=0.80
mdyne/A [363].

12.4.2 TC(O)(,-, TC(04C12)', TC(O4BI’2)-, TC(02CI4)', {TC(M-O)(OZNz)}z',
{Te(u-0)(O3N)}- and {Te(u-0)O4),-core complexes

Tris(acetylacctonato)technetium(Ill), [Te(acac)s]°, reacts with ferricenium tetra-
fluoroborate in acctonitrile to yield the Tc(Q)g-core complex [Te!VY(acac);|BF, as a
brown crystalline compound showing a magnetic moment of yp.q=3.5 B.M. at 308 K.
[Tc(acac)s|BF; was also characterized by IR/VIS/UV, 'H NMR, mass spectrometry,
and conductivity measurements [364].

Reaction of [TcCly(PPhs)2]° and [TeBry(PPh;);]° with pentane-2,4-dione (acac), by
refluxing the mixtures in air, forms the brown Tc(Q,Cly)-core complex [TeCl,
(acac),]” and the green-brown Tc(O4Br,)-core complex [TeBry(acac),]°, respectively
[363]. Both compounds are resistant to the attack of water and acids. The halide (X)
ions are much more labile against basc hydrolysis than the bidentate acctylacetonatc
ligands. The hydrolysis rate equation is expressed by R=k[OH ][TcX,(acac),] [366].

Salicylaldchyde reacts under reflux with [PPhy),|TcCly] to form the dark brown
[PPhy][Te(sal)ClLy], {sal=C,H4(CHO)O }, a T¢(O,Cl,)-core compound that crystallizes
in the monoclinic space group P2;/c with a=14.20(1), b=12.93(1), ¢=16.91(1) A,
f=105.5(1)°, and Z=4. The coordination geometry is slightly distorted octahedral. The
cquatorial region, defined by O(1) and O(2) of the salicylaldehyde group and the
chlorine atoms CI(2) and CI(3), is virtually planar. Cl(1) and Cl(4) occupy the trans
positions (Fig. 12.58. A). The Tc—O(1) and Tc-O(2) bond distances are 2.04(2) and
1.98(2) A, respectively. The Te-Cl bond lengths range between 2.31(1) and 2.36(1) A.
The angles CI{4)-Tc-O(1), Cl(4)-Tc—O(2), and O(1)-Tc~O(2) are nearly rectangular.
‘The magnetic moment of [PPh,|[Te¢(sal)Cly] is 3.8 B.M. [367].

The Tc(IV) alcoholato complexes [Tc(OMe)g)>, [Te(eg)s]?>~. and [Te(butri),]*
(H,eg = CH,OHCH,OH, Hibutri = CHOHCHOHCH,CH,OH) have been report-
ed to be synthesized. K>[Tc(OMce)y] was obtained by reaction of K;[TcBrg] with
KOMe in methanol under nitrogen:

CI3

Fig. 12.58.A ‘Ictrachloro-salicylaldehydatotechnetate(1V),
[TeCly(sal)] [3671.
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[TeBrg]™ + 6McO™ — [Te(OMe)s]* + 6B~

The pale greenish salt K5[Te(OMe),] is soluble in methanol or ethanol and decom-
poses rapidly in aqueous solution, if the pH is lower than 12. Substitution reactions of
the compound with glycolate or 1.2.4-butanctriolate yiclded the complex salts
K»[Te(eg)s] - 3C-HsOH and Ka| Te(butri),] - CH;OH. IR absorptions between 450 and
460 cm™! werc assigned to the Te-O stretching vibrations [368].

K5[TeBre] reacts with tris(hydroxymethyl)(trimethylammonium)methane iodide
(Hathmt)I in methanol to form the white crystalline compound [Te(thmt),]° - 2(Hzthmt)I
which crystallizes in the monoclinic space group C2/c, with a=28.334(5), h=10.199(2),
¢=15.196(2) A, p=116.74(1)°, and Z=4. In the neutral complex [Tc(thmt),]° the six oxygen
atoms of the two thmt ligands arc bonded to the Tc atom in an octahedral gecometry with
D3q symmetry. The three Te—O bond lengths of 1.996 A, on average, arc cqual within the
standard deviations. The complex is zwitterionic with the two positive charges on the qua-
ternary ammonium substitucnt and six ncgative charges delocalized over the technetium
oxygen moiety, so that the resulting oxidation state for technetium is +4. The compound is
readily soluble in water and is stable at pH >4 for more than 24 h [369].

Reaction of [TcBrg]*~ with citric acid is reported to yield polvmeric mono- and dici-
trates and monomeric dicitrates of Tc(IV). Complex formation and hydrolysis of
Te(1V) were shown to be competitive reactions. Brown to violet solutions occurred,
depending on the molar ratio of citrate/technetium and on the reaction time
[370.371]. The complex formation of Te(IV) with nitrilotriacetic acid (Hjnta), ethyle-
nediaminetetraacetic acid (Hyedta), and cyclohexanediaminetetraacetic acid (Hydata)
were studied in aqueous solution by means of ion exchange and clectrophoresis [372]
and the complex composition of solid di- and trinuclear compounds containing Hiynta
werce analyzed [373].

The dinuclear neutral complex [(Haedta)l'e(u-O),Te(Hyedta)]?-SH,O  was
obtained by reduction of TcOZ with NaHSO; in the presence of NasHsedta in aque-
ous solution. The red-brown compound crystallizes in the orthorhombic space group
Pna2; with a=18.41(1). b=10.96(1), c=16.25(1) A, and Z=4. The central Te(p-0)-Tc
unit completes its coordination by two Hyedta molecules. The axial positions of cach
Te(IV) are occupicd by the oxygen atoms of two carboxylate groups, the equatorial
positions by amine nitrogens. Two acetate fragments of cach edta are protonated and
not involved in coordination. The TcO,Tc ring is ncarly planar. The Tc-- - Tc distance
of 2.331 A is very short in this bis(u-O)bioctahedral complex. The average Te-N bond
distance is 2.207(16) A. The complex is diamagnctic and shows a strong absorption
band in the visible at 20200 cm™' [374].

Reduction of TcOj with SO, in aqueous solution in the presence of nitrilotriacetate
(Na;Hnta) vyiclds the dianionic, dinuclear complex [(CH,COO);NTe(p-O);
TeN(CH,COO0)3)]? . The blackish and hygroscopic sodium salt Nao[(CH,COO);
NTe(u-0),TeN(CH,COO);] - 61,0 crystallizes in the triclinic space group P1. with
a=6.330(1). h=9.512(2), c=11.239(4)A. 2=64.97(2), =83.00(2), y=74.74(2)°. and 7Z=1.
The complex anion has again a central TceO;Te ring. Each Te atom is coordinated to
the N atom and to three carboxylate oxygens of an nta® ligand. The anion exhibits
approximate 2/m symmetry, the mirror plane coinciding with the TcO,Tc ring. The
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Tc- -+ Te distance is 2.363(2). the averaged Te-N bond length 2.148(2) A, The angle
Te—0O-Tc is 76.0(1)°. Distances and angles at Tc are similar to the analogous values in
the H,edta complex mentioned before. Also the optical absorption spectrum with a
band at 19950 cm™! resembiles that of [(H,edta)Te(u-0),Te(edtaH»)] . The nitrilotria-
cetato complex was shown to be diamagnctic [375].

The dissolution of (NH.):[TeBr,] in aqueous oxalic acid and addition of [AsPh4|C]
resulted in the precipitation of tetraphenylarsonium-tris(oxalato)tecchnetate(l1V),
[AsPhs]o[Te(C-0,);]. The pale yellow compound crystallizes in the monoclinic space
group C2/c with a=23.164(2). h=13.507(2). c=16.047(1) A, }=104.90(5), and Z=4. In
[Tc(C,04)3)~ the technetium atom is coordinated to six oxygen atoms in a distorted
octahedral array. The angles O-Tc-O range, for adjacent oxygen atoms within the lig-
ands. from 80.4(2) to 80.6(2)°, and are 90.3(2) to 97.8(2)° between the ligands, while
for trans oxygens across Tc the angles arc 167.9(2) and 177.2(2)°. The Tc—O bond dis-
tances range from 1.978(5) to 2.001(4) A [376].

The oxygen-bridged dimeric oxalato complex salt  Ky[(Co04)Te(u-0)s
Te(C504)2] -3 H-O was obtained by reaction of K, TcF¢] with oxalic acid in aqueous
solution at 80 “C for threc days. The dark red crystals adopt the triclinic space group
PT with a=8.765(2). h=9.895(2).c=12.822(4) A, 2=87.47(1), p=88.41(1), »=71.03(2)".
and Z=2. Each technctium atom in the central Te(u-O),Te core is coordinated to two
oxalato anions in a distorted octahcdral arrangement (Fig. 12.59.A). The Tc(1)-Te(2)
distance is 2.361(1) A. The angles of the bridging oxygens Te(1)-0(9)-Tc(2) and
Te(1)-O(10)-Tc(2) are 76.21(5) and 75.2(3)°. respectively. The average Te-O bond
distances of 1.913 A in the bridge arc considerably shorter than the Te~O bond
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Fig. 12.59.A Bis-p-oxo-bis{dioxalato-technetate (IV)}, [(C>04):Te(p-0)>Te(C>04)5]¢ [377].
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lengths to the oxygens of the oxalato ligands, which range between 2.020(1) and
2.098(1) A. The longer Te-O(oxalato) bond lengths are duc to the trans influence of
the bridging oxygens. The Te(u-O),Tc ring core is approximately planar. Tce-O fre-
quencies of the corc werce determined as v3=730 cm ' and v4=401 cm ' [377].

12.4.3 {Tc(S4)}2-, Te(Se)-, Te(Sg)-, Te(SNCly)-, Te(N,Cly)-,
Tc(N;Bry)-, Te(N4Cl,)-, and Te(N3O5)-core complexes

NH4TcO, reacts in aqueous ethanolic solution with benzene-1,2-dithiol (Hzbdt) to
yield the binuclear, neutral {T¢(84)}2-core complex [Tca(bdt),]°. The wine-red com-
pound crystallizes in the triclinic space group PI with a=8.534(1), b=8.842(2),
c=11.192(3) A, a=107.02(2), $=98.13(1), y=100.60(2)°. and Z=1. Each tcchnetium
atom is coordinated to a trigonal-prismatic array of six sulphur atoms. These arrays
arc fused through a quadrilateral face defined by the four bridging sulphur atoms of
two benzene-1.2-dithiolato ligands to result in a Tc,Sg core of D,y pseudo-symmetry.
This trigonal-prismatic geometry about the Tc(IV) atoms was not observed pre-
viously. A Tc-Tc bond passes through the center of the shared face of the trigonal
prisms; thus the geometry around the I'c atoms can also be described in terms of
capped trigonal prisms. The S polyhedron is only slightly distorted from the idealized
trigonal-prismatic geometry. The Tc-S bonds of the terminal ligands arc significantly
shorter, mean length 2.295(7) A, than those of the bridging ligands with a mean length
of 2.408(6) A. The diffcrences between bridging and terminal ligands are also
reflected in the different bite angles. The terminal ligands have a bite angle of
83.9(2)°, whereas the bite angles of the bridging ligands have the much smaller value
of 75.1(2)°. The Te=Te bond length is 2.591(3) A [378,379).

Structurally similar to the complex mentioned above is the dimeric bis(u-cthanc-
1,2-dithiolato)bis(cthene-1,2-dithiolato)technetium(IV),  [Tez(edt),{c=dt),]°. The
dark green diamagnetic compound was obtained by rcaction of ethane-1,2-dithiol
with [TcClg)? " in methanol. The complex precipitated from the reaction mixture. The
only source of e=dt can be Hyedt, which presumably undergoes a reductive process.
[Tea(edt)s(e=dt),]° crystallizes in the triclinic space group Pl with a=8.624(4).
h=8.064(4), ¢=8.303(5) A, a=59.01(4). =61.22(5), 7=65.07(3)°, and Z=1. X-ray struc-
ture analysis showed the Tc,Ss-core containing cach technetium atom coordinated in
a trigonal prismatic array (Fig. 12.60.A). Two cthane-dithiolato groups provide four y-
sulphur atoms to yield a quadruply bridged T'c(IV) dimer. Each Tc atom is addition-
ally coordinated to a terminal ethenedithiolato group. The complex possesses an cxact
C; point symmetry. The average Te-S(bridging) bond distance is 2.392(5) A and the
Te-S(terminal) distance is 2.295(5) A on average. As expected, the C(1)-C(2) and
C(3)=C(4) bond lengths arc diffcrent, being 1.49 and 1.39 A, respectively. The Te-Te
bond distance was found to be 2.610(3) A [224].

The anionic, mononuclear Te(Sg)-core complex tris(1,2-dicyanoethenedithiolato)-
technetate(TV), [Te(mnt);]*~ was synthesized by reaction of (NH,)[TeBrg] with
Na,(mnt) in ethanol. Red-brown crystals of [AsPhy];[Tc(mnt);] were obtained after
precipitation with [AsPhy]Cl. The complex salt crystallizes in the orthorhombic space
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Fig. 12.60.A Bis(u-cthane-1,2-dithiolato)bis{cthene-1.2-dithiolato-technetium(I1V)}, [(e=dt)Tec(u-edt),
Te(e=dt)]° [224].

group Pben, with a=20.256(1), b=15.513(1). ¢=18.274(1) A, and Z=4. In [Tc(mnt);}*
six sulphur atoms arc coordinated to Tc(IV) in a distorted octahedron. The trans S-
Tc-S angle has an average of only 163°, while the mean bite angle of the ligands is
84.6°. and the adjacent interligand angles S-Tc-S are 100.8(1) and 109.8(1)°. The Te-
S bond distances range from 2.340(2) to 2.380(2) A [380].

The facile cleavage of the Te=0 bond in [TcYOCl,]~ by morpholine-N-carbodithio-
ate was reported to yield the eight-coordinate morpholine-N-carbodithioatetechne-
tium(1V) complex [Tc(mdtc),]°. The neutral compound was prepared by reacting
[BuyN](TcOCL,] in dried methanol with morpholinium morpholine-N-carbodithioate
in dried acctone. A purple crystalline powder was obtained. The magnetic moment of
this complex was found to be 3.73 B.M. [381].

Tetrachloro(pyrimidine-2-thiolato)technetate(1V) was prepared by reaction of
[TcOCly] in dry methanol with 2-mercaptopyrimidine. The red-brown |BuyN][TcCl,
(SC4N,H3)] crystallizes in the triclinic space group P1 with a=11.182(6). h=11.505(4),
c=12.235(4) A, a=64.53(4), =76.81(3), y=84.10(5)°, and Z=2. The coordination about
Te(IV)is distorted octahedral. The N-Tc-S angle is 67.1(2)°, constituting the major angu-
lar distortion from an ideal octahedron. The Te-N and Te-S bond distances are 2.087(6)
and 2.429(2) A, respectively. The Te-Cl bond lengths range betwecn 2.346(2) and 2.396(2)
A. The pyrimidine ring is planar within the limits of experimental crror [382).

The neutral Tc(N-Cly)-core complex | Te(py)-Cly]° (py = pyridine) was prepared by
solid-state reaction of pyridinium-hexachlorotechnetate(1V) at 300°C in a stream of
dry argon:

(pyH),[ TeCle] 222, [Te(py):Cly]” + 2HCI

The magnetic moment of [Tc(py)-ClLy]° was found to be 3.91 B.M. The far IR spec-
trum showed three Te-Cl stretching vibrations in the range 300-360 cm! and two 'I'e—
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N stretches between 220 and 265 cm . The cis configuration of the complex appcars
to be probable. The compound is practically insoluble in organic or mineral acids, is
reported to be not hydrolyzed in aqueous alkaline solutions and to be stable in oxidiz-
ing agents [383]. About 20 vears carlier the za’bipyridyl (bpy) complexes
[Te(bpy).CLCl; and [Te(bpy)CL]° were isolated. The red-brown [Te(bpy),CL]Cl,
precipitated out of the solution when TeCly and bpy were heated under reflux in ctha-
nol. Its magnetic moment at 20 °C was found to be wes=3.7 B.M. The compound was
soluble in dimethylformamide. Heating of [Tc(bpy),CL]Cl; to 200 °C under vacuum
yiclded [Te(bpy)ClL]°. which is also red-brown and has a magnetic moment of
Herr=3.48 BM. at 20°C [384].

TeCly and TeBr, react slowly with acetonitrile or rert-butylisonitrile to form micro-
crystalline solids of yellow-green [Te(CH;CN),Clyl®, red [Te(CH3CN),Bry]°, vellow
[ Te(terr-BuNC)CL]°, and red [Te(rert-BuNC),Bry]°. The IR spectra suggest cis coordi-
nation of the organic ligands [350].

Reaction of (NH,)2[TcCly] in glacial acetic acid with the hexadentate Schiff-basc
ligand tris{2-(2’-hydroxybenzylideneethyl)}amine or its derivatives yielded monocatio-
nic technetium(TV) complexes that probably have a distorted octahedral arrangement
of the N3O3 atoms about the Tc(I'V). 'The complexes are paramagnetic [385].

12.4.4 Complexes containing phosphine ligands

Tetra- and pentachloro- and tetrabromo-complexes of Tc(IV) containing different phos-
phines were prepared by reaction of technetium tetrahalogenide with the pertinent phos-
phine |356] or by refluxing TcOg with the phosphine in ethanol in the presence of hydro-
halogenic acid | 386]. Halogenophosphine complexes are summarized in Table 12.12.A.

Table 12.12.A Halogenophosphine complexes of Te(1V).

Complex Color Geometry Magnetic moment References
(Configuration) Herr [B.M.]

[TeCly(PPh3),]° green octah, (trans) 3.8 [387,388]

[TeBry(PPhs),)° orange- octah. 3.97 [356]
red

[TcCls(PPhs) |~ yellow-orange octah. 37 [388]

[TeCL(PMe(Ph);),]° green octah, (trans) 4.1 1389)

[TeCly{P(C,H5)a}5)° green octah. (rrans) - [389]

[TeCls{P(CyHs)3)] yellow octah. (trans) - [389]

[TcCly(PMe-Ph),}° green octah. (trans) 34 1386,387.390]

[TeCly(PMe>Ph), |- green pentag. bipyr. - [391]

2SbCl;

| TeBry(PMe,Ph), ¢ green octah. (trans) 38 [386.387]

[TcCl(PEtPh),|° green octah. (rrans) 37 [387]

[TeBry(PELPh);|° green octah. (trans) 37 (387]
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When [TcCly(PPhs),]” is treated with hydrochloric acid, the anionic complex
[TcCls(PPhy)] " is formed. and is isolated as (1,1-dimethyl-3-oxobutyl)triphenylphos-
phonium salt [PPh;C(Mc);CH,COMe]{TcCls(PPh;)]. The crystal structure of this
compound was determined at 100 °C. The complex salt crystallizes in the monoclinic
space group P2,/n. with a=21.909(4), b=18.963(4), ¢=9.896(3) A, =103.05(5)°, and
Z=4. The coordination gcometry in [TcCls(PPh;)|™ is approximately octahedral with
an average Tc¢c—Cl bond distance of 2.34(1) A. a Tc-P distance of 2.57(1) A, and a
mean Cl-Tc—Cl angle of 90.7(4)° [388].

[TcClL{P(CH.)(Ph),);]° crystallizes in the triclinic space group P1. with a=8.991(5).
b=9.603(4). ¢=9.750(6) A, 7=66.67(4), f=88.65(4), 7=62.80(4)°, and Z=1. The Tc atom
is located on the inversion center. The mean Te—Cl bond distance is 2.322 A, the Te—P
distance 2.556(1) A. The angles around Tc are close to the expected octahedral values
[389]. Crystals of [TcCly{P(CyHs)3}]° are monoclinic, space group P2,/c. with
a=8.295(2), b=12.766(3), c=11.831(3) A, =123.35(2)°, Z=2. The molccular structure is
very similar to that of [TcClL{P(CH3)(Ph),},]°. The Tc-P distance is 2.541(1) A, the
mean Tc—-Cl distance 2.333 A (Fig. 12.61.A) [389]. [P(C2Hs)sH][TcCls{P(CyHs)s}]
crystallizes in the orthorhombic space group Pca2; with a=19.456(20), b=10.223(6),
¢=22.833(12) A, and Z=8. There are two independent Tc atoms in the unit cell. The
Tc—Cl bonds, located in trans position to the phosphine ligand, are 2.414(9) and
2.365(8) A. while the cis bonds vary from 2.319(9) to 2.360(8) A. The Tc—P bond dis-
tances are 2.493(8) and 2.499(8) A. The angles around the Tc atoms arc again close to
the octahedral values [389].

[TcCly(PMe,Ph),]° crystallizes in the monoclinic space group P2,/c with a=9.692(2),
h=13.746(3), c=8.339(2) A, /=106.56(2)°. and Z=2. The mean Tc-Cl distance is 2.324(2) A
and the Tc-P distance is 2.531(1) A. The Cl-Te—Cl and C1-Tc—P angles are in good agree-
ment with a slightly distorted octahedral environment of Tc(1V) [390].

Cl(2) Cl(3)
Tc

ciy Cli(4)

Fig. 12.61.A Trans-tetrachloro-bis(triethylphosphine)-tcchne-
tium(IV), [TeCL{P(C:Hs)s}2]° [389].
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[TeCl4(PPh;),]° reacts with dimethyl sulphoxide or pyridine as coordinating sol-
vents to yicld pale yellow [TcClLy(DMSO),]° or bright yellow [TcCly(py),]° by substi-
tution of the phosphinc ligands. The paramagnetic complexes were characterized by
IR, 'H NMR, and FAB mass spectrometry [392].

Reaction of [TcCly(PPhs),]° with an cxcess of the bidentate Schiff bases N-methyl-
salicylidencimine (ITMcsal) or N-phenylsalicylideneimine (Hphsal) in refluxing tolu-
ene gives the red-violet microcrystalline solids [TeCly(HMesal),]° and [TeCly
(Hphsal),]°. which are slightly soluble in acctone. The Schiff-base ligands are coordi-
nated to Tc through the aldimine nitrogen. Magnetic susceptibility measurements in
solution gave pe=3.7 B.M. as expected for a 4> system in an octahedral environment.
When the rcaction of [TcCL{PPh;),]° with HMesal or Hphsal was carricd through in
equimolar concentrations, the brown compounds [TeCli(Mesal)(PPh;)]° and
[TcCls(phsal)(PPhs)|° were obtained. These solids are more readily soluble in organic
solvents and showed the same magnetic moment of 3.7 B.M. [393].

The reaction of [TcCly(PPhs);]° in acctone with an aqueous solution of
(NH,):MoS, was reported. By substitution the dark red neutral Tc(IV) complex
[Tc(PPh3),(Mo0S,),(H>0)]° was formed. which is indefinitely stable in DMT and non-
conducting. Its magnctic moment was found to be 3.51 B.M. The compound was char-
acterized, in addition, by IR spectroscopy. Reduction of [TcYO(MoS,),] in ethanol
with PPh, yields the same complex:

['I‘CVO(MOS4)2]_ + 3PPh3 — [TC[V(PPh_’;)z(MOS4)2]O + OPPh;,

where MoS; ™ acts as a bidentate ligand [126].

Similar to triphcenylphosphine, the tris(2-cyanocthyl)phosphine (cep) forms com-
plexes with technetium in which cep is a monodentate ligand. Reaction of TcOj in
aquecous ethanolic solution containing hydrochloric acid yielded a blue. microcrystal-
line solid of [TcCly(cep),]® with a melting point of 175 °C [303].

Some structural data of Tc(IV) complexes are reviewed in Table 12.13.A.

Table 12.13.A Somc structural data of selected Te(1V) complexes.

Complex Geometry Te-L v(Tc-L) Hetr References
[A] IR [em™] [B.M.]

[AsPh,]>[Te(NCS)4] octah. 2.00 (Tc--N) 325 4.1 [361,362]
2.01 (Te-N)

[NEt,][TcaBry] octah. - 267 (v7) - [363]

245 (\'10)

[Te(acac)s]BE, octah. - - 35 [364]

[TcCla(acac),)” octah. - 470v4ym(Te-0) - [365]

[TeCly(sal)] octah. 2.01 (Te-0) - 38 [367)

[Te(OMe)]~ octah. 450 (Te-0) - [368]

[Te(thmt),)° octah. 1.996 - - [369]

[(Haedtayl'e(p-0)5Tc octah. 2207 (Tc-N) - diamag. [374]

(Hsedta)]®
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Table 12.13.A Continucd.

Complex Geometry  Tc-L v(Te-L) 7o References
[A] IR [em™] [B.M.]
[(CHCOO);NTe(u-0)2 octah. 2.148 (Te N) - diamag. [375]
TeN(CH,COO0)J
[1e(C20,4)5F octah. 1.978-2.001 - - (376]
[(C204),Te(p-0),Te octah. 2.098 2.020 - [377]
(GO0
[Te(bdt),]° trig.prism  2.295 - - [378.379]
[Teafedt)a(e=dt)a] trig.prism 2295 - diamag. [224]
[Te(mnt)s]* octah, 2.340-2.380 - - [380]
[TeClL(SCiN5H3)] octah. 2.087 (Te-N) - [382]
2.429 (Tc-S)
[TeCly(py)a]° octah. - 220-265 (Te-N) 391 [383]
[TeCla(bpy)J>~ octah. - - 37 [384]
| IcCls(PPh;3)] octah. 2.57 (Tc-P) - 37 [388]
[ TcCly(PMePh;)»]° octah. 2.556 (Tc-P) 346 (Tce-Cl) 4.1 [389]
[TeCL{P(C-Hs)a)a]" octah. 2.341 (Te-P) 338 (Te-Cl) - [389]
[TeCls{P(CaHz)a}] octah, 2.496 (Tc P) 330 (Te-CD) - [389]
[TcCl,(PMe,Ph), ) octah. 2.531 (Te-P) - - [390]
[TeCL(ITMesal),]° octah. - 320 (Te-Cl) 37 [393]
['TeClz(Mesal )(PPh;)} octah. 340 (Te-Cl) 37 [393]

12.5 Technetium (III)

The complexes of Tc(11l) represent the second most numerous class of compounds in
coordination chemistry of technetium after the Te(V) complexes. Again the distorted
octahedral geometry is chiefly observed, but in addition, cores of coordination num-
ber 5 in trigonal bipyramidal and 7 in pentagonal bipyramidal or capped octahedral
arrangements have been scen rather frequently. Dinuclear complexes with multiple
Te—Te bonds display square pyramidal gcometry for both Tc-cores. The low-spin mag-
netic moments ranging from 2.5 to 3.3 B.M. roughly correspond to two unpaired clec-
trons in the octahedral ligand field. Trigonal bipyramidal compounds were found to
be diamagnetic. Many of the Te(I1l) complexes contain phosphine ligands, but also
sulphur and nitrogen containing ligands arc ofien reported. Some cyclopentadienyl
complexes have been synthesized.

12.5.1 Cyano, nitrile, isonitrile, and isothiocyanato complexes

Potassium heptacyanotechnetate(11l)-dihydrate, Ky[Tc(CN);]- 2H,0, was synthesized
by reaction of (NT,),[Tclg] with KCN in refluxing aqueous methanol under exclusion
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of oxygen. The compound forms yellow-orange crystals that were shown to be dia-
magnetic, as cxpected from the strong-field ground state 'A". The reduction of
Te(IV) to Te(I) is accomplished by iodide ions of [Tcly]*~, and CN  stabilizes the
oxidation state +3. On the basis of IR and Raman spectra the pentagonal-bipyramidal
structure of [Te(CN),]* is indicated both in solid and solution. In the presence of oxy-
gen, solutions of the complex slowly decompose [99].

Some isonitrile complexcs of tervalent technetium are known. [Te{CNC(CH3)3)0]*
was prepared by reaction of [Tc(tu);]*~ with terr-butylisonitrile in methanol. The
scven-coordinate fert-butylisonitrile-chloro and bromo complex salts, [T¢"{CNC
(CH3)3)6Cl)[PFs), and [TcHYCNC(CH3);)¢Br]{PFe),, which can be obtained by
addition of chlorine or bromine to [Tc'{CNC(CI153);}6}{PF,]. rcadily dealkylate upon
heating in the presence of 2,2°-bipyridine in acctonitrile to form the yellow penta-tert-
butylisonitrile-cyano-halogeno complex salts [T {CNC(CH;3)a)s(CN)X][PF] and
concomitantly [bpyH]|[PF¢|. A neutral isonitrile ligand is converted in this dealkyla-
tion process into an anionic cyano ligand [394].

Hexakis(isothiocyanato)technetate(11I), [Tc(NCS), ] , was synthesized by reaction
of (NHy)2[TeBrg] with NH4SCN in refluxed methanol and addition of N;H, - H;O.
Treating the solution with [r-BusN|CIO, precipitated air-sensitive yellow crystals of
[1-BuyN]3[ Te(NCS)g]. The observed magnetic moment of 3.0-3.3 B.M. at 298 K is in
the range cxpected for a d ion with two unpaired electrons. The compound crystal-
lizes in the cubic space group Pa3 with ¢=24.444(6) A and /=8. The Tc atom is located
on a crystallographic threefold rotation axis and [Tc(NCS)e)?~ has approximately
octahedral symmetry. The mean Te-N bond distance is 2.05(2) A and the Te-N-C
and N-C-S§ angles are all within 10° of linearity. [AsPh,|:[Tc(INCS),] exhibits a single,
strong v(NCS) absorption at 2070 cm ' in the IR consistent with octahedrat symmetry.
[Te(NCS)]* shows in acctonitrile a reversible one-electron oxidation at 0.18 V vs
SCE, indicating the oxidation to [Tc"Y(NCS)¢]>[361].

Trans-[TcCl(NCS)(Me,PhP);]° was obtaincd by replacement of one chloride lig-
and in mer-[TcCl;(MesPhP)5]° by NCS - in refluxing CH,Cl,/CH3;0OH. No products
with larger thiocyanate content could be isolated. The orange-red compound crystal-
lizes in the monoclinic spacc group £72,/n, with a=14.997(7). b=10.840(2). ¢=19.160(8)
A, p=113.04(2)°, and 7=4. The Tc atom in rrans-[TeCly(NCS)(Mc,PhP)4]° is coordi-
nated in a distorted octahedral gecometry. The phosphine ligands arc in meridional
positions. The linear NCS ligand is coordinated in trans position to Mc,PhP. The rela-
tively long Te-N bond distance of 2.104(3) A can be interpreted in terms of a struc-
tural trans influence of the phosphine ligand. The IR spectrum shows an intensce band
for the v(NCS) vibration at 2076 cm™. The compound is readily soluble in CH,Cl, or
CHC; and is indefinitely stable, cven in solution [395].

When [n-BuyN|»[Tc.Clg] was suspended in a mixture of CH;CN and Et,0O and
HBF,-E;,0O was syringed into the suspension, yellow crystals of [TeCl,(CH3CN),|
[BF,] were obtained after a weck of heating, in addition to [Te,(CH3CN) o] [BE, ).
The mononuclear compound crystallizes in the orthorhombic space group [bam with
a=6.250(1), h=12.189(2), ¢=20.880(5) A, and Z=4. The solid, as well as solutions of
[TcCl(CH;CN),J{BE,]. are stable in air. The cation [TcCly(CH3CN),)* shows a dis-
torted octahedral coordination (Fig. 12.62.A) about the Tc(I1l) center; it has virtual
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@ Cl(2)

Fig. 12.62.A Trans-(dichloro)-tetrakis(acctonitrile) technetium(I11). [ TeClo( CH3CN), |~ [396].

Dy, symmetry. The chloride ligands are in trans disposition, the nitrile ligands reside
in the cquatorial planc. The angles around Tc are very close to 90 or 180°. The Te-Cl
and Tc-N distances arc unexceptional. C=N stretching frequencies occur at 2331 and
2301 em™! in the TR. The CH3CN ligands are extremely labile. Cyclic voltammetry of
the complcx cation reveals a reversible one-electron reduction to give the ncutral
Te(11) species [TeCl(CHZCN),]° [396].

12.5.2 Halogeno-phosphine and -arsine complexes

Halogeno-phosphine and halogeno-arsine complexes of tervalent technetium are col-

lected in Table 12.14.A.

Table 12.14.A Halogeno-phosphine and -arsine complexes of Te(111).

Complex Color Geometry Magnetic References

(Configuration) Moment

frere [ B.M.

[TeCly (dmpe)-]” orange octah.(trans) - [239.397.398]
[TeBra(dmpe),]” red octah.(trans) [239.397,398]
[ TeCla(dppe)s | red-orange octah.(zrans) 2.74 [356,397.399-401]
[TeBra(dppe), ] dark pink octah.(trans) 3.04 [356,397, 400, 401)
[TeCla(dppe),)° vellow-orange - [402]
[TeCl(Me-PhP)5]" vellow-orange octah.(mer) 26-28 [386,387.403 405]
[TeCl3(Me;sP)s]” yellow-orange octah.(mer) [406]
[TeBr(Me,PhP);]° red octah.(mer) 238 [387]
[TcCl(EL:PhP);]° orange octah.(mer) 2.8 [387,407]
[TcBra(F1-PhP);]” red octah.(mer) 2.8 [387]
[TeCly(depe)-}* orange - - [397]
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Table 12.14.A Continued.

Complex Color Geometry Magnetic References

(Configuration) Moment

et [BM.]

[TeBra(depe)y] rose-red - - 1397]
[TeCly(dppb),]? red - - [397]
[TeCly(dppv)-]~ orange-red : - [397]
[Te(NCS); (dppe),] blue - [397]
[TeCl5(PPh3)s(DMI9)]° red octah.(mer) 3.1 {408}
[TeCl3(PPh;),COJ° red octah.(mer) - [409]
[TeCl3(PPhs)> (McCN)° orange - - [409,410]
[TeCl3{P(CH Me-3)5}n red octah.(iner) - [410]
(McCON)J°
[TeClo{ CeI1sP(OC,ts)s)a]" red octah.(trans) 2.7 [411]
[TcCly(diars),]! orange-red octah.(trans) 2.7 [412-414]
[TeBro(diars),]* red - 3.2 [412,415]
[Tc(diars),]” black - 34 [412]

Trans-[TcCly(dmpe),|™ was prepared by treating a slurry of [TcClay(dmpe),]° in tol-
uene with Cl, gas. To preparc trans-[TeBry(dmpe),]™ the corresponding Te(1l) com-
pound was dissolved in toluenc and, after addition of HBr. the complex was oxidized
with air. Orange crystals of [TcCly(dmpe);][F3CSO;] adopt the monoclinic space
group P2,/c, with a=8.076(2), b=24.401(4), c=13.435(4) A, p=96.61(2)° and Z=4. The
structure of the [TcCly(dmpe),]™ cation shows the trans octahedral geometry. The P
atoms of the two bidentate dmpe ligands occupy four equatorial coordination sites
with the two trans Cl atoms completing the octahedral coordination. The mean Te—Cl
bond distance is 2.324 A and the mecan Tc-P distance 2.436(5) A [239].
[TeCla(dmpe),|* and |TeBra(dmpe),]® cxhibit characteristic, well defined, intensc
charge-transfer bands in the visible region at 21739 and 20121 cm™! and show a revers-
ible Tc(HIT)/Tc(IT) redox couple in DMF at 232 mV and -99 mV vs Ag/AgCl, respec-
tively [397].

Trans-[TeCly(dppe),]* was synthesized by dissolving NH,TcO,4 in DMF, which was
0.1 M in NH,Cl, and adding a grcat excess of dppe. TcOj is reduced by the ligand.
Trans-| TcBry(dppe),]~ was obtained from [TeBro(dppe);]® by using the procedure for
the preparation of [TeBra(dmpe),] . [TeBra(dppe):][BF,] crystallizes in the trigonal
spacc group P3 with a=20.926(5), ¢=11.178(2) A. and Z=3. The Tc(III) center is six-
coordinate with an approximatcly octahedral coordination gcometry. The donor phos-
phorus atoms occupy the four equatorial coordination sites, while the two bromine
atoms are located in the frans axial positions. The Tc-Br bond distance is 2.440(1) A,
the Te—P distances are 2.488(1) and 2.513(1) A. The P-Tc-P angle is 80.8(1)°. The
charge-transfer absorptions for [TcCly(dppe),]' and |TeBra(dppe),]* appear in the
VIS at 20833 and 19841 cm™!, respectively. The reduction potentials for the Te(Ill)/
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Te(IT) redox couples in DMF arc reported at -1 mV for [TeCly(dppe),]* and +103 mV
for [TcBra(dppe)a]™ vs Ag/AgCl[397].

[TcCla(Me>PhP);]° was synthesized by reacting NH,TcO,, Mc,PhP, and HCI in
cthanol under reflux. The compound crystallizes in the monoclinic space group P2,/n,
with 2=10.935(9), b=39.191(11), ¢=13.738(7) A, f=107.33(7)°, and Z=8. The coordina-
tion around Tc is again distorted octahedral. The arrangement of the phosphine lig-
ands is meridional. There is a noticeable trans-influence of the phosphine ligands on
the Tc—Cl bonds [403]. Electroanalytical oxidation of [TcClz(Mc,PhP)5]° in acctoni-
trile produces [TcCly (Me;PhP);]° and [TeCla(Me,PhP);]" [404] while the reduction
yields species of Te(IT) and Te(I) [405].

Reaction of [TcOCly|~ with cxcess trimethylphosphine in refluxing acetonitrile
yielded [TcCl3(MesP);]° as a yellow-orange solid. Tc(1IT) is surrounded by a meridio-
nal arrangement of MesP and the three chlorines. The Te—Cl distance of 2.440(1) A
for the chlorine trans to one phosphine is considerably lengthened comparcd to the
other Tc—Cl bond distances. The coordination geometry of Tc(111) is distorted octahe-
dral (406).

[TcCli(PPh3),{ DMF)|° - 2PPh; was synthesized by reacting NH,TcOy4 with PPh; in
DMF solution in the presence of HCL The compound crystallizes in the monoclinic
space group °2,/m with a=11.393(4). b=24.993(11), ¢=12.398(4) A, p=106.98(3)°, and
Z=2. The [TcCl3(PPh;)s]” complex could not be prepared because the PPhs ligand is
too bulky. The two PPh; ligands are located trans to cach other and the three chlorine
atoms arc meridional. The mean Tc—P bond distance is 2.498 A. DMF is coordinated
through its oxygen atom with a Tc-O bond length of 2.115(12) A [408].

[TeCl3(PPh3),(CO)]° was obtained by reaction of [ TcClz(PPhs),(MeCN)]° with car-
bon monoxide in toluene. CO cleanly replaces the acctonitrile. {TcCl3(PPhy),(CO)J°
crystallizes in the monoclinic space group C2/c with a=24.649(9), b=9.530(3),
¢=15.870(6) A, =116.40(3)°, and Z=4. The coordination geomelry of the technetium
atom is nearly octahedral. The structure of [TcCl;(PPh3),(CO)|° is similar to that of
[TcClz(PPh;3)(DMF)]° mentioned before [408]. [TcCly(PPhs),(McCN)|° was synthe-
sized by treating [n-BuyN][TcOCI,] with PPh; in acctonitrile [409] or by reduction of
[TeCly(PPhs),]° with fincly divided zine metal in acctonitrile [410].

When [TcCly{P(CeH Me-3)3}-]° is reduced with zinc metal in acetonitrile, the com-
plex [TeCli{P(CeHaMe-3)3},(MeCN)|° is formed which crystallizes in the triclinic
space group PT with a=10.157(2). h=10.320(2). c=22.073(2) A, 2=87.27(2), /t=86.66(1),
+=66.87(1)°, and Z=2. The compound is pseudo-octahcdral with the P(CqH Me-3);
groups in trans-position and the chlorine atoms are disposed meridionally. The struc-
ture confirms the presence of a nitrogen-bonded acctonitrile ligand by a Te-N bond
distance of 2.058(3) A and by the linearity of the Tc-N-C linkage. The acetonitrile
moiety lies sandwiched between two m-tolyl groups in a relatively protected environ-
ment [410].

The phosphonite containing complex cation [TcCL{CoHsP(OC,H:))4]* was
obtained by refluxing solutions of (NH,)»[TcClg] with excess diethylphenylphospho-
nite in ethanol. The perchlorate salt forms red crystals with the magnetic moment gi g
=2.7 BM. at 306 K [411]. In addition, the red-violet [TeBr{CyHsP(OC,Hs),),]ClO,
and the green [Telo{CoH<P(OC>H;s)y]I were synthesized in analogous procedures and
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showed the magnetic moments g of 2.5 and 2.3 B.M., respectively. The Te-Cl, Te-
Br, and Tc-1 stretching frequencies were found in the TR at 346, 275, and 237-222
cm™!, respectively [416].

In early studies of technetium chemistry the halogeno-diarsine complex compounds
of Te(IIl) [TeCly(diars),]ClL [TcBrs(diars)-]Br, and [Tcly(diars,]l- 1, were prepared
according to the reactions:

K,[TcCly|  exeessansine ., [TeCly(diars),] Cl LB

aq.alcoholic 1HICT alcohol

[1cBry(diars);|Br L 12, [Tcly(diars)o]- I

The complex salts were identified by magnetic moments, VIS/UV-spectra, and con-
ductivity mecasurements [412]. Trans-[TcCly(diars),|Cl crystallizes in the monoclinic
space group P2,/c with a=9.354(5), h=9.662(2), ¢=15.341(4) A. =98.75(6)°. and Z=2.
The trans-octahedral coordination geometry of [TcCly(diars),]* is typical for
[MX,(diars),]"+ complexes. The mean Tc-As bond distance in [TcCly(diars);]Cl is
2.509 A, the Te-Cl distance 2.329(1) A. The As-Tc~Cl angles are ncarly rectangular,
while the As-Tc-As angle is only 82.4(1)° [413,414].

12.5.3 f(-Diketonato- and carboxylato complexes

A pentane-2.4-dionato complex of Tc(III), containing triphenylphosphine and a chloride
ligand, was obtained by refluxing pentanc-24-dione with trans-| TcCly(PPhs),]°. The
orange-red crystals of trans-[ TcCl(acac),(PPhs)|° adopt triclinic symmetry with the space
group PL The unit cell parameters are a=13.152(8), b=15.042(10). ¢=15.532(13) A,
2=112.26(11), =91.01(7). y=104,70(9)°, and Z=4. The octahedral coordination gcometry
of Te(11I) is tetragonally elongated and approximates Dy, symmetry. The Te-O bonds
have an average length of 2.01(1) A: the Tc—Cl and Te-P bond distances are 2.42(1) and
2.46(1) A, respectively. The array of the acac oxygen atoms is quasi-planar. The bond
angles about Te(IT) differ slightly from 90°. The Cl-Tc—P angle is 174.4(1)°. The Tc atom
is displaced from the basal TcO ring by only 0.04 A toward the phosphine ligand. There
arc two crystallographically independent trans-[ TeCl(acac),(PPhs)]° molecules which dif-
fer chiefly in the folding angles of the acac ligands (417 418].

In addition, several other pentane-2,4-dionato-technetium complexes have been
prepared and characterized. [TcCly(acac)(PPhs),]° was synthesized by reacting
[1cCly(PPh3),]° with pentane-2 4-dione under nitrogen. After refluxing for 1 hr, red
crystals were separated. Red-violet [TeBrs(acac)(PPhs),]° was obtained undcer similar
conditions, but shorter reaction time, starting with [TcBry(PPhs),]°. [TcCly{acac)
(PPh;),]° and the bromine analogue are air-stable and slightly soluble in benzene. The
magnetic moments of u., = 3.1-3.3 B.M. are somewhat higher than expected for two
unpaired electrons. Orange crystals of [ TeBr(acac).(PPh;)]® were obtained by heating
| TeBra{acac){(PPhs),]° under reflux in anhydrous pentane-2.4-dione for 10 h. |TcCl
(acac),;(PPh3)}” and [TcBr(acac).(PPhs)]° are soluble in polar solvents. Their magnet-
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ic moments are i = 2.7 and 2.8 B.M., respectively [365]. By increasing the time of
the reaction between [TcCl,(PPhs),]° and anhydrous pentane-2,4-dione to 18 h, dark
violet crystals of [I'c(acac);|° were produced, which are soluble in polar organic sol-
vents. The magnetic moment y.¢ was found to be 2.7 BM. VIS/UV and IR data arc
reported for the complexes described [365]. [Tc(acac)s])® may also be synthesized by
reacting pentane-2.4-dionc in aqucous alcoholic solution with TcOj which is reduced
with dithionite [364]. [Tc(acac);]” crystallizes in the monoclinic space group P2,/¢
with a=14.050(3), h=7.497(2). ¢=16.509(3) A, =99.02(2)°, and Z=4. The coordination
geometry of the oxygen atoms around Te(IIT) is almost a regular octahcdron (Fig.
12.63.A). The mean Te—O bond distance is 2.025 A and the O-Tc-O angles are closc
to 90 and 180°, respectively [419].
[Te(acac)s]® undergoes ligand exchange in acetylacetonce (Hacac):

[Te{acac™);]° + Hacac «» [Te(acac);]® + Hacac*

The first-order cxchange reaction was followed by the '*C labeling method using
[Te(acac{2-1*C})s]". The cxchange rate R is expressed by

R = k[complex] (k =2.1-10 *s7! a1 141 °C),

when the complex concentration varies between 3 and 7 mM and the concentration of
acetylacctone is 9.7 M. The lability of [Tc(acac);])® was found to be very close to that of
[Cr(acac)s|° [420]. Furthermore, the basc hydrolysis of [Tc(acac);]° was studied spectro-
photometrically in 0.1-1 M NaOH at temperatures ranging from 25 to 53.5 °C[421].

In addition to tris(pentanc-2,4-dionato)technetium{(III). the analogous complexes
with hexane-2,4-dione, heptane-2.4-dione, heptane-3,5-dione, and octane-3,5-dione
were svathesized after reduction of TcOy with dithionite, identified by FAB mass
spectrometry, and characterized by VIS/UV and IR spectrophotometry. The hexane-

0

Fig. 12.63.A Tris(acetylacctonato)technetium(I1I).
CM1 cM2 [Te(acac)s]” [419].
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2,4-dionato complex crystallizes in the monoclinic space group £2,/c, isostructurally
with tris(pentane-2.4-dionato)technctium(117) [422].

Tris(dipivaloylmethanato)technetium(Ill) (dipivaloyl methane = 22.6,6-tetra-
methyl-3.5-heptancdione) was obtained by refluxing a mixture of dipivaloylmethane.
(NH,),[TcClg], sodium methoxide and zinc powder in methanol. The red solid is read-
ily oxidized at K5 =+ 0.12 V vs SCE to the cationic Tc(IV) complex. Tris(trifluoro-
acetylaccetonato)technetium(I11) (trifluoroacctylacetonc: CF;-CO-CH,-CO-CHj3) and
tris(hexafluoroacetylacetonato)technetium(Ill) (hexafluoroacetylacetonc: CF;-CO-
CH,-CO-CF;) were prepared by reaction of the ligands with NH, TcO, in refluxing
cthanol and reduction with dithionite. These complexes are much more difficult to
oxidize [423].

[Tc(acac)s] reacts with acetonitrile in the presence of HCIO, to yield the cation
[Te(acac),(MeCN),]". [Tc(acac),(McCN),]CIO, forms deep ycllow crystals [424].
The acctonitrile ligands are easily substituted by benzoylacetone (Hbza). dipivaloyl-
methanc (Hdpm) or dibcnzoylmethane (Hdbm) leading to the neutral complexes
[Tc(acac),(bza)]®, [Te(acac),(dpm)|®, and [Te(acac),(dbm)]®, respectively. These sub-
stitution reactions offer convenient routes for the preparation of mixed ligand f-di-
ketonatotechnetium(I1l) compounds [425].

Some monothio-f-diketonato complexes of Tc(ITI) have becn synthesized. When
monothiodibenzoylmethane (Htbm) is refluxed in methanol with hexakis(thioureato)-
technetium(IIT) chloride, dark bluc crystals of tris(monothiodibenzoylmethanato)-
technetium(I11), [Tc(tbm),]°, are obtained [426]. The compound crystallizes in the
monoclinic space group P2;/n with a=21.638(6), h=17.520(5). c=10.188(4) A,
$=100.24(5)°, and Z=4. The coordination geometry of Tc(IIT) is cssentially octahedral
with a slightly trigonal distortion. Within the six-membered TeSOC; rings the Te-S
distances, ranging between 2.32 and 2.34 A, are almost equal, while the 1T'c-O bond
distances vary between 2.01 and 2.08 A. The O-Te~0. S-Te-S, and O-Tc-S angles
show only small deviations from 90 or 180°. Hexakis(thioureato)technetium(IIT) also
reacts with p-bromobenzoyl-thiobenzoylmethane, thiobenzoylacctone, thiothenoyltri-
fluoroacetone or 1-phenyl-3-methyl-4-benzoyl-5-thione to yicld the corresponding
monothio-f-diketonato complexes of Te(Ill). The dark colored compounds are quite
lipophilic and soluble in acetone or dicthyl ether. They were identified by VIS/UV,
IR, '"H NMR, and mass spectrometry [427].

The mixed-ligand cationic complex Tc(ITT)-N,N’-cthylenc-bis-(acetylacetoncthio-
iminato)-bis-(triphenylphosphine) [Tc(sacac),en(PPh;);|Cl was prepared by reaction
of [TeYO(H,>O0)(sacac)»en]Cl with PPh; in methanol:

SR e N e e L
C 31 - Cs>*r<33]
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[Tc(sacac),en(PPhs),]” was precipitated as the olive-green hexafluorophosphate and
characterized spectroscopically [428].

Only a few carboxylato complexes of Tc(III) are known. Hyedta and Hjhedta
{N-(2-hydroxymethyl)ethylencdiamine-N.N’,N"-triacctic acid} complexes were synthe-
sized by ligand substitution reactions of [Te(tu)e]** with edia and hedta, however.
nonc of the complexes were identified unambiguously [429.430)].

NH,TcO, reacts with 3-(diphenylphosphino)propionic acid in refluxing ethanol to
form the ycllow compound [Tc(O,CCH,>CH,PPh,)5]° - 2DMSO after recrystallization
from DMSO. It crystallizes in the monoclinic space group P2,/n with a=21.718(10),
b=12.954(6), c=18.038(9) A, p=106.59(4)°, and Z=4. The coordination environment
about Tc(III) is a distorted octahedron. The threc ligands are in meridional arrange-
ment. There are two pairs of like-donor atoms trans 1o one another, leaving the
remaining phosphorus atom trans to an oxygen atom. The bite angles around Tc are
85.4,90.1, and 86.6°. The Tc—P bond distances range between 2.393(2) and 2.479(2) A
In addition, phosphinocarboxylate complexes of Tc(LI) were synthesized with 2-
(diphenylphosphino)benzoic acid, (diphenylphosphino)acetic adic, and 3-(diethyl-
phosphino)propionic acid. Cyclic voltammograms of the compounds are dominated
by reversible Te(TIT)/ Te(IT) couples [431].

12.5.4 Complexes containing nitrogen heterocycles, dioximes,
Schiff bases, diazenido groups, and other nitrogen ligands

Red-orange trichlorotris(pyridine)technetium(I11), [ TcCls(py)s]°, and the correspond-
ing complexes formed with 4-methylpyridine (4-picoline), |TcCls(pico)s]” (yellow-
orange) and 3,5-dimecthylpyridine (3,5-lutidine), [TcCls(lut):]° (dark orange) were
prepared by reacting [1cCl,(PPhs),]° in pyridine, 4-methylpyridine, or 3,5-dimethyl-
pyridine with excess triphenylphosphine as the reducing agent. The meridional gcom-
ctry of the pyridine complexes is revealed by "H NMR spectra that arc contact-shifted
by paramagnetism [392]. [TcCls(py)a]® and [TeCli(pico)s]® may also be synthesized by
reducing [#-BuyN][TcOCly] in pyridine or 4-picoline with PPh; under reflux. The
magnetic moments jo 0f [TcCli(py)s]” and [TcCla(pico);]° are 2.65 and 2.81 B.M.,
respectively. [TeCls(pico)s]° crystallizes in the monoclinic space group F°2;/¢ with
a=13.328(2), 5b=8.902(1), c=18.019(4) A, p=103.25(1)°, and Z=4. The mean Tc-N bond
distance is 2.140 A. The Tc—Cl bond distance of 2.460(2) A for the chlorine frans to
the nitrogen 1s considerably longer then the mutually trans Te—Cl bonds of 2.320(1)
and 2.340(1) A. The Cl-Tc—Cl, N-Te-N, and Cl-Te-N angles deviate only slightly
from 180 or 90°. [TcCls(pico)(Mc-PhP),]° crystallizes in the triclinic space group P1
with a=12.35(1), b=13.890(5), ¢=7.949(3) A, 2=97.29(3), $=101.56(6), 7=71.14(6)°, and
Z=2. s structure is similar to that of [TcCls(pico)s]°. The Te(ITDH/Te(Il) reduction
potentials for mer-[TcCls(pico);|® and mer-[ TcCls(py)a]° in 0.1 M [EtyN]CIO, in DMF
are 600 and 660 mV vs NHE, respectively [432].

[TcCla(py)a(PPh;3)][PTs] was obtained by reaction of [TeClz(PPhs)(CH;CN)J®
with pyridine, dissolved in |.2-dimethoxyethane, and precipitation of the [PFy] salt.
The yellow compound crystallizes in the triclinic space group P1 with a=12.677(4),
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h=13.064(4). ¢=13.103(5) A, #=110.14(3). I=101.12(3), ;=96.617 and Z=2. The trans-
[TeCly(py)a(PPh3)]* cation has a slightly distorted octahedral geometry around
Tc(Hl). The two trans-pyridine ligands are bent away from the bulky triphenylphos-
phine ligand, their N(1)-Tc-N(2) angle is 175.6(2)°. The pyridine trans to the phos-
phine exhibits a longer Te—N(3) bond length of 2.218(5) A than those of Te-N(1)
(2.166 A) and Tc-N(2) (2.165 A). lypical Te-Cl and Te—P bond distances of 2.33 and
2.47 A, respectively, are observed [433].

The complex salts [TcCla(bpy)(PMe,Ph),[BPhy], [TcCly(phen)(PMe,Ph),|{BPh,],
and [TeCly(bpy)(PEtPh-),][SO;CF; were synthesized by rcaction  of  iner-
[TeCl3(PMce,Ph)s]° or mer-|TeCla(PEtPh,);]” with bpy or phen in refluxing cthanol.
Dark violet cis(Cl),trans(P)-[TcCly(bpy)(PMe-Ph),|[BPhy] crystallizes in the triclinic
space group P1 with a=10.700(2). b=14.231(2). c=16.018(2) A. z=95.80(1), =97.58(1).
+=108.34(1)", and Z=2. Tc(III) resides in a slightly distorted octahedral environment
with two cis chlorine atoms, which arc both frans to the two nitrogen atoms of bpy,
and the two trans PMc,Ph ligands (Fig. 12.64.A). Dark purple cis(Cl), trans(P)-
[TcCly(phen)(PMe,Ph),|[BPhy] crystallizes in the same triclinic space group 1 with
a=10.668(2). h=14.064(2), c=16.529(2) A. 0=95.50(1). $=97.61(1), 7=108.67(1)°. and
Z=2, while dark red/purple cis(Cl),trans(P)-[TcCly(bpy)(PEtPh;),][SO;CF;] adopts
the orthorhombic space group P2,2,i; with a=16.399(2), hb=21.869(5). c=11.102(2) A,
and Z=4. The structurcs of the latter cations are very similar to that of [TcCl(bpy)
(PMeyPh),]" |434].

[TeCly(bpy)(PPh3)]* was obtained by refluxing | TcCly(PPhs),]° with excess bipyri-
dine in acctonitrile. The green/purple complex crystallizes in the monoclinic space
group P2,/n with a=10.980(2), b=24.336(5). ¢=10.172(2) A. =106.89(1)°, and Z=4.
The compound has a slightly distorted octahedral coordination geometry with a facial

il

Fig. 12.64.A Cis-(dichloro)-bipyridyl-trans-bis(dimethyl-
phenylphosphine)-technetium(I1T),
| TeCla(bpy)(Me; PPh).|™ [434].
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arrangement of the chloride ligands. Due to the trans influcnce of PPh;, the Cl atom
trans to the phosphorus atom has the longest Tc—Cl bond distancce of 2.421(2) A. The
two Tc=N bond Iengths are found to be unequal with 2.112(4) and 2.099(5) A. The
Tc-P distance is 2.465(2) A, the axial CI-Te-P angle 174.51(6)°. In addition, the com-
plexes [TcCls(bpy)(PMesPh)]°. [TeCls(phen)(PMesPhl°, [TeCly(bpm)(PMe,Ph)]”.
and the cation [TcCly(bpm)(PMec,Ph),] " were prepared and characterized [435].

The simple complex cation [Tc(phen)s]** was reported to be obtained by substitu-
tion reaction of [Tc(tu)s]** with 1,10-phenanthroline in aqucous solution at 60 °C and
pH 3.2 under argon. [Te(phen):|[PFe] was precipitated as a dark red solid and purified
by reerystallization in a water/methanol mixture. In neutral aqueous solution the com-
pound shows a single strong absorption at 518 nm. Two broad 'H NMR resonances at
7.3 and 8.3 ppm were observed. [Te(phen)s]** appears to be stable in neutral aqucous
solution {436].

An anionic, rose Te(llI)-adenosinediphosphate (ADP) complex was prepared by
reduction of TcO, with $,03 in the presence of excess ADP. According to the
'H NMR spectrum the purine base of ADP is bonded to Te¢(THI). The complex showed
good stability in aqueous solution in the pH range of 6-8 [437].

Some hydrotris(1-pyrazolyl)borato complexes of Tc(IIl) have been synthesized.
[ TcCL{HB(pyz):}{PPh3)]* was obtained by reaction of [TcOClL{HB(pyz)s}]° with tri-
phenylphosphine in refluxing toluene. The dark yellow crystals revealed a magnetic
moment u. (308 K) = 2.9 B.M. In methylene chloride the reaction yielded the pale
orange-yellow phosphineoxide compound [TeClL{HB(pyz);}(PhsPO)|* with pes (308
K) = 3.0 B.M. This complex rcacts in acetone with pyridine to from red-brown crystals
of [TcCL{HB(pyz):}(py)] with pi.¢ (308 K) = 2.8 B.M. [438].

Aunique series of seven-coordinate, monocapped boronic acid adducts of neutral tech-
netium(111) tris(dioximato) compounds, so-called BATO complexes, has been described
(Fig. 12.65.A). The complexes were prepared in cthanol by Sn?~ reduction of TeOy or
from [TcOCly)~ or [TeXg)2(X=C1,Br) in the presence of vicinal dioximes and a boronic
acid derivative. The color of the compounds is red to orange. [TeBr(CDO);(BCH,)|°
(CDO = cyclohexanedione dioximato) crystallizes in the trigonal space group £3; with
a=11.056(6). c=17.321(9) A, and Z=3, [TcBr(DMG );(BC4Hy}° (DMG = dimcthylglyoxi-
mato) in the monoclinic space group £2,/c with a=13.143(2), b=18.077(3), c=19.858(2) A.
B=100.76(1)°, and Z=8, and [TcBr(CDO);(BC4Hy)] in the monoclinic space group C2/c.
with a=25.357(7), b=13.423(4), ¢=19.637(5) A. p=124.97(2)°, and 7=8. In the structure of
[TeBr(DMG);(BC,;Hy)]°, which is representative of all of the BATO complexes, the hep-
tacoordinate Tc(11]) is surrounded by a hexadentate ligand and is also bonded to bromine,
the seventh coordination site. The ligand consists of three bidentate dioximato groups
joined through three covalent B-O bonds to a tetrahedral boron cap derived from butyl-
boronic acid. The average Tc-N distance is 2.08 A and the average bite angle for each
dioximato group is 72°. The two dioximato groups flanking the bromine atom are spread
away from the bromine by ~20° toward the third dioximato group. The three dioximato
oxygens on the uncapped c¢nd of the molecule are intramolecularly hydrogen bonded to
two bridging protons. The 'H NMR resonances at 15 ppm are assigned to these bridging
protons. The halogen can be readily exchanged for another halogen or for hydroxide
[439-441].
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Fig. 12.65.A Ialogeno-tris(dioximato)-alkylboratotechnetium(1I), [TcX(dioximato);BR]°, X=Cl or
Br. R=CHj or n-C41y, R'=-CH>-CI15- or CH; [439,443].

The formation of the BATO complexes [TcCl(dioximato):BR]® according to the
reaction:

TcOy” + 3 dioxime + (OH),BR + 2 SnCly ERH. [TcCl(dioximato);BR]®
procceds through several intermediates, two of which are [Tc(dioximato)s
(1-OH)SnCl;]° and [lcCl(dioximato);]°. If the boronic acid is omitted. the major
products isolated {rom the reaction mixture are seven-coordinate, tin-capped dioxi-
mato complexes [Tc(dioximato)s;(u-OH)SnCl;]° [443]. The ncutral compounds are
stable to air and soluble in acctone and alcohol. The FAB mass spectra revealed peaks
at a mass which indicates that the diamagnetic compounds contain Tc(IIT). These tin-
capped complexes can be readily converted by treatment with HCI into a new class of
uncapped Te(III)dioxime compounds [TcCl(dioximato)s;]°. The neutral, seven-coordi-
nate [TcCI(DMG);)° crystallizes in the triclinic space group P1 with a=9.617(1),
b=12.135(3). c=9.244(2) A, 2=110.24(2), =92.36(2). y=88.92(2)°, and Z=2. The ligand
geometry about Tc is similar to that in the BATO complcxes. There are two cquiva-
lent dioxime ligands and one unique dioxime, which lic in a “paddle wheel™ array
about the Tc atom. The T'c-N bond distances for the two equivalent DMG ligands
range from 2.120(4) to 2.131(3) A. The Tc-N bond distances of the unique DMG are
shorter, at 2.086(4) A. The seventh position on T is occupied by the chlorine atom,
which is trans to the unique dioxime. The Te—Cl bond length is 2.415 A. The dihedral
angle between the planes of the two cquivalent dioxime ligands is 129°, approaching
the idealized trigonal prismatic value of 120° [443].
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When  [TcCly(PPhs),(CHCN)]°,  dimethylglyoxime, and the boronic acid
(OH);BEt are refluxed in ethanol under N, the BATO complex
[TcCI(DMG);(BEY)° is formed together with the less lipophilic side product
[TcCI(DMG ),(bdi)(BEt)]° (bdi = butane-2,3-dionc iminc-oxime). The formation of
the latter complex is increascd if the reaction mixture is acidified with HCL however,
the mechanism of the formation of the imine-oxime ligand is not clear. The violet
imine-oxime compound crystallizes in the monoclinic space group P2,/n, with
a=9.073(2), b=23.686(5). ¢=19.539(6) A, $=93.77(2)°. and Z=8. The structure of the
compound is very close to that of several BATO complexes. In the imine-oxime com-
plex, one of the uncapped oximes of the BATOs is reduced 1o an imine and hydrogen
bonding occurs only between the remaining pair of oximes, however, the coordination
geometry appears to be relatively unatfected by the absence of one hydrogen bridge
[444].

Various BATO complexes [TeX(dioximato);BR]*(X = CI™, Br, OH ; R = OH, Me,
Et, n-Bu, Bu', and Ph) and the uncapped tris-dioxime species [TcCl(dioximato);]°
were studied by cyclic voltammetry, d.c. polarography, and controlled-potential coulo-
metry in DMF. BATO complexcs containing Cl or Br undergo an irreversible two-
clectron reduction at mercury, while for hydroxy BATOs two consecutive one-clec-
tron reductions are observed. The [TcCl(dioximato)s]° complexes revcal similar
reduction behavior. The two-electron peak potential for bromo-substituted BATOs is
more positive than for chloro BATOs, while hydroxy-substituted BATOs arc reduced
~1.0 V more negative. CDO complexcs in general are reduced 60-90 mV more posi-
tive than the analogous DMG species. Changing the boronic acid cap has a relatively
small effect on the reduction potential. The axial ligand (Cl, Br, OH) is lost upon
reduction [445].

Several technetium(IIl) complexes containing both tetradentate Schiff-base and
monodentate tertiary phosphine ligands have been synthesized. [Tc{(acac)en}
(PPh3)»]' was obtained by reaction of [TcOCly] with Hy(acac),en and PPh; in metha-
nol:

[TcOCLy|~ + Ha(acac),en + 3PPh;— [Te¢[(acac).en}(PPhs),]” + OPPh; + 4Cl

The olive green hexafluorophosphate crystallizes in the triclinic space group P1
with a=19.037(5), b=16.339(3), c=15.454(4) A. 2=95.37(2). $=96.47(2), 7=91.32(2)°,
and 7=4. The coordination geometry around the technetium atom is approximately
octahedral with the tetradentate Schiff-base ligand defining the cquatorial plane and
the two triphenylphosphine ligands occupying axial positions. ‘The average Te—-P bond
distance is 2.51(1) A, and the mean Te-N and Tc-O bond lengths are 2.06(2) and
2.02(1) A, respectively. The P-Tc-P bond angle is 173.0°. In addition to [Tc
{(acac),en}(PPh;),]* the cationic complexes [Tef(buac),en}(PEt,Ph),]~, [Tc¢
{(bzac),en}(PEtPh,),]*, [Tef(brac),en}(PEtPh,),]*, and | Te{(sal),en}(PEtPh,),|* have
been prepared and identified. where (buac).en = N.N’-cthylenebis(zert-butylaceto-
acetatc iminato, (bzac),en = N.N'-ethylenebis(benzoylacetone iminato), (brac).en =
N,N’-ethylenebis(3-bromoacetylacetone iminato), and (sal)>en = N,N’-cthylenebis
(salicylidene iminato). The potentials of the Te(IIT)/Te(1V) and Te(IT)/ Te(Il) redox
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couples of these complexes are lincarly related to the lowest energies of the Te(111)-
to-ligand charge-transfer bands [446.447].

Bidentate Schiff-base ligand neutral complexes containing a tertiary phosphine,
[TcCl({phsal),(PMc.Ph|® and [TcCl(Mesal),)(PMe,Ph)]® (phsal = N-phenylsalicyl-
idene iminato, Mesal = N-methylsalicylidenc iminato) were obtained by reaction of
[TcOClI(phsal),]° or [TecOCl(Mesal),]° with PMe,Ph in boiting benzene. The oxotech-
netium(V) compounds are reduced by PMe-Ph. Both Tc(ill) complexes are red,
showing a magnetic moment of u. = 2.5 B.M. [TcCl(phsal)(PMe,Ph)|° crystallizes in
the monoclinic space group P2,/c with a=9.500(4), b=10.596(4), ¢=31.000(9) A.
$=95.59(5)°, and Z=4. The coordination around Tc(IlI) is nearly octahedral. The two
N-phenylsalicylidenc iminato groups cach act as bidentate O- and N-donor ligands.
The chelate ligands are almost mutually orthogonal. The N atom of onc ligand is
located trans to the phosphorus atom. The P-Tc-N angle is 173.6(3)°. The bite angles
O-Tc-N are 86.8 and 87.8° [393].

The threc-dentate Schiff-base ligand N-(2-oxidophenyl)salicylidenc iminato (oph-
sal), the bidentate quinoline-8-olato (quin), and the monodentate PEt,Ph form the
mixed ligand, neutral Te(1IT) complex [Te(ophsal)(quin)(PEt,Ph)]° when the Te(V)
compound [TcO(ophsal)(quin)]® reacts in ecthanol with PE,Ph. The dark rcd
[Te(ophsal)(quin)(PEt,Ph)]° has a magnetic moment of p.;=2.6 B.M. and crystallizes
in the triclinic space group PI with a=14.196(6), b=11.363(5), ¢=9.742(4) A,
2=068.04(3), p=101.09(3), y=106.68(3)°, and Z=2. Tc(1II) resides in an approximately
octahedral coordination environment. The atoms O,N,O of the ophsal ligand occupy
threce cquatorial sites, while the [ourth equatorial site is occupied by the oxygen of the
O,N bidentate quin ligand. The apical phosphine ligand is located trans to the quin
nitrogen atom. The O-Te-N bite angles are 76.3(9) and 78.9(6)° and the P-Tc-
N(quin) angle is 174.1(5)°. The Tc-N(quin) distance of 2.15(2) A is significantly
longer than thc average Te-N distance of 2.07 A. The complexes |[Tc(sphsal)
(quin)(PPh3)]° and [Tc(ophsal)(salen)(PMe,Ph)]° [sphsal = N-(2-sulphidophenyl)sali-
cylidene iminato and salen = salicylidenc iminato] werc synthesized analogously to
the above mentioned method [448].

Diazenido complexes have recently found much attention. 4-ClCoH,NHNH, - HCI
reacts with [TcOCl,]" and PPh; in methanol to form a bright orange precipitate of
[TcCHNNC¢H4Cl-4),(PPh;),[°. The oxidation state of Tc is +3, when the phenyldiaze-
nido ligand is uninegatively charged [312]. The coordination sphere of Tc(III) con-
tains mutually frans PPh; ligands in the axial positions of a trigonal bipyramid with
the ClI atom and the cis aryldiazenido ligands occupying the equatorial positions. The
Tce-N-N angles are cssentially linear (Fig. 12.66.A). Refluxing [TcOCl,]~ with phenyl-
hydrazine and dppe in methanol and adding [PF]- vields an orange precipitate of
[TcCI(NNPh)(dppe)-][PFs] that crystallizes in the monoclinic space group C2/c with
a=23.808(5). b=13.830(3), c=17.452(4) A, i=92.53(2)°, and Z=4. The Tc atom in the
complex cation [TcCI(NNPh)(dppe).|™ has a slightly distorted octahedral geometry.
The P-Tc-P bite angle is 81.5(1)°. The arrangement of the axial ligands Cl-Tc-N is
ncarly lincar with 177.3(6)°. The Tc-N bond distance is 1.917(19) A, the Te-N-N
angle 163(2)°. The diazenido ligand is thus singly bent. The angle compares reason-
ably with the two slightly different Tc-N-N bond angles of 166.1(6) and 172.1(7)" for
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Fig. 12.66.A Chloro-bis(4-chlorophenyldiazenido)-rrans-bis(triphenylphosphine)-technetium(111),
[TcCHNNCH,-4)-(PPh3),|° {449].

the NNC H,Cl-4 ligands in [TcCINNCH,C1-4),(PPh;),]°. Both diazenido complexes
can also be synthesized by starting with NH,TcO, + conc. HCI instead of [NBuy]
[TcOCL,] [449, 430].

[TcCYNNC{H Cl-4)5(PPh3)-|° reacts with dimethyldithiocarbamate in methanol
with loss of Cl, one PPh; group and one diazenido ligand to vield [Tc(NNCH4Cl-4)
{(CH3);NCS,},(PPh3)]|°.The dark orange compound crystallizes in the monoclinic
space group C2/c with a=33.056(2), b=11.553(1), c=25.451(2) A, =131.065(5)°, and
Z=8. Te(111) resides in a distorted octahedral coordination sphere. One sulphur atom
of onc dithiocarbamate ligand and the phosphorus atom of the triphenylphosphine
group occupy the axial positions with an angle $-Tc~P of 168.61(3)°. The equatorial
sites arc occupied by the (NNCH4Cl-4) ligand and three sulphur atoms of the dithio-
carbamate groups. The Te-N-N angle of the diazenido ligand is 178.6(4)° and the Tec~
N bond distance is only 1.763(3) A. As a result of the rrans influence of the diazenido
group one Tc-S bond distance of 2.537(1) Ais distinctly longer than the other Te-S
bond lengths ranging between 2.412(2) and 2.477(2) A[451].

Another substitution reaction of [TeCl(NNCgH,C1-4),(PPh1),]° with dianionic, tet-
radentatc N,N’-ethylene-bis(salicylidencimine) {Hy(sal),en} in boiling methanol/tolu-
ene gives the ncutral, dark green technetium(Ill) diazenido complex cis-[1c
(NNCH4Cl-4){(sal),en}(PPh3)]°. The compound crystallizes in the monoclinic space
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group P2,/c with a=12.207(4), h=15.987(1), c=18.199(2) A. =100.16(4)", and Z=4.
The coordination gecometry around Tc(Ill) is again distorted octahedral containing
the diazcnido ligand and PPhjz in cis configuation. The diazenido ligand adopts the
singly bent geometry with a Te-N-N bond angle of 173.6(7)° and a Tc—N bond length
of 1.764(8) A. The Te-P distance is 2.414(3) A. The tetradentate (sal),en ligand devi-
ates significantly from planar gcometry. In addition, some other diazenido complexes
of Tc(1ll), such as [TcCHNNCH,CI-4)(hmpo)(PPhs),]° (IThmpo = 3-hydroxy-2-
methyl-4H-pyran-4-one) or [TcCIINNCH,Cl-4)(bpy),|* have been synthesized [452].

2-Hydrazinopyridine-hydrochloride reacts with [Tc"(MeCN)(PPh;),Cl3]°  in
methanol under reflux to vicld a pink precipitate of [Tc!"(NNpy)(PPh;),CL]°. The
chelating organohydrazide acts as a unincgative, unprotonated, bidentate ligand via
the pyridine nitrogen. The additional binding of the pyridine nitrogen to Tc(IIL) to
form the octahedral chelate complex may account for the diamagnetic behavior duc
to a formed r-system [453]. In a similar procedure [Tc!"(MeCN)(PPh;),Cls]° reacts
with 2-hydrazino-4-(trifluoromethyl)pyrimidine to form a peach-tan colored solid of
[TcM(NNC4H,N>CF3)(PPh;),ClL]° which crystallizes in the triclinic spacc group P1
with a=11.9193(3), h=12.7026(3). c=14.1335(3) A, 2=109.9320(10), $=94.1250(10),
7=105.0490(10)°, and Z=2. The coordination geometry of Tc(II1) is again a distorted
octahedron with the chlorine atoms and the uninegative, bidentate diazenido ligand in
the equatorial planc and the PPh; groups in axial trans position to cach other. The
mutiple bonding of the Tc-N(«) bond has a distance of only 1.810(8) A while the
bond length of Tc to the pyrimidine nitrogen is 2.181(7) A. This compound is also dia-
magnetic [454].

The paramagnetic isodiazene complex [1c!(N=NPh,)(PPh;),Cl;]° was synthesized
by reaction of [TcOCl,}~ with excess PhoNNH, and PPh; in refluxing methanol. The
isodiazene ligand Ph,N=N with an anionic metal bound s-nitrogen and a disubsti-
tuted, cationic f-nitrogen is formally neutral. In the reaction the organohydrazine pre-
cursor is oxidized by two electrons of ‘Tc(V). The red crystals of
[Tc(N=NPh;)(PPh;),Cl;]° adopt the monoclinic space group P2,/n with a=10.1294(1),
b=26.0792(3), c=18.8147(3) A, /=98.814(1)°, and Z=4. The Tc-N absorption appearcd
in the IR in the 1100 ecm™ region. Te(111) exhibits a distorted octahedral coordination
geometry with the PPh; ligands in mutually trans sites. The remaining sitcs are occu-
pied by the threc chloride ligands and the linearly coordinated isodiazenc ligand. The
Tc-N bond length is 1.738(4) A, and the N-N bond distance is 1.300(5) A. Both bond
distances indicate double bonds. The similar Tc—Cl bond lengths, ranging from
2.3985(12) to 2.4292(12) A, suggest the absence of a trans effect exerted by the isodia-
zene ligand [455].

The tripodal tetradentate ligands 2-diphenyl-phosphino-N.N-bis(2-diphenylphosphi-
noethyl)ethaneamine(NPs) and tris-2-diphenylphosphino-ethylphosphine (PP3) react
with [TcCl,(PPhs)-|° in refluxing cthanol to form orange [TcCL(NP;)]* and pale pink
[TcCly(PP2)] . respectively. The green cationic complex [TcCIINNCHCl-4)(NP3)]* was
obtained by reaction of TcO3, (H,NNHCH,Cl-4) - I1CI, and NP; in refluxing methanol.
The redox potentials of the complexes in DMFare reported [223].

Neutral and cationic Tc(T1l) complexes [Tc(app)s]° and [Tc(app).(Tapp)]* (Happ
= 2-aminophenyldiphenylphosphine) were synthesized by reacting TcO3 with
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PPh,(CsH4NH,-2). When NI1,TcO,4 and Happ are refluxed in cthanol, a dark purple
solid of tris-(2-amidophenyldiphenylphosphine)technetium(IIT) was formed, which is
soluble in acctone and cther. Its magnetic moment at 293 K is piy = 2.49 B.M. The
reaction involves reduction to Tc(III) by the ligand which is oxidized to the phosphine
oxide. In the presence of a non-coordinating acid, the blue cationic complex [Tc
(app).(Happ)]" is produced showing a magnctic moment of u.¢ = 2.46 B.M. at 293 K.
Between both complexes the equilibrium

[Tc(app)s]® + H' < [Tc(app).(Happ)]*

cexists.  {Bis(2-amidophenyl)diphenylphosphine}{(2-aminophenyl)diphenylphosphinc}
technetium(I11) perchlorate, [Tc(app).(Happ)]ClO,, crystallizes in the monoclinic
space group P2,/n with a=11.009(2), h=19.361(3), ¢=24.473(3) A, p=100.76(1)°, and
Z=4. The coordination gcometry about Tc(III) is distorted octahedral. The P atoms
arc arranged meridionally, two adopt the axial configuration. and one P atom together
with the three N donor atoms represent the equatorial planc. The Tc-N(1) bond dis-
tance of 2.048(5) A is significantly longer than the distances of Tc-N(2) (1.948 A) and
Tc-N(3) (1.979 A) reflecting the weaker bonding to the completely protonated nitro-
gen N(1). The mean Tc—P bond length is 2.450 A [456].

The unique cationic seven-coordinate complex [Tc™(H)NHC(NH;)S(PMej),]*
containing, in addition to PMej, the unusual bidentate ligand {NHC(NH,)S)™ and a
hydride ligand, was prepared by reaction of [Te(tu)g]|PFs]s and PMe; in methanol in
a scaled tube heated to 75°C for 12 h. The orange-ycllow hexafluorophosphate crys-
tallizes in the monoclinic space group Cc with 4=9.305(2). b=16.726(2), c=19.951(3) A,
f=91.24(1)°, and Z=4. The mechanism of the complex formation is unknown. A band.
characteristic of the Te—H stretching mode, was observed in the IR at 1989 cm™. The
hydridc ion could be replaced by deuteride shifting the IR band to 1835 cm™. In the
'"H NMR spectrum the hydride resonance appeared at —-8.9 ppm. IR and NMR meas-
urements gave evidence for an anionic, asymmctrically bound thiourca ligand. The
coordination geometry about the Tc center could not be fully described since the
hydride ion was not located. If the hydride ligand is ignored then the gcometry is a
distorted octahedron. The structurc does cstablish an unusual N,S bonding mode for
the deprotonated thiourea ligand. The Te—N bond distance of 2.190(13) A is relatively
long. An elongation is also found in the Te-S bond length with 2.543(4) A. The axial
P-Tc-P angle is 166.3(2)° [406].

12.5.5 Thiolato, phosphinethiolato, dithiocarbamato, thioureato,
xanthato, and other complexes with sulphur containing ligands

The methanethiolato complex cations [Tc(SCH3)2(dmpe),]™ and [Te(SCHai),(depe).]*
were prepared by reaction of the Tc(V) complexes [TcO(OH)(dmpe);]** or [TcO(OH)
(depe);]>~ with excess NaSCIl; in cthanol under exclusion of oxygen. Blue
[Tc(SCHa)>(dmpe),|CF5SO5  crystallizes in the triclinic space group P1 with
a=7.9615(13), b=9.3019(7), c=18.5029(16) A, «=88.093(7), =89.686(11), 7=88.188(11)°,
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and Z=2. blue [Tc(SCHa)(depe)s|[PFg] in the monoclinic space group P2,/c with
a=11.0724(13), b=11.2450(11), c=14.1331(14) A, =107.957(8)°. and Z=2. Both complex
cations oceur in trans gcometry: the coordination gecometry about Te(II1) is approximate-
ly octahedral. The most severe deviation from octahedral geometry arises from the bite
anglc of the bidentate phosphine ligand, which is 81.17(3)° for | Te(SCHa),(depe)]”. In
this complex S-Te--S forms an angle ot 84.9(3)° with the plane defined by the Tc and the
phosphorus atoms. The average Te-P length is 2.449 A, the Tc=S bond distance 2.3025(5)
A. The reversible electrochemical reduction

[T (SCH3)a(depe)s|* + e « [Te!(SCH3),(depe)a]°

studicd by cyclic voltammetry, occurs in DMF at -0.534 V vs Ag/AgCl [457]. In addi-
tion, the complex cations frans-[Te(SR)-(dmpe),|* with R = C,Hs, n-C3H;, CH2CgHs,
CH,CgH,-4-OCHj3 were synthesized by routes analogous to that mentioned above.
Their Tc(I11T)/Tc(11) couple varied from -0.513 V for R = benzyl to -0.622 V for R =
n-propyl [458]. Similar mixed-ligand phosphine-thiol complex cations of Tc(IH) were
prepared by rcaction of TcOj with various ligands in acetic acid solutions [459.460].

The arenethiolato ligands SC4H4R-4., where R = H, Me, OMe, tert-Bu, or Cl. form
the complex cations [Tc(SCgI4R-4)>(dmpe),]*, when trans-|TcVO(OH)(dmpe),]** is
both reduced and ligated by the action of excess arencthiol in ethanol under an argon
atmosphere. Cis-| T¢(SCqHs)2(dmpe )z |[PFs] crystallizes in the orthorhombic space
group P2;nb with a=9.311(1), b=11.190(2), ¢=31.936(4) A, and Z=4. Tc(lll) resides
again in a distorted octahedral environment. The most striking feature is the cis gcom-
ctry for the arencthiolatotechnetium(IIT) complexes that is in contrast to the trans ge-
ometry observed for the alkyl- and benzyl-thiolato complexes. The cis S-Tc-S angle
in [Te(SCeHs)x(dmpe),)* is 108.1(2)°, the average Te-S distance is 2.29(2) A. Trans 1o
P the mean Tc-P bond length is 2.42(1) A, trans to $ the Tc—P distance is significantly
larger with 2.49(3) A. Cyclic voltammetry measurements in 0.5 M tetracthylammo-
niumperchlorate/DMF on this serics of cis complexes reveal reversible Te!!'!/Ic!
redox couples in the range of -0.19 to -0.38 V vs Ag/AgCl demonstrating that the S-
arenc complexcs are casicr to reduce than the S-alkyl complexes [461].

The mixed ligand cationic complex with dianionic 2-mercaptophenolate (meph)
[Tc'(meph)(dmpe),]* was obtained by reaction of [Tc!'(dmpe)CL]Cl with 2-mer-
captophenol in ethanol. Addition of Na[BPh,] precipitated the red solid [Tc!!!
(meph)(dmpe),][BPh,]. which crystallizes in the monoclinic space group £2,/c with
a=12.525(1), b=9.961(1), ¢=33.789(6) A, p=93.28(2)°. and Z=4. The coordination
sphere of Te(lI1) is a distorted octahedron (Fig. 12.67.A) with the atoms S,0.P(2),P(4)
in the basal plane. The I'c-P distances. ranging between 2.356(3) and 2.403(2) A. are
shorter than in comparable Tc(IIT)dmpe complexes. The Te-S and Tc-O distances are
2.352(3) and 2.095(4) A, respectively [462].

Trans-[ T¢(SCHs),(diars),]|PF] was prepated by a method similar to that men-
tioned above using as starting material trans-[TcVO(OH)(diars),][PF),. The deep
blue complex salt crystallizes in the monoclinic space group C2/c with a=20.440(3),
h=11.989(2). ¢=13.284(2) A, =98.24(1)°, and 7=4. The ligand arrangement around
Tc(UI) is roughly octahedral, with the primary distortion being the bitc angle of
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Fig. 12.67.A 2-Mercaptophenolato-bis(dimethylphosphineethane)
technetium(ILD), [Te(meph)(dmpe),|' [462].

82.39(2)° for As-Tc-As. The S-Te-§ axis is nearly orthogonal to the basal plane
TcAs,. making an angle of 87.5(4)° with it. The average Tc-As bond distance is 2.496
A and the Te-S$ distance 2.292(2) A. The complex cations [Tc(SCH,C¢Hs),(diars), |~
and | Te(SCeHs)o(diars),]™ have also been synthesized. When SR is an alkanethiolate
or phenylmethanethiolate, the trans isomer is formed. Both cis and trans isomers are
obtained for SR = benzenethiolate, although the cis isomer is more stable [463].

[TcVO(OH)(dmpe),]?* reacts in ethanol with toluene-34-dithiol (IH,tdt) to form
[Tc"(tdt)(dmpe),] ", which was precipitated as the hexafluorophosphate salt. The
dark orange [Tc(tdt)(dmpe),][P¥,] crystallizes in the triclinic space group P1 with
a=9.1508, b=12.794(2), ¢=13.516(2) A, 2=93.94(1), $=95.24(1), y=108.791(9)°, and
7=2. The ligand arrangemcnt around the Tc atom is intecrmediate between octahedral
and trigonal prismatic. 1,2-Dithiolate ligands arc known for their ability to stabilize
the relatively unusual trigonal-prismatic coordination geometry. The S-Te-S bite
angle of 84.49(4)° is larger than observed in most tris(1,2-dithiolato)metal complexes.
The entire toluene-34-dithiolate ligand is almost planar and Tc is included in this
planc. The average Tc~S bond length is 2.318(6) A. The Tc—P bond distances average
2.396(3) A trans to P and 2.407(1) A trans 10 S. Spectropotentiostatic reduction of the
complex in 0.5 M tetraethylammoniumperchlorate/DMFE reveals the reversible
Te(111)/Te(11) and Te(IT)/Te(I) couples at —-0.600 and —1.217 V, respectively, vs the Ag/
AgCl clectrode containing 3 moles NaCl/dm? [464].

The neutral, five-coordinate, diamagnetic complex |Te(tmbt);(MeCN),]°, with
Htmbt = 2,3.5,6-tetramethylbenzenethiol as a monodentate, sterically hindered lig-
and. was synthesized by reduction of [TcCly])? with zinc dust in MeCN/MeOH in the
presence of Htmbt. The blue compound crystallizes in the monoclinic space group
P2,/n with a=11.227(1), b=15.784(1). ¢=20.411(1) A. f=105.36(1)°, and Z=4. The
donor set in the complex is a trigonal bipyramid with two incquivalent axial MeCN
ligands (Fig. 12.68.A). Two of the bulky tetramethylbenzencthiolato groups arc
cquivalent and on the same side of the equatorial plane containing the sulphur atoms.
One tmbt ligand is below this planc. The N(1)-Tc-N(2) angle is almost linear and the
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Fig. 12.68.A Tris(2,3.5,6-tetramethylbenzenethiolato)-bis(ace-
ce tonitrile)-technetium (1), [Te(tmbt)3(MeCN),J° [114.465].

S—Tc-S angles are all close to 120°. The Te-S(1), Te-S(2), and Tc-S(3) bond distances
are 2.255(3), 2.246(3), and 2.245(3) A, respectively, while the Tc-N distances are iden-
tical with 2.04 A [114, 465]. The acctonitrile ligands in [Tc(tmbt);(MeCN),]® or
[Tc(tibt)s(MeCN),]° (tibt = 2,4.6-triisopropyl-benzenethiolate) are readily displaced
by carbon monoxide or isopropylnitrile (PrNC) to yicld [Tc(SAr);(CO).]° or
[Te(SAT)3(PrNC),]°, respectively. One of the carbonyl ligands in [Tc(SAr)1(CO)-)° is
labile, allowing the preparation of the complexes [Tc(SAr);(CO)(McCN)]° and
[Tc(SAT):(CO)(py)]°. Orange [Te(tmbt);(CO)(MeCN)]° crystallizes in the monclinic
space group P2;/n with a=13.072(2). b=15.153(2), ¢=17.149(2) A, p=98.46(1)°, and
Z=4. The compound has cssentially the same structure as [Te(tmbt);(MeCN),]°.
Replacing MeCN in  |Tc(tmbt);(CO)MeCN)]°  with  pyridine results in
[Tc(tmbt);(CO)(py)]°. which crystallizes in the triclinic space group P1. The cell pa-
rameters of the orange compound are a=10.773(1)., h=18.018(1), ¢=9.034 A,
2=93.67(1)". =96.05(1)°, y=87.08(1)°, and Z=2. Again. the compound has a slightly
distorted trigonal bipyramidal gcometry and shares the same disposition of the thio-
late rings as the above mentioned two compounds. Pyridine sits on the side of the
unique aryl ring and CO is found on the more sterically hindered side of the molecule.
Trigonal bipyramidal compounds have a 3-fold rotation axis that causes the d orbitals
1o split as a. ¢, and ¢”, with ¢” the lowest lying sct of orbitals. Therefore, these d*(e”)*
systems are diamagnetic [465].

[Te(tmbt)3(MeCN),]°  reacts with DMSO to vyield the purple product
[Te(tmbt);(MceCN)(DMSO)]° which crystallizes in the monoclinic space group P2;/n
with a=14.026(2), 5=26.856(7), ¢=20.025(3) A, =104.20(1)°, and 7=8. The coordina-
tion geometry is again trigonal bipyramidal with the thiolate ligands bound in the
equatorial plane and the acetonitrile and DMSO group sitting in the axial positions.
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The arenethiolate rings show the familiar “two-up-onc-down™ oricntation.
[T (tmbt);(MeCN),]° readily reacts with pyridine N-oxide in refluxing cthanol to
form an orange precipitate of [TcYO(tmbt);(py)]° by oxygen atom transter. This com-
plex can casily be reduced with tricthylphosphine (PEts;) in CH,Cl> at ambient tem-
perature by oxygen atom abstraction to restore the Te(IItris(thiolate) core in the
form of the complex [Te(tmbt);(PEt;).]°. The oxidative and reductive oxo-transfer
reactions can be coupled to provide a catalytic cycle [182].

2,3,5,6-Tetramethylbenzenethiol (Htmbt) was reacted with [n-ButyN]}[Tc!
(NO)Cly] in dichloromethane in the presence of the proton sponge 1,1,2,2.-tetra-
methylguanidine to yield the nitrosy! compound |Tc(NO)(Cl)(tmbt);]° containing
Te(1IT) and formally NO*. Oxidation of Tc(Il) to Tc(III) is facile with a limited
amount of air. The robust. diamagnetic. red-orange compound crystallizes in the
monoclinic space group C2/c with a=24.420(5). bh=14.701(4), ¢=17.500(4) A,
£=93.50(2)°, and Z=8. The geomctry about Tc(IIT) is trigonal bipyramidal with the
chloride and nitrosyl group in the axial positions. The cquatorial coordination sitcs
arc again occupicd by the three thiolate sulphur atoms. The sterically hindered
thiolate ligands adopt the less encumbered conformation showing the nitrosyl lig-
and directed toward the two thiolate aryl groups. This reflects the fact that the
chloride ligand is larger than the nitrosyl ligand. 'The Tce-N-O bond angle is almost
lincar with 176.8(6)°. The Tc-N bond distance of 1.767(6) A and the N-O bond
distance of 1.150(7) A reflect multiple bonding throughout the nitrosyl unit. The
Te-S and Tc—Cl bond lengths are typical of Tc(11l) complexes [466].

The neutral complex tris(2-aminobenzenethio-lato(S,N)technetium(11I), [Tc
(abt);]° (abt)". was obtained in lime-green crystals by reduction of [n-BugN]
[TcVO(abt),] (abt)?~ with excess 2-aminobenzenethiol in 0.2 M HCl. Cleavage of the
TcV=0 bond was achieved duc to its apparent weakness, as demonstrated by the
TcV=0 bond distance of 1.73(2) A that is substantially longer than the corresponding
bond lengths typically found in square-pyramidal monooxotechnetium(V) complexes
(Table 12.6.A). The Tc-S stretching frequency of [Tc(abt);]° was obscrved at 372 cm™!
and v(Tc-N) occurred at 458 em™! [151].

Violet  (3-oxapentane-1,5-dithiolato)(4-carbmethoxybenzenethiolato)(triphenyl-

phosphine)technetium(LLI)
: P o
S.4.8 —<:>—c”
[ e “OCH

o/' \S 3
H
HHH

was synthesized by reduction of the corresponding oxotechnetium(V) complex with
triphenylphosphine in a mixture of acetone and acctic acid. The abstraction of oxygen
by PPh; was remarkably facile [467].

A cationic Te(IIl) complex containing the tetradentatethioether 1,5,11,14-tetra-
thiaoctadecanc (ttod) and two benzencthiolate ligands was prepared by reaction of
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TcOy4 with excess SnCl/HCI in a water/acetone mixture in the presence of ttod and
benzenethiol. The purple complex was precipitated as [PF|™ salt. [Te(ttod)(SCgHs)s]
[PE,]. which is reported to be diamagnetic, crystallizes in the triclinic space group P1
with a=8.913(6), b=13.685(3), c=15.260(6) A. 2=115.45(3). p=93.15(4), 7=91.58(4)°.
and Z=2. Tc is coordinated by six sulphur atoms forming a distorted octahedron. The
bond distances Tc-S(thioether) ranging from 2.418-2.465 A are considerably longer
than the Te-S(thiolate) distances with 2.265 and 2.287 A. The benzenethiolate ligands
are in cis-orientation [468].

When TcOj is reduced with triphenylphosphine in acidified cthanol/water in the
presence  of the tripodal, tetradentate ligand 2.2°2"-nitrilotris(ethancthiol),
N(CH;CH3SH);. a violet solid of [Tc{N(CHCH,S)3}(PPh3)]° precipitates that crys-
tallizes in the monoclinic space group P2,/c with a=8.906(2), b=25.804(6)., c=11.061(4)
A, p=108.42(2)°, and Z=4. The coordination geometry of Tc(I1I) is trigonal bipyrami-
dal (Fig. 12.69.A). The P-Tc¢-N angle of 178.7(2)° is almost lincar and the S(1)-Tc-
S(2), S(1)-Te-S(3), and S(2) Tc~S(3) angles are very near to 120°. The average Te-S
bond dmtancc is 2.226 A, the Tc-N distance 2. 192(5) A. and the Tc-P distance
2.325(2) A {469,470].

A similar tetradentate “umbrella™ ligand is tris(2-mercaptophenyl)phosphine. An
alkaline solution of TcOj in the presence of the ligand is reduced by dithionite to give
a green intermediate that readily reacts with alkyl isocyvanides. Using isopropyl isocya-
nide, the neutral, diamagnetic orange Tc(I1l) complex [Tc{P(2-C¢gH,S)3)(CNC;3H7)|°
is obtained that crystailizes in the monoclinic space group P2;/c with a=10.3541(8),
b=13.2274(6). c=16.437(1) A, p=90.855(6)°, and Z=4. The coordination geometry of
Tc(H1) is again trigonal bipyramidal. The compound has virtually Cy,. symmetry with
the pheny! rings at right angles to the equatorial plane. The Te atom lics only 0.172 A
out of the plane defined by the sulphur atoms. The P-Tc-S angles are close to 90°.
The hemisphere opposite the phosphorus atom is occupied solely by the isonitrile lig-
and which is bound lincarly. The P-Tc—C angle is almost linear with 176.1(3)°. The S-
Tc-S angles are ncarly 120°. [Tc{P(2-CsHuS);}(CNC3H5)|° reacts with excess isopro-
pylisocyanide to yield | Tc{P(2-CsH4S);}(CNC3H7),]°. The six-coordinate, blue, para-

Fig. 12.69.A 2.2".2”-Nitrilotris(cthancthiolato)-triphenylphosphine-
technetium(II1), [TefN{(CH,CH,8):}(PPhy) " [393.394].
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magnctic complex crystallizes in the orthohombic space group Pna2; with
a=18.896(1), h=13.2815(8). c=10.3823(6) A. and Z=4. Its structurc is a very distorted
octahedron. The angle between two sulphur atoms opens from 120 to 147.91(7)° to
allow the coordination of a second isopropylisocvanide ligand [471]. Tris(2-mercapto-
phenylphosphine). P(2-CoHySH)s, reacts with [TcYCl3(NPh)(PPhs),|® in methanol in
the presence of a proton scavenger to give the neutral. reddish brown complex
[Tc"™MP(2-CoI1,S)3}(PPh3)]°. The loss of the phenylimido unit is accompanied by a
two-electron reduction [308].

[TcM(2-Ph,PC¢H4S)3]” was obtained by reaction of 2-(diphenylphosphino)benzene-
thiol with [TcCL(PPhs)-] in refluxing cthanol. The blue-green compound crystallizes in
the monoclinic space group P2,/n with a=10.415(2), b=17.302(3), ¢=26.042(4) A,
£=100.91(1)°, and Z=4. Cyclic voltammetry in CH,Cl, at a platinum clectrode revecaled a
reversible reduction process for Te(1I1)/Tc(1T) at -0.581 V, and a reversiblc oxidation pro-
cess for Tc(1LI)/Te(TV) at +0.506 V vs the ferrocene/ferrocenium couple [220]. [Tc!V(2-
Ph,PCsH,S);|° may also be prepared by reduction of TcOj with 2-Ph,PC,H4SH and sub-
scquent complexation. Magnetic susceptibility measurement yielded peg = 3.0 B.M. X-ray
crystal structure analysis shows T'c(111) residing in a severely distorted octahedral conlig-
uration. The Tcatom lies out of the mean cquatorial plane by only 0.02 A. The non-linear-
ity of the axes P-Tce—S, P-Tc—P, and S-Tc-S is shown by the angles ranging from 158.8 to
166.8°. The structurc of the analogous complex [Tc(2-Ph,PC,H,0);]°, containing the
phenolinstead of the thiophenol ligand, was shown to be very similar [472].

The ncutral mixed ligand S,P-bidentate-thiolate complex [Tc!''(SCH,CH,PPh,),
(SCH,CH,PPh;0)]* was synthesized by refluxing NH TcO, with liquid
HSCH,-CH,PPh; in cthanol under exclusion of oxygen. The phosphinc-thiol function
acts both as reducing and coordinating agent with the concomitant production of
phosphine oxide. The five-coordinatc. diamagnctic, red complex crystallizes in the tri-
clinic space group P1 with a=9.991(4), b=12.417(4), ¢=18.687(8) A. «=73.37(3),
$=76.88(3). 7=73.68(3)°, and Z=2. Tc(Ill) resides in a distorted trigonal bipyramid.
The distortion is evidenced mainly by the axial P-Tc-P angle of 169.9°, while the
cquatorial plane given by the three S atoms is only slightly distorted: the maximum
deviation of the S—Tc—S angles from 120° is 4.5°. In the coordinated bidentatce ligands
the two phenyl rings on the P atom are almost perpendicular to each other, while in
the monodentate one the dihedral angle is 120.7°. The Tc-P distances are 2.379(3)
and 2.392(3) A, and the Tc-S$ distances range from 2.232(5) to 2.256(3) A. In addition.
the analogous lilac propanethiolato complex [Tc(SCH,CH;CH,PPh,),(SCH,CH-
CH,PPh,0)]¢ was prepared. The five-coordinate complexcs reveal a wide range of
redox stability according to cyclic voltammetric measurcments [473].

The complex cation |Tc(SCP).(dmpe)-]*', where SCP is the novel zwitterionic
ligand “SCH,P*(CH;),(CH>3)P(S)(CH3)2. is reported to be obtained by reaction of
dithiocarbamates with exccss dmpe in acid conditions in the presence of
[TcVO(OH)(dmpe),]**. Dithiocarbamates are known to undergo an acid induced C-
N cleavage to produce an amine and carbon disulphide. The carbon atom of CS; is
susceptible to nuclcophilic attack by a dmpe phosphorus lonc pair yielding a positively
charged phosphonium ion and a negatively charged thiol:
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The final step in the formation of the SCP ligand is the transfer of the sulphido
group to the terminal phosphorus atom and its oxidation to P(V). Tc(V) may be
reduced to Tc(ITI) by excess dithiocarbamate or dmpe. The zwitterionic ligand SCP is
formally neutral. The decp blue-black fluorophosphate complex  salt
| Tc(SCP),(dmpe),|[PFq]s precipitated from an ethanolic solution. Recrystallization
from propylenc carbonate (C;HgOs) yiclded [Te(SCP);(dmpe),][PFs)s - 2(CaHsO3),
which crystallizes in the monoclinic space group 2,/c, with a=13.237(3). b=21.709(6),
¢=12.409(4) A, =1 12.77(2)°, and Z=2. The Tc atom is coordinated in a distorted trans
octahedral geometry. The dmpe bite angle of 80.81(7)° is the largest distortion from
an idcal octahedral surrounding. The Tc-S and average Tc-P bond lengths are
2.299(2) and 2.437(8) A, respectively. [Tc'{(SCP)(dmpe),]*- is unusually easily
reduced. The Tc(IT1)/Te(11) reduction potential is —0.113 V vs Ag/AgCl (3 M NaCl)
measured in 0.5 M |[NEt,;][CIO,}J/DMF by cyclic voltammetry [474}.

Several dithiocarbamato complexes of Tc(IlT) have been synthesized and identi-
fied. Reaction of [TcCl;(Me,PhP)s]° with diethyldithiocarbamate (NaS,CNEt,) in
refluxing acetone yielded dark brown crystals of [Te(S;CNEt,);(Mce,PhP)]° which
adopt the orthorhobic space group P2,2,2; with a=8.708(1), b=12.012(1), ¢=29.626(3)
A, and Z=4. Tc(I1l) exhibits a seven-coordinate environment in a distorted pentago-
nal bipyramid. Four S atoms of two dithiocarbamate ligands constitute the cquatorial
plane, while onc S atom of the third dithiocarbamate ligand has an equatorial and the
other S atom an axial position. The second axial position is represented by the P atom
of the phosphine. The average Tc-S bond distance in the equatorial plane is 2.488 A.
while the axial Tc-S bond length of 2.520 A is somewhat longer. The Tc—P bond dis-
tance of 2.330(3) A is remarkably short. The axial angle P-Tc-S of 168.9(1)° demon-
strates some deviation from linearity. The equatorial S-Tc-S bite angles are 67.8(1)°
[475]. [Tc(S,CNEt;)2(Me,PhP)]° was found to be diamagnetic. It reacts with 1.2-
dicyanoethyienedithiolate in acetone/EtOH in the presence of [PhyP]* to form the
dark violet complex salt [PPh,][Tc™{S,Co(CN)2}>(Me,PhP),] [476].

Prior to the preparation of [T¢(SCNE,)z(Me,PhP)]° the carbonyl-dithiocarbama-
to)technetium(I1I) complex was synthesized and characterized. The structures of both
compounds rcsemble each other closely. [Tc(S;CNEt,);(CO)]° was obtained by the
reduction of NH,TcO, with formamidinesulphinic acid in aqucous solution in the
presence of Na(S;CNEt;). Formamidinesulphinic acid, NH,(NH)CSO,H, was sug-
gested 10 be a source of the carbonyl ligand after coordination of NH,(NH)CSO-H to
technetium. Orange-brown [Tc(S;CNE(;);(CO)]° crystallizes in the triclinic space
group PI with a=9.510(1), h=9.976(1), c=14.637(3) A, a=103.79(1). p=105.42(1),
$=72.52(1)°, and Z=2. T¢(1II) resides again in a seven-coordinate, distorted pentago-
nal bipyramidal environment. Two of the S;CNEt, ligands occupy equatorial posi-
tions, while the third spans an equatorial and an axial site. The remaining axial site is

R A
e\CG/P\ \C/QP\
v
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occupicd by the carbonyl group. The Te—C-O angle is, at 178(1)°, almost lincar. In the
equatorial plane the Tc and four S atoms are ncarly coplanar. The Te=CO bond dis-
tance is 1.861(12) A. The IR absorption at 1895 cm™' was assigned to the carbonyl
stretching frequency [477]. The analogous complexes [Te!''(S;CNR3)3(CO)J° where
{R = Pr}, n-Bu, Bu!, R, = -(CH;)s—~(CH,),-O—(CH,)>-} were isolated and identified
by UV, VIS, IR, and '"H NMR spectroscopy [259].

Dibromo-bis(N,N-dicthyldithiocarbamato)thionitrosyltechnetium(IIl), [Tc(NS)
(S,CNEt,),Br,]°, was prepared by heating a mixture of [TcYN(S,CNEt),]° and
SOBr,. The orange-brown complex crystallizes in the orthorhombic space group
Pnma with a=14.864(7), b=15.857(7), ¢=8.938(4) A, and Z=4. The coordination geom-
etry about the Tc atom is distorted pentagonal bipyramidal (Fig. 12.70.A) with the
thionitrosyl ligand and Br(1) in the axial positions. The equatorial atoms, comprising
the four S atoms of the dithiocarbamato ligands and Br(2), are considerably distorted
from planparity. The Tc atom is displaced by 0.061(1) A from this mean planc towards
the thionitrosyl ligand. The Tc-N=S arrangecment is cssentially linear with 177.2(7)".
The Te-N and N=S distances of 1.754(9) and 1.504(9) A. respectively, are similar to
those observed in other thionitrosyl complexes. Also the Te-S distances of 2.480(2) A
for Tc-S1 and 2.472(2) A for Tc-S2 are within the range for Tc!-S distances in
seven-coordinate complexcs. There is a small but significant difference in the Te-Br
bond lengths, with the Te-Br(1) distance trans to the N=S ligand of 2.595(1) A and
Te-Br(2) cis to N=S of 2.564(1) A. The Br(1)-Tc-N(1) angle is lincar, while Br(1)-
Tc-Br(2), Br(1)-Te-S(1). and Br(1)-Tc-S(2) arc almost perpcndicular as well as
Br(2)-Tc-N(1) and S(1)-Te-N(1). The IR spectrum showed an absorption at 1250
cm ! assigned to v(N=S) [478). The molccular structure of [Tc!™(NS)(S,CNEt,),Cl5]
proved to be very similar, however, the crystal lattice was disordered and the siructure
of low accuracy [479].

Fig. 12.70.A Dibromo-bis(N,N-diethyldithiocarbamato)-thionitrosyltechnetium(III),
[Te(NS)(S:CNEt,),Br,]” [478].
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Some complexes of Tc(LIT) with thiourea and its derivatives have been described.
The hexakis(thiourea)tcchnetium(11D) cation [Te{SC(NIH,),}]*" was obtained by
reaction of thiourca with TcQy in acid ethanol and isolated as the chloride or the tet-
rafluoroborate salt. The red-orange compounds arc soluble in cthanol and methanol.
Both complex salts have a magnetic moment of u.gy = 2.7 BM. at 308 K.
[Te{SC(NH;),}¢]Cl3-4H,O crystallizes in the monoclinic space group C2/c with
a=11.876(2), b=12.048(2). ¢=19.662(3) A, p=95.32(1)°, and Z=4. The coordination ge-
ometry of T¢(IIT) is distorted octahedral. All S-Tc-S angles differ significantly from
90° in the range 4.2-9.2°. The Tc-S bond distances vary between 2.412 and 2.449 A.
The thiourca ligands arc essentially planar. The structure is held together by an exten-
sive hydrogen-bonding network. Because of the lability of the thiourea ligands, the
complex is a very useful synthetic precursor in the lower valent technetium chemistry
[480,481]. Tn addition to [Tc{SC(NH»))e]?  the cation [Tc|{SC(NH,),}sCl> was
obtained at increcased HCI concentration [482].

N-methylthiourea (Metu) and N.N’-dimethylthiourea (Mestu) react in hydrochloric
acid with TcOj3 to form the cations [Te(Metu)y]*~ and [Tc(Me,tu)g)** that are precipi-
tated as hexafluorophosphate salts. Red [Te(Metu),|[PFe]s - HoO crystallizes in the tri-
clinic space group Pl with a=6.754(3). b=11.737(8). ¢=13.217(7) A, 2=74.45(5),
f=86.30(4), y=86.39(5)°, and Z=1. The magnetic moment of the compound at 295 K is
Hegr = 2.9 BM. The six methylthiourea ligands arc S-bonded to Te(111). The coordina-
tion in [Tc(Metu)g]** is distorted octahedral, similar to [Te(tu)g]**. The six Mctu lig-
ands display cis configuration, the methyl groups are oricnted away from the Tc atom.
The red [Te(Mestu)e][PFl3 has the monoclinic space group £2,/c with a=13.306(13),
b=20.943(15). ¢=17.082(13) A, f=102.54(7)°, and Z=4 [483]. The magnetic moment at
308 K was reported to be . = 2.7 B.M. [115]. The coordination around the Te(HI) is
again distorted octahedral with six S-bonded Me,tu ligands. Important distortions arc
observed. The cis S-T'¢-S angles vary from 80.9(1) to 99.6(1)”, whilc the trans angles
are between 178.3(1) and 179.3(1)°. All six Me,tu ligands display the cis-rrans config-
uration with one methyl group oriented away from the Tc atom. This configuration
corresponds to minimum repulsion [483].

Solvent extraction studies of [Te(tu)e]*, [Te(Metu)s)?~, [Tc(Mestu)g]®', and
[Te(Etstu)g]? with several pyrimidine derivatives indicate the occurrence of substitu-
tion reactions. [ Tc(Meotu)e]** was shown to be the most sensitive complex for substi-
tution with 4,6-dimethylpyrimidine-2-thione [484].

Neutral, seven-coordinate xanthate complexes of Te(I11I) were synthesized by reac-
tion of [Bu,NJ}|TcOCL] with PPh; and ethyl-, isopropyl-, #-butyl-, or ncopentyl-
xanthate in ethanol or directly from the reaction of TcQj, PPhs, and xanthate.
Red-brown technetium(I1I)-triphenylphosphine-tris(n-butyl-xanthate), [Tc(PPhs)
(S2COC Hyg)3]°, crystallizes in the rhombohedrai space group Ric(hj (hexagonal
axes), with a=15.437(4). ¢=53.49(1) A. and Z=12. The coordination sphere about the
Te(UIT) consists of six sulphurs from three bidentate xanthate ligands and the phos-
phorus atom of the PPh; molecule. Tc is seven-coordinate with a capped octahedral
geometry. Both technetium and phosphorus atoms sit on crystallographically defined
three-fold axes. The Tc—$ bond distances are identical, at 2.463(2) A, and significantly
longer than the Tc-S bonds in trigonal bipyramidal Tc(Ill)tris(thiolato) complexes.
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The Tc-P bond distance is 2.381(2) A. The '11 NMR spectra show that the three-fold
molecular symmetry is maintained in solution. The (C=S) vibration frequency
appeared in the IR at 1235 cm ' [485].

A pentagonal bipyramidal coordination gecometry of Te(I11l) was observed for the
xanthate complex [Tc(Me-PhP)(S-COELt);]° that was prepared by refluxing
[TeClsy(Me,PhP);]°  with  potassium  ethylxanthate in THE The dark red
[Te(Mce-PhP)(S,COLLt);]° crystallizes in the monoclinic space group P2,/c with
a=18.44(5). b=9.2(1), ¢=15.36(6) A, f=104.3(2)°, and Z=4. Fig. 12.71.A shows a plot of
the structure. The axial angle P-Tc-S8(1) is nearly linear with 174.5°. The equatorial S-
Te-S angles range between 68.6 and 76.3°. The atoms S(3), S(4). S(5). and S(6) arc
almost coplanar, while S(2) deviates from this plane by 0.946(1) A because of the
restricting bite angle of the xanthate ligand. The Tc-S bond distances vary between
2.44 and 2.49 A. The Tc-P distance is 2.353(1) A. The complex is diamagnetic. The
C=S vibration was found at 1185 cm™ in the IR [486].

[TcCla(Me,PhP)3]°  reacts with  ammonium  dimethyldithiophosphate, NH,
[SP(S)(OCHs3),], in refluxing acetone to yield the orange-red paramagnetic complex
[TcCly(Me,PhP),{SP(S)(OCHs;),)|” that crystallizes in the orthorhombic space group
Pbcen with a=16.207(1), b=10.445(1). ¢=14.878(1). and Z=4. Tc(IIT) resides in a dis-
torted octahedron with the axial chlorine ligands in rrans position. The bond distances
are in the expected range, Te-S = 2.475(2), Te—Cl = 2.347(1) and Tc-P = 2.416(1) A.
The angles Cl-Tc-Cl, $-Tc-S, and P-Tc-P arc 173.04(4), 80.10(3), and 97.52(3)",
respectively. The P=S vibration was found at 770 cm™! [486].
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G() phosphine-technetium(11).

€13 [Tc(S-COEL); (Me>PhP)]° [486].
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When {TcOCL;], PPhs, and the monoanionic, bidentate ligand S-methyl-3-(2"-
hydroxybenzylidene)dithiocarbazate (Hdtcb) are reacted in refluxing ethanol contain-
ing HCI, dark red crystals of the neutral Tc(I1T) complex [TeCl>(dicb)(PPhs),]® are
obtained that arc recrystallized from dichloromethane. [TcCly(dtcb) (PPh;),] - CH,Cl,
crystallizes in the monoclinic space group P2,/n with a=14.504(6), b=16.281(8),
€=19.752(11) A. =96.78(4)°. and Z=4. The complex is paramagnetic with yer = 2.45
BM. Tc(Ill) has a distorted octahedral coordination geometry formed by two Cl
atoms, two P atoms, one N and the terminal S atom. The PPh; groups are in trans posi-
tion to each other, the two Cl atoms in cis position. The phenolic oxygen remains pro-
tonated. The P-Tc-P angle is almost linear with 178.5(4)° [215].

12.5.6 Carbonyl and cyclopentadienyl complexes

The seven-coordinate, neutral complex carbonylirichlorotris(dimethylphenylphosphi-
ne)technetium(II), [TcCly(CO)(PMesPh);]° - EtOH, was synthesized by passing car-
bon monoxide through a boiling solution of mer-[TcCl3(PMe,Ph);]° in ethanol. The
diamagnetic, pale yellow plates crystallize in the monoclinic space group P2;/c with
a=11.732(9), b=11.807(9), ¢=23.588(12) A, ;=103.42(8)°, and Z=4. The molccular
structure shows approximately Cs, symmetry. The coordination geometry of Tc(IIT) is
a distorted capped octahedron. Tc is bonded to three phosphine ligands (capped
tface), three chlorine ligands, and to the CO group, which occupies the unique capping
position (Fig. 12.72.A) The mean bond distances of Tc-CO, Tc-Cl, and Tc-P arc
1.86(2). 2.48(1), and 2.44(1) A, respectively. The average C-Tc-P, C-Tc-Cl, and P-
Tc-P angles are 74.2. 126.6, and 112.9°, respectively. the axial angle CI(3)-Tc-P(1) is

Fig. 12.72.A Carbonyitrichlorotris(dimethylphenylphosphine)technetium(11),
[Te(CO)Cl5 (PMeaPh)s)° [487).



12.5 Technetium (111} 287

160.0(2)° and the Tc-C-O angle is 177.7(2)°. The compound is diamagnetic and has
18 valence clectrons [487]. Another complex of Te(I1I) containing a carbonyl group is
[Tc(S,CNEL,); (CO)}° [477], which was already described in Sect. 12.5.5.

Some cyclopentadienyl compounds of Tc(Ill) have been synthesized. TeCly was
reacted with sodium cyclopentadienide and sodium borohydride at 50 °C in THF. By
sublimation of the dry reaction mixture, extremely air sensitive, golden yellow crystals
with a melting point of 155 °C were obtained. According to IR, "H NMR, tensimetric
studics, and elemental analysis, the formation of the dimeric compound [Te(CsHs)-},°
was reported already in 1961 [488]. Later it was shown that the compound, obtained
under very similar reaction conditions, was the bis(cyclopentadienyl)-technetiumhy-
dride [T¢(CsHs),H]® analogous to the known [Re(CsHs).H]°. [Te(CsHs),H]” is read-
ily soluble in benzene and toluene. The Te—H stretching vibration was found in the IR
at 1930 cm™'. Aqueous hydrochloric acid extracts the hydrochloride [1Tc(CsHs),H,|Cl
from a solution in benzcne. [PF,| precipitates white [Te(CsHs),Ho][PFs] [489].

The reaction of TcCl, with potassium cyclopentadienide in boiling THE, without
addition of [BH4]", yields the diamagnetic, air-stable, red-brown compound
[Tc(CsH;),Cl°. The needle-shaped crystals adopt the orthorhombic space group
Ama2 with a=9.134(4), b=13.239(2), ¢=7.404(1) A, and Z=4. The compound is rcadily
soluble in aromatic hydrocarbons and polar solvents. Fig. 12.73.A shows the structure
of [T¢(CsHs);C1)°. The Te—Cl bond distance is 2.450(3) A. the average Cp-Tc distance
1.877(5) A, and the average Cp-Tc-Cl angle 108.13°. The Cp rings form an angle of
143.76° with the Tc atom. The centers of the Cp rings, the Tc atom, and the chlorine
atom arc located in one plane. From the molecular structure the ionic radius of 0.61 A
was derived for Tc* [490]. [Tc(CsHs),Cl]° reacts in boiling THF with KCp in the
molar ratio of 1:1 to form tris(cyclopentadienyl)technetium(IIT), {Te(CsHs)s]°. The
orange-red, diamagnetic complex was found to be extremely sensitive to oxygen and
water. It is soluble in organic solvents and crystallizes in the orthorhombic space
group Pna2; with a=11.477(1), b=9.042(2), c=11.472(4) A, and Z=4. Two Cp rings arc
n-bonded, while the third is s-bonded. The centers of the two n-bonded Cp rings form
an angle of 169.4° with T¢, the Cp-Tc bond distances are 1.883 and 1.781 A. The
Cp(o)-Tc distance is considerably longer at 3.413 A. The Cp(0) ring is twisted [491].

C
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Fig. 12.73.A Chloro-bis(cyclopentadienyl)technetium (I11),
clo [TeCH(CsLs),]” [490].
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12.5.7 Dinuclear y-oxo-, u-carboxylato-, y-oxopyridinato-bridged
complexes

When a solution of chloro{N-(2-oxidophenyl)salicylideneiminatojoxotechnetium(V),
[TcO(ophsal)CI]° [199] in cthanol is trcated with an excess of PMe,Ph, Te(V) is
reduced to Te(IT) and the red dinuclear complex p-oxo-bis{(N-(2-oxidophenyl)sali-
cylideneiminato-bis(dimethylphenylphosphine)} technetium(I). [p-OfTc(ophsal)(P-
Me,Ph),},|°. is formed which is slightly soluble in acetonitrile, methanol, and ethanol.
The compound crystallizes in the triclinic space group Pl with a=16.709(7),
b=15.255(6). c=11.702(4) A, 2=104.43(5). f=86.49(6), 7=106.91(6)°, and Z=2. Fach Tc
atom is bonded to the O,N donor atoms of the ophsal ligand and to the two PMe,Ph
phosphorus donor atoms to form a distorted octahedron. The nitrogen atoms are trans
to the bridging oxygen, and the equatorial plane of each Tc octahedron is dcfined by
the O,P- donor sct. The Te—O-Tc axis is almost lincar with an angle of 176.1°: the Tc-
O(bridging) bond lengths are 1.81(2) and 1.87(2) A. The IR absorption at 625 cm ™!
was tentatively attributed to the Tc-O-Tc stretching vibration. In addition. the
p-oxocomplexes  [u-OfTce(ophsal)(PPhs),),]°.  [i-O{Te(sphsal)(PMe,Ph),},]°, and
[1-O{Tc(sphsal)(PPhs),},]° were preparcd and identified [492].

The dissymmetric compound [Cl(pico)sTc-O-TcCly(pico)]’-H>O can be readily
synthesized from almost any common tcchnetium starting material including
NH;TcO, + NaBH,, (NH.),[TcCle], [(n-Bu)N][TcOCL], or [TcOs(pico),]Cl by
refluxing in neat picoline (pico). Precipitation of [Cl(pico)sTc-O-TcClypico)}*-H,O
was achieved by addition of water. The complex is soluble and stable in common
organic solvents, exhibits Tc—Cl stretching modes at 319 and 306 cm !, and a probable
Tc—O-Tec stretch at 699 cm~. The magnctic moment is ¢ = 1.1 B.M. Cyclic voltam-
metry shows the complex to be oxidized or reduced by a one-electron transfer. It crys-
tallizes in the monoclinic space group P2;/c with a=11.709(4), b=20.243(8), ¢=33.41(2)
A, p=91.00(5)°, and Z=8. The two Tc atoms arc in a pscudo-octahedral surrounding
(Fig. 12.74.A). One Tc atom is in the planc of four equatorial nitrogens of the picoline
ligands and has an axial chlorine atom opposite to the bridging oxygen. The other Tc
atom has an axial picoline ligand and four equatorial chlorine atoms. The average Tc—
O bond distance is 1.82(3) A, the average Tc-O-Tc angle 176(2)°. The axial and equa-
torial Te-N distances are 2.20(3) and 2.15(2) A, respectively, while the axial and equa-
torial Tc—Cl distances are 2.39(1) and 2.37(1) A, respectively. The arrangement of the
chloride and picoline ligands is staggered. Formally, a 7+ charge must be distributed
between the two Tc atoms, possibly in a Te(IIT)-O-Tc(IV) or a Tc(11)-O-Te(V) core
[493].

The asymmetric compound [(pico)Cla(pico)-Tc-O-TeCl(pico);Cl] is an isomer to
the just described dissymmetric compound. The two types of complexes differ in their
arrangement of cquatorial ligands around cach Tc atom. Both complexes were pre-
parcd in the same route. The asymmetric species was suggested to be the precursor of
the dissymmetric complex. The dark reddish-brown [(pico)Cls(pico)-Te-O-TeCl
(pico);CI]° crystallizes in the monoclinic space group P2;/n with a=12.421(1),
bh=15471(1). ¢=18.764(1) A. (=93.174(5)°, and 7Z=4. The gecometry around cach Tc
atom is essentially octahedral. The Tc atoms are linked by a u-oxo bridge with the
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Fig. 12.74.A Chlorotctrakis(4-methylpyridine)-y-oxo-tetrachloro-4-methylpyridine-ditechnetium,
[Cl(pico)y Te-O-TeCly (pico)]® [493].

equatorial ligands on either Tc atom staggered relative to those on the other. The
Cl(pico);ClTc-O distance of 1.800(3) A is clearly shorter than the (pico)Cls(pico)
Te-O distance of 1.837(3) A. The distance of 3.64 A between the two Tc atoms pre-
cludes significant metal-metal bonding. Analogous compounds werc prepared with
pyridine. 3,5-lutidine, and bromine ligands [494]. The asymmetric and dissymmetric
species spontaneously interconvert [495].

(TcM-O-Tc!™y dimeric complexes containing halogen and 2,2-bipyridine or 1.10-
pbenanthroline have been synthesized. [(bpy),BrTc-O-TcBr(bpy).|Br,-bpy was
obtained by refluxing [(n-Bu),;N][TcOBr,;] with bpy in DMF. The purple crystals
adopt the orthorhombic space group Phcn with ¢=18.584(6), h=9.9602(8), ¢=26.131(2)
A, and Z=4. The v(Te-O-1¢) frequency was found in the TR at 730 cm™!. The com-
pound is diamagnetic. The coordination geometry is distorted octahedral around each
Tc atom. Steric hindrance forces the bromide ligands to adopt a slightly staggered
configuration and pushes the equatorial plane back from the Te. The molecule is bent
along the Tc-O-Tc axis by 173.0(3)°. The Tc-O bond length is 1.8278(6) A, which
precludes significant Te-Tce bonding. The Te-Br bond distance is 2.5665(7) A. the
average Tc-N bond length 2.123 A, including the somewhat longer Tc-N length of
2.154(4) A trans 1o the bridging oxygen. The structurcs of the complex cations
[(bpy),ClTc-O-TcCl(bpy),]>* and [(phen),CITc-O-TeCl(phen),|>* were found to be
very similar to that of the described bipyridine bromo compound. The Tc"'-T¢c"! oxi-
dation state is stabilized by the n-acceptor ligands. The halide ligands are easily lost in
aqueous media [496].

The bis(u-0x0) mixed valence complex anion [(tcta)Tc!!(;-O),Te!V(teta) >~ (where
tcta® = 1,4,7-triazacyclononane-N,N’,N”-triacetate) was obtaincd as a decp inky blue
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aqueous solution, when the Te(V) complex salt Na[TcO(eg)(tcta)] (cg = ethylene
glycolate) was reduced with Na[BH,] and, after the decomposition of [BH,] . the so-
lution was oxidized by air. The decp blue barium salt Ba[(tcta)Ic"'(1-O),Tc!Y
(tcta)][C104] -9H,0  crystallizes in the monoclinic space group P2;/n  with
a=15.128(1), b=18.822(2). ¢=15.582(1) A, f=105.43(7)°, and Z=4. The crystal structure
analysis reveals a dimeric structure of the complex anion with pscudooctahedral ge-
ometry at each Tc atom. The two Tc atoms are linked by a planar four-membered
Te(u-O);Te ring. The other four coordination sites on cach Tc are filled by a tcta lig-
and, bound by an N;O donor set. One acetate group from cach tcta ligand bridges the
two Tc atoms. The remaining acctate groups are coordinated to the barium counter-
jons. The short Te—Te distance of 2.402 A indicates a metal-metal multiple bond. The
four Tc-O bond lengths in the four-membered ring have an average distance of 1.936
A. The average Te-O-Tc angle is 76.7°. The planar TcO,Tc core found in scveral
complexes appears to be a relatively rigid entity. The Tc!'(u-O); TelV core complex
undergoes a reversible onc-electron oxidation with K,S;05 to form the Telv
(u-0),Tc'Y core complex:

[(teta) TeM (1-0), T V(teta)]* « [(teta)Te!V(p-0),Te!V(teta)]? + e

The optical spectrum of [(tcta) Tc!!!(1-O),;Tc!V(teta)] ? in water is dominated by an
intense band at 592 nm [497].

The polymeric compound [Tc,O3(CsMes)],, was reported to be synthesized by reac-
tion of [(3°-CsMes)Tc(CO);]° with perhydrol. The ncedle-shaped, yellow compound
crystallizes in the orthorhombic space group Pmnm with a=5.946(5), b=8.697(4),
¢=10.630(7) A, and Z=4. Two Tc atoms are bridged by threc p-oxo ligands. The
CsMes rings arc concomitantly a componcent of the neighboring units. The plancs of
the cyclopentadienyl rings and of the oxo-bridged ligands are parallel to one another.
A striking feature is the unusually short distance of 1.867(4) A between the two Tc
atoms coupled by the three u-oxo ligands. Formally, the two Tc centers have the oxi-
dation state 3.5. The Tc-O stretching vibrations appear in the IR at 909 (symmetric)
and 880 cm ! (antisymmetric) [498]. Howcver, the structure of [Tc,Q3(CsMes) ], was
questioned mainly due to the Tc—O frequencies and the extremely short Te-Tc dis-
tance [15].

Tetrapivalatodichloroditechnetate(I1I),[ Te,{(CH;):CCOOLCL, ], a dinuclear tetra-
carboxylato-bridged complex, was prepared by heating (NH,):[Tc,Cly] with excess
pivalic acid at about 150°C for 36 h in a nitrogen atmosphere. The red compound
crystallizes in the tetragonal space group I4/m with a=11.515(2) A, ¢=10.625(3) A, and
Z=2. Its structure is shown in Fig. 12.75.A. The Te-Tc distance is 2.192(1) A. The axial
Te-Cl bonds are remarkably strong with a distance of 2.408(4) A. The relatively long
Tc~Te distance is attributed to the strong Tc—Cl bond. The average Tc-O bond length
is 2.032(4) A. The Te-Te—Cl angle is exactly linear and the average Te-Tc-O angle
nearly perpendicular [499].

The analogous tetraacetato complex [Te;(CH3COO),ClL]” was obtained by reaction
of KTcO; with HCl and CH;COOH in an atmosphere of hydrogen. The cherry-red crys-
tals arc insoluble in hydrochloric and acetic acids, alcohol, acetone, and ether and are
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Fig. 12.75.A Tetrakis(pivalato)-dichloro-ditechnetium(III),
[Tex{(CH3);CCOOLLCL]° [499].

hydrolyzed in water. The compound [500] is diamagnetic and isostructural with
[Rex(CH3CO0)4Cly]°. The corresponding orange-red | Teo(CH3COO),Br,|° was synthe-
sized by reacting [Tc,Bry)? in a boiling mixture of glacial acetic acid and acctic anhydride.
The vibrational spectra of [Tc(CIT;COO,CLY and [Tc(CH;COO),Br,]° were
assigned according to the point group Dy, The quadruply bridged Te-Te bond is stabi-
lized by the bridging acetato and destabilized by the axial halogeno ligands. The valence
force constants f,( Tc-Tc) of both complexes are around 4.0 mdyne/A [501].

Tetra(y-acetato)ditechnetium(IT)dipertechnetate [ Tca(CH3COO),|(TeOy),  was
obtained as an admixture of single crystals in a host phase of [Tca(CH:COO),Cly)”.
The red crystals adopt the monoclinic space group P2,/n with a=8.324(1), b=7.826(1),
c=14.644(4) A, p=101.81(2)°, and 7=2. [Tco(CH;COO),)(TcO,), constists of the
binuclear cation and two pertechnctate anions which are axially coordinated to the Tc
atoms by bridging oxygen atoms. [Lc,(CH3;COO),]?" contains four bridging acetato
ligands with the Te-Tc bond distance of 2.149(1) A. The Te—O(acetate) distance var-
ies from 2.00 10 2.03 A. The Tc—O distances in the TcO, anions are 1.68 A for terminal
oxygen atoms and 1.73 A for the bridging one [502.503].

K[Tc2(CH5CO0),4Cl,] was reported to be formed by reaction of K;[1c>Clg] with gla-
cial acctic acid in an autoclave at 120 “C. The magnetic moment at 300 K was determincd
as i = 2.22 B.M. The formal oxidation state of cach Tc atom in the tetraacetato complex
is +2.5 [504]. The dark brown asterisks of K[Tc,(CH;COO)Cls] erystallize in the tetrago-
nal spacc group P4,/n with a=11.9885(3), c=11.2243(2) A.and Z=4. The structure is simi-
lar to that of [Tc,{(CH3);CCOO)4CL°. The Te—Te bond distance is 2.1260(5) A, the aver-
age Tce—QO distance 2.074 A, and the Te-Cl distance 2.589(1) A. The Te~1Te~Cl angle is
almost linear at 175.90(5)°, and the Te-Tc-O angles arc ncarly 90° [S05].
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Another acetatochloroditechnetate(Ill) complex is the neutral compound
[Tcs(CHLCOO),Cly(H,0),]°, which was obtained by reaction of [Te,Clg]*~ with acetic
anhydride and H[{BF,] at -30°C as a dark grecn crystalline solid. Treating a solution of
[Tea(CH;CO0),ClLy(H,0),]° in acetone with N,N-dimethylacetamide (DMAC) yields
green crystals of cis-[Ter(CHACOO)Cly(IDMAC),], which adopt the monoclinic space
group C2/c with a=29.604(4), h=10.895(2), c=14.404(2) A. /=97.87(2)°. and Z=8. The
bridging acetato groups are found in cis position, the four chlorine atoms are trans to the
acetato oxygen atoms. The DMAC oxygens are located in the axial positions. The Te-Tc
bond length is 2.1835(7) A. the average Tc-O(acetate) distance 2.063 A. while the axial
Te-O(DMAC) distances are 2.298(3) and 2.341(4) A. The angles Te-Te-O(DMAC)
deviate significantly from lincarity. The Tc-Te-O(acetate) angles are almost 90°. Both Tc
atoms reside in a distorted octahedral gcometry. From IR and Raman frequencies the
stretching interaction constant f(Tc—Tc) was determined to be 3.38 mdyne/A. With
increasing donor strength of the axial ligands the intense Raman vibration v(1'c-Tc)
decreascs, which indicates the weakening of the Te-Tce bond [506.507].

(NH.,)3[ TcyClg] reacts with molten 2-hydroxypyridine at 150 “C in a nitrogen atmo-
sphere 1o make dark green [Tc(OCsHyN),Cl]°. The structure consists of infinite
chains of [Tc,(OCsH4N),]* units symmetrically linked by bridging CI™ ions, while in
cach unit the Tc atoms are bridged by four 2-oxypyridinato ligands. The unit cell
dimensions arc a=11.793(3), ¢=7.454(1) A, and Z=2. The tetragonal space group is
I4/m. The Te-Te distance of 2.095(1) A is exceptionally short. The Te-Cl bond length
is 2.679(1) A and the Te—Tc—Cl angle is 180° as required by symmetry. The Raman
spectrum has a very strong line at 383 em™! which may be assigned to the totally sym-
metric Te-Tc stretching mode. The compound was found to be paramagncetic [508].
When K5[Te-Clg] - 2H-0 was heated in 8 M H,80, for 1 h at ~100°C after addition of
K>SOy, the green complex salt K;[Te,(SOy)4] - 2H,0 was obtained [S509].

12.5.8 Dinuclear complexes with multiple Tc-Tc¢ bonds

The preparation of the first dinuclear complex salts, black (NH4)3{TexClg}-2H-O and
Y[Tc-Clg] - 9H-0, was described as early as 1963. [Tc,Clg]? - was obtained by reduction
of a [TcClg]* solution with zinc pellets in conc. hydrochloric acid. The composition of
the compounds was confirmed by elemental analysis and the oxidation state of 2.5 for
Tc by oxidation with ceric sulphate. The density of (NH,);[Tc,Clg] - 2H,0 was found
to be 2.4 g-cm™, In dilute HCI or water the compounds decompose rapidly by oxida-
tion and hydrolysis [510]. At 280°C anhydrous (NH,;)3[Tc,Cly] starts to decompose
[S511] according to the equation:

(NH,)5[TexClg] 289 340°C Tei (NH,)5[TeClg] + NH4Cl + ¥ Cly

(NH )3[TexClg] - 2H, 0O crystallizes in the trigonal space group P3,21 with the hex-
agonal unit ccll dimensions a=13.04, c=8.40 A, and Z=3. Four chlorinc atoms and one
Tc atom composc the square pyramidal coordination sphere of [Te,Clg]*. The two
TcCl, groups are joined by a very short 'Te-Tc bond of 2.13(1) A to give an cclipsed
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rotational configuration (Fig. 12.76.A). The virtual symmetry is Dy,. but crystallogra-
phically the complex ion has only a single C, axis biscecting the Te-Tc bond. The aver-
age Tc—Cl bond distance is 2.36 A. The Cl-Tc—Cl angles vary between 84.4 and 87.8°,
the Tc—Te—Cl angles between 103.8 and 106.6° [512-514]. The charge of 3- on the
anion [T¢-Cli]? “appears surprising, however, the magnetic moment g = 1.78 B M. in
the temperature range 80-300 K and ESR spectra with hyperfine coupling to two
cquivalent *Tc atoms, are consistent with the presence of onc unpaired clectron
[521]. The main absorption in the visible. which accounts for the turquoise bluc color
of the solution in conc. HCI, has a maximum at 638 nm. In {Tc.Clg]* " there are nine
clectrons beyond those which are involved in the Te—Cl bonds or belong to the non-
bonding e¢lectrons on Cl atoms. Eight of these occupy one g, two 7, and one ¢ orbital
constituting a Te-Te quadruple bond. The remaining elcctron resides in one of the
more or less non-bonding & orbitals [512, 514, 517]. The major components of the Te-
Tc bond are the 7 bonds in the ¢?n*3?0" configuration [515]. Spectroscopic studies of
[Te,Clg]* reveal a band in the near IR between 6000 and 8000 cm~! showing vibronic
structure. This band was assigned to the § — §” transition [516]. The vibronic structure
of the ¢ — " transition was also reported for [Tc,Brg}*~, which was prepared by
reduction of [Te,Brg]*” with [BH4|™ in acetone [S18].

Grev-black K;[Tc,Cly)-nl1,O crystallizes in the trigonal space group F£3,21 or
P3;21 with a=12.838(3), ¢=8.187(2) A, and Z=3. The Te~Tc bond distance is 2.117(2)
A. the average Te-Cl distance again 2.36 A [519]. Y[Te,Clg] - 9H,O crystallizes in the
tetragonal space group P42,2 with a=11.712(2). ¢=7.661(2) A, and Z=4. The Tc-Tc
bond distance is 2.105(1) A which is slightly shorter than that in K5[Tc-Clg] - nH-O.
The average Te—Cl distance in Y{[Tc,Clg] - 9H,0 is 2.364(2) A, and the average Te-
Tce-Cl angle is 104.34(6)° [520].

Rotating disk electrode polarography and cyclic voltammetry at platinum elec-
trodes of [Tc,Clg]*~ solutions in hydrochloric acid/ethanol mixtures suggested a quasi-
reversible oxidation at £, = 0.140 V vs SCE involving one electron:

[Te:Cly] = [Te,Cls)? +e

The life-time of the oxidized product was concluded to be considerably longer than 300
s, however. attempts to isolate crystalline salts of [TesClg]? failed at that time [521].

-

Fig. 12.76.A Octachloroditechnetate(IVI. [T, Clg)™ [514].
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Grey-blue [n-(C4Hg)4N]a[Tc,Clg] was prepared by reduction of [TcClg]*~ with Zn
in conc. HCl, dissolving the purified product in dilute HCI, adding [n-(C;Hg)4N]CL.
extracting the solution with CH,Cly, and precipitating the complex salt in acetone. Its
vibrational spectrum was assigned according to Dy, symmetry. The Te—Tc vibration
(A;,) was obscrved at 307 cm™ [522]. The disproportionation and oxidation of
[Te,Clg]*™ in hydrochloric acid solutions was studied spectrophotometrically [523].

Soon after the conclusion that the life-time of [Te,Clg]?~ will be longer than 300 s
[521], the compound [n-(C4Hg)4N]5[TerCly] was synthesized and identified. When
TcQ, in HCI was reducced with HiPO», a dark green solution containing [Tc,Clg]?
and [TcClg)? was obtained. Upon adding [n-(C4Hg)N]CL the green [n-
(C4Ho)sN1o[Te,Cly| precipitated. However, the strong paramagnetic tetrabutylammo-
nium salt of [TcClg]*~ was precipitated concomitantly to some cxtent. After washing
with cthanol the precipitate was recrystallized several times from acetone, until a purc
olive green product was obtained. Magnetic susceptibility measurcments in the range
from room temperaturce down to liquid helium temperature proved the complex salt
to be diamagnetic, indicating an even number of electrons at the central atoms. [n-
(C4Hg)yN]5[Te,Cly] erystallizes in the monoclinic space group P2,/c with a=10.922,
b=15.384, c=16.439 A, f=122.37°, and Z=2. The compound was shown to be isostruc-
tural with [n-(C4Hg)4N]o[Re,Clg]. In the far IR spectrum of [Tc,Clg]? a doublet of
the Tce—Cl stretching mode 7, was obscrved at 350 and 356 cm !. The doublet splitting
can be explained by the distortion of the Dy, symmetry. Also, a single band at 337
cm~’ was assigned to the Ay, stretching mode and another single band at 173 cm ! to
the A, bending mode. The diffuse reflectance spectrum revealed a strong band in the
visible at about 700 nm, which may be attributed to the orbitally allowed transition
from the Tc-Tc bonding orbital & to the antibonding orbital 4", In accordance with
this assigment, the 700 nm band showed no decrease in intensity with decreasing tem-
perature [524].

X-ray structure analysis of [n-(C3Hg)4N]5[Tc,Clg] yielded a Te-Te bond distance of
2.147(4) A. which is longer than would have been anticipated given the Te—Tc dis-
tance of 2.117(2) A in [Tc,Clg)*, because the removal of the §° electron might be
expected to shorten the bond. The mean Te—Cl distance is 2.320(4) A and the mean
Tc-Te—Cl angle is 103.8(4)° {525]. In the Raman spectrum of [n-(CyHg)4N]5[Te-Cly|
the intense Te-Tc vibration (A;,) was observed at 307 em™. [n-(CyHy)sN]5[TcoBry]
was obtained in carmine red crystals when the analogous chloro complex dissolved in
acetonc was trcated with conc. hydrobromic acid. The Te-Tc vibration (A;,) in
[Tc,Brg)? was found at 323 em™ [522].

12.5.9 Ternary chalcogenide clusters

‘The sulphides K Te.S)2, RbyTcgSy3, and Csy1'c,S)3 were synthesized by heating alkali
carbonates, powdered technetium metal, and sulphur under an argon atmosphere at
800°C for about 8 h. The synthesis of the selenides KylceScis, RbyTesSern. and
CsyTcgSe; was achieved analogously under a hydrogen atmosphere. All six chalco-
genides were isolated in pure phases and form black, shiny crystals adopting the
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monoclinic space group (2/c. Compounds of analogous composition are isostructural.
The lattice constants are listed in Table 12.15.A.

Table 12.15.A Dimensions of the monoclinic unit cells for the ternary technetium chalcogenides [526].

Compound a b c B

K4TceS1; 16.463(4) 9.667(3) 11.841(2) 91.40(2)
Ky TceSes 17.165(2) 10.019(2) 12.301(2) 91.42(1)
Rb;TesSia 9.745(2) 16.595(4) 13.913(3) 99.83(2)
Rb,TceSer» 17.640(4) 10.092(1) 12.464(1) 91.30(1)
CsyTceS 3 9.983(1) 17.120(4) 13.643(3) 100.68(1)
CsyTceSe s 10.275(2) 17.826(3) 14.161(4) 100.89(2)

The structural units in the six compounds are [TceXs] (X = S.Se) clusters. The six
technetium atoms in the oxidation state +3 form nearly regular octahedra. The eight
chalcogen atoms reside over the octahedral faces. The resulting cube is nearly regular
(Fig. 12.77.A). The average Tc-Te bond distances in the different compounds range
from 2.60 to 2.65 A. The Tc, octahedron of cach TcgXg unit is linked in three direc-
tions to neighboring octahedra through additional X atoms or X, groups. The alkali
ions arc inscried in interstices of the anionic framework. The +3 oxidation state indi-
cates that there are 24 valence electrons per Tcg unit to give a stable configuration.
The compounds show a weak temperature-independent paramagnetism that is often
obscrved for clusters [526]. Reaction of metallic technetium with Rb.CO; and
Cs,CO3 at 800°C in a hydrogen stream charged with sulphur yielded, after 1016 h,
black, shiny crystals of the composition Rbg[TceS14] and Cs;o[TceS14], respectively.
The compounds crystallizc in the space group Fm3m with the lattice constants
a=15.006(2) A for Rby[TceS14] and a=15.619(2) A for Cs;o[TceS14]. In the [TceSia)
cluster units, the regular Tc, octahedra are coordinated by sulphur atoms over their
eight faces and six vertices. These units are not linked to each other. The Te-Tc bond
distance is 2.63 A. The compounds arc diamagnetic. The oxidation state of Tc is again
+3. Rbyo[TceS14] and Csy[TeeS 4] are extremely sensitive to air and water [527].

Structural data of Te(IIT) complexes are reviewed in Table 12.16.A.

Fig. 12.77.A Structural unit of | TS;] and [T¢Ses] clusters with
bridging chalcogen atoms [526].




296 12 Complex chemistry of technetium-99

Table 12.16.A Some structural data ot selected Tc(I11) complexes.

Complex Geometry I'e-L v(Te-L) Herr References
tA] IR/Ra[em™]  [B.M.]

12.5.1

K4[Te(CN)] pent.bipyr. - - [99]

[Te(NCS)o]® octah, 2.05 2070 3033 [361]

trans-[TeCl,(NCS)(Me,PhP),]° octnh. 2.104 (Te-N) 2076 (Te-N) [395]

trans-[TeCl(CH,CN), L octah 2070 (Te-N) - [396]

12.5.2

trans-[ TeCla(dmpe),;]” octnh. 2.324 (Tc () - [239]
2.436 (Tc-P)

trans-[TeCl-(dppe),]|* octah. - 2.74 [397]

trans-[TeBra(dppe),]* octah. 2.440 (Tc-Br) 3.04 [397]
2.500 (Tc-P)

mer-[TeCl(MeaPhP);]° octnh. - - 2.0-2.8 [405]

mer-[TeCly(Me;P)s]° octnh. 2.440 (Tc—C'T) - [406]

mer-[TcCla(PPh;),(DMF)|° octah. 2.371 (Te-Cl) 330 (Tc Ch 3.1 [408]
2498 (Te-P)

nier-[TeCl;(PPhs)o(CO) octah. 2.322 (Te-CT) - [409]
1.985 (Te~C)

mer-| TcCl{P(C HyMe-3):)» octah, 2.058 (Tc-N) - - [410]

(MeCN)J°

trans-[TcCla(diars),)’ octnh. 2.509 (Tc-As) - 27 [413.414]
2.320 (Te=C1)

12.5.3

trans-| TeCl(acac),(PPhy)]° octnh. 2,01 (Te-0) - [417,418]
2.42 (Te-CI)
2.46 (Tc-P)

rans-[TcBr(acac)>(PPh;)]” octah. - 455 (Tc-O)gy 2.7 [365]

[Te(acac),]° octah. 2.025 (Te-0) 440 (Te- O)ym 2.7 [365]

[Te(hexanc-2.4-dionato);]” octah. 438 (Te-Osym [422]

[Te(tbm),]° octah. 2.33 (Tc-8) - - {427]
2.05 (Tc-0)

mer-[Te(0,CCH,CHL,PPh,) )0 octah. 2.450 (T-P) - [431]

12.5.4

mier-|TeCly(pico)s]® octnh. 2.140 (Te -N) - 81 [432]

mer-[TcCli(pico)(Me,PhP),|” octah. 2.198 (Tc-S) 2.58 [432]

trans-[TeCly(py)a(PPhs)] octah 2183 (Tc-N) - [433]

cis(Cl,-trans(P)-[TeCla(bpy)

(PMe,Ph,),]" octah. 2.059 (Tc-N) - [434]

fac-[TeCly{bpy}(PPh3)]° octah. 2105(Te-N) - [435]

[TeCL{HB(pyz)al(py)]° - - - 28 {438]

[ TeBr(DMG):(BCyHg)]* monocapped 201: (Te-N) - [439]

trigonal prism

trans-| Tef(acac)en}(PPhs),|” octah. 2.06 (Tc-N) - - [446]
2.02 (Te-0)

[TeCl(phsal),(PMe-Ph)]* octah. 1.984 (Tc-0) 2.5 [393]
2 128 (Tc-N)

[ Te(ophsal }(quin)(PEt,Ph}]* octah. 2.04 (Tc-Nyy) - 2.6 [448]

trans-[TcCUNNCH4Cl-4),(PPh),]° trig.bipyr - - [449]

| TeCI(NNPh)(dppe),]” octah. 1.917 (Te-N) [449]

[Te(NNCH,ClI-4){(CH5):NCS3), - octah. 1.763 (Te-Ny,) - - [451]

(PPhy)J° 2475 (Tc- S)

¢is-| Te(NNCH,4Cl-4){(sal)-en) octah. 1.764 (Tc -Nyia,) [452]

(PPh3)]°

smer-[Te(FINPhP(Ph)s}, octah. 1.964 (Te-Nmao) = 2.46 [456]

{HLNPhP(Ph),}} 2450 (Te-P)

[Te(H)YNHC(NH2)S(PMe 1)) octah. 2190(Te N) 1989 (I'c-H) - 1406]

2543 (Tc-S)
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Complex Geometry Te-L v(Te-L) Hett References
1A] IR/Ra [em™'] [B.M.]

12.5.5

trans-[Te(SCHs),(depe)s|” octah. 2449 (Tc P) |457]
2.303 (Te-S)

cis-| Te(SPh)(dmpe)a]” octah. 229(I¢ S) [461]
2.46 (Tc-P)

[Tc(meph)(dmpe),]” octah. 2352 (Te=$) - [462]

mrans-[Te(SCHa)(diars), | actah. 2.292 (Te-S) [463]
2.496 (Tc-As)

[Te(tdt)(dmpe)s] octah.-trig. 2.318(Tc-S) - [464]

prism. 2.402 (Tc-P)

[Te(tmbt)s(MeCN):]* trig.bipyr. 2249 (Te-S) - diamag.  |114.465]
2.04 (Te-N)

[Te(tmb)s(CO)MeCN)J! trig.bipyr. 2.16(Te -N) diamag.  |465]

[Te(tmbt);(MeCN)YDMSO)]° trig.bipyr. 2.64 (Te-S) diamag.  [182]
2.08 (Tc-N)

[Te(NOYCH(tmbt):]° trig.bipyr. 1.767 (Tc-NO) diamag.  |466]

cis-[ Te(ttod)(SCols),]™ octah. 227 (Tc-S) diamag.  [468]
2.44 (Te=Seqner)

[Te{(SCHACHA)AN(PPhy)]” trig.bipyr. 2.226 {Tc-S) diamag.  [469.470]
2,192 (Te N)

[Te{P(2-CH.S); J(CN-PTY° trig.bipyr. 2.236 (Tc-S) diamag.  |471]
2273 (Te-P)

[1e(2-PhoPCgH,S)s)° octah. 226-2.49 (Tc-S) 3.0 [472]
2.41-2.48 (Tc-P)

[Te(SCH,CH,PPh;), trig.bipyr. 223249 (Tc §) diamag.  [473]

(SCH2CH-PPh,O)]° 2.27-2.51 (Te-P)

lran\-[’I'C(S(IP)Z(dmpc)g]i' octah. 2.20 (Te-S) [474]
244 (Te-P)

[Te($-CNFity)s(Me,PhP))* pent.bipyr. 249-252(Te 8) - - [475]
2.330 (Tc P)

[Te(S2CNEL)3(CO)° pent.bipyr. 2.48-2.52 (Te-S) - 1477]
1.861 (Tc-CO)

[Te(NS)(S:CNEWL),Br]” pent.bipyr. 1.754 (Tc-NS) - [478]
2.476 (Tc-S)
2.56-2.59 (T¢ Br)

[Te(tu)e]™ octah. 2.43 (Tc-S) . 2.7 [480,481]

[Te(Mejtu)q)* octah, 2.440 (Te-S) - 2.7 [115,483]

[Te(PPh3)(S,CO-1-CHa)s]” capped octah. 2.463 (Tc-S) - - [485]

[Te(MeaPhP)(S2COEL)s]” pent.bipyr. 2.44-2.49 (Te S) - diamag.  [486]

trans-| TeCly(MesPhP),{SP(S) octah, 2.475 (Te-S) 1486)

(OCH;)2})

trans-[TcCls(dteb)(PPhy):|° octah. - 2.45 [215]

12.5.6

[TeCl;(COYNPMeaPh)s)? capped octah. 2.44 (Tc-P) - diamag.  [487]
1.86 (Te-CO)
248 (Te-QY)

[Te(CsHy)HJ® - 1930 (‘l'c -H) diamag.  [489]

[Te(CsHs)-Cl)” Coy 2.450 (Te-C1) 425 (Te-C1) diamag.  [490]
1.877 (Te—Cp)

[Te(CsHs):]° - 1.78-1.88 (Te-Cp,) - diamag.  [491]
3413 (Te-Cpg)

12.5.7

[u-O{Te(ophsal)(PMe,Ph),}.]° octah. 1.81-1.87 - 1492]
(Te-ptQ)

[CI(pico)s TMO-TeV Cly(pico)]”  octah. 1.82 (Te pO) 699 (I'c-O-Tc) 1.1 [493]

2.15-2.20 (Tc-N)
2.37-2.39 (Te-Cl)

319.306 (Te-Cl)
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Table 12.16.A Continucd.

Complex Geometry Te-L v(Te-1) Heft References
1A1] IR/Ra[em™]  [B.M.)
[}l-OITC(hp}’)z“l'}:]z+ octah. 1.828 (Te—pO) 730 (Tc O Te) diamag. [496]
2.567 (Te-Br)
2123 (Tc N)
[(teta) T -0y, 1™ (teta)] octah. 2.402 (Te-Te) - - 1497]
1.936 (Tc-pO)
[Tea(0-CCMeq),CLe)” octah. 2.192 (Ye Te) - - [499]
2.408 (Te-C1)
2,032 (Te-0)
[Te(CH3CO0)LCL)° octah. - - diamag. [500]
[Te,(CH:CO0),1™ octah. 2.149 (Te Te) - - {502,503
2.00-2.03 (Tc -O)
cis-[Tea(CHACO0)CL(DMAC),]°  octah. 2.184 (Te-Te) 290 (Te Tc) - [306.507]
2.063 (Te—Ogcer) 384 (Te=Ogeer)
[T CIOCHAN)(OCHN), T!]® octah. 2.095 (Te="Tc) paramag.  [508]
2.679 (Te-Cl)
12.5.8
[crret-re™er, |- square pyr. 2.105-2.13 307 (le=Te) 1.78 [512-514,
(Te=Tc) 519-522]
2.36 (Te-Cl)
[Br,Te-Tc™Br, >~ square pyr. - - 1518]
[Te,""Clg]*™ square pyr. 2147 (Te-Tc) 307 (Te Te) diamag.  [522.524.525)
2.320 (Tc—Cl) 337 356 (Te-Cl)
[Tes"Bry)* square pyr. - 323 (Te-Tc) [522]
12.5.9
ITe,"'Sy) Teq(octah.) 2.60-2.61 - paramag.  [526]
Sa(cube) (Te-Tc)
[Teo'"'Seu]?” Teo(octah.) 2.64-2.65 paramag.  [526]
Se(cube) (Te=Tc)
[TesS1a]"™ Teg(octah.) 2,63 (Te-Te) - diamag.  [527]
Sg(cube)

Se(vertices)

12.6 Technetium(Il)

Mononuclear, strong ligand field Tc(IT) complexes are cxpected to be paramagnetic
in different coordination spheres due to the low-spin magnetic moment of one
unpaired electron. Effective magnetic moments ranging from 1.4 to 2.3 B.M werc
mcasured. Because of their paramagnetism the complex compounds of Tc(Il) were
often studicd by EPR. Again. predominantly mixed ligand complexes, frequently con-
taining phosphines, were synthesized and characterized. Mainly. compounds with
sulphur, halogen, and nitrogen donor atoms arc reported. Various nitrosyl and thio-
nitrosyl complexes arc known. In general, the coordination core geometry is distorted
octahedral. Square pyramidal geometry is represented by dinuclear complexes with
multiply bonded Tc atoms. This chapter also describes polynuclear halogeno com-
pounds with low valent Teg and Teg corcs.
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12.6.1 Halogeno and isothiocyanato complexes with phosphine,
phosphonite or arsine ligands

The tetrabromotechnetate(11) anion, [TcBr,y]*, was reported to be obtained by reac-
tion of [TcNBry|~ with 2,2”-dipyridyl in cthanol yiclding cis-[TcYNBr(bpy)s|2[ TcBry].
Tc(I) is tetrahedrally coordinated by Br—. The Br-Tc-Br angles vary betwecn 106.1
and 112.1°. The mean Tc-Br bond length is 2.401(4) A [280.281].

[TeCla(dppe):|® and [ TeBry(dppe),]® were prepared by reduction of the corresponding
tervalent complexes with Na[BH,] in an ethanol/water mixture. The yellow-green chloro
complex and the yellow bromo complex have a magnetic moment ji g at 20 °C of 2.05 and
2.28 B.M., respectively. Both compounds are soluble in benzene [356]. [TcCl(dppe),|°
crystallizes in the monoclinic spacc group P2,/a with a=17.821(4), b=11.187(2),
¢=23.572(4) A, =103.55(1)°, and Z=4. Tc(1l) resides in an approximately octahedral
coordination environment. The phosphorus atoms occupy the four equatorial coordina-
tion sites while the two chloride ligands are mutually in trans position. The average Te-P
bond distance is 2.428 A and the average Te—Cl distance is 2.424 A. Oxidation of trans-[-
TclICly(dppe).]° to trans-[TcMCly(dppe),]* causes a shortening of the Te-Cl bond by
0.105(2) A and a lengthening of the Tc—P bond by 0.072(2) A. [TcCly(dppe),]° and
[ TcBry(dppe),]° are facile reductants in non-aqueous media [399].

A structurally analogous compound is the isothiocyanato complex trans-
[Tc"(NCS),(dppe)»]°, which was synthesized by the action of excess LiSCN on
[TcX,(dppe)2]' (X = CLBr) in DMF or ethanol at 80-100 °C [397]. The rose-colored
complex crystallizes in the triclinic spacc group P1 with a=21.384(6), b=12.878(5).
¢=9.549(4) A, =71.51(3), =81.94(4), 7=83.38(4). and Z=2. The coordination gcom-
ctry of Tc(II) is nearly octahedral. The phosphorus atoms again occupy the four ecqua-
torial sites, the NCS groups are in trans-axial positions, N-bonded to the Tc atom at
an angle of 81° to the TcP, equatorial planc. The average Tc—P distance is 2.44(1) A
and the average Te-N distance is 2.04(2) A. Spectroclectrochemical measurcments
indicate the reversible oxidation and reduction processes [528]:

[TAYNCS), (dppe)a]® > [Tc(NCS),(dppe):]* + e
and
[T (NCS),(dppe), ] + e~ > [Tc'(NCS)2(dppe)-]

Similarly, chloro-dimethylphenylphosphine complexes of Tc(Il) and Te(T) were
obtained when [TcCl;(PMc,Ph);]° was reduced electrochemically in acetonitrile at
platinum clectrodes [403].

[TcCl(PMe,Ph)>(dmpe)]° with mixed phosphine ligands was prepared by rcaction
of [Te"MCl;(PMe2Ph);]° with cxcess dmpe in ethanol. The yellow compound crystal-
lizes in the monoclinic space group P2,/c with a=12.899(6), b=13.142(8),
c=19.088(9) A. p=121.13(3)°, and Z=4. Tc(11) is located in a distorted octahcdral sur-
rounding, with the two Cl ligands located in rrans position to cach other and the two
monodcentate phosphines in ¢is position to each other (Fig. 12.78.A). The angles
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around the Tc¢ atom are close to 90 and 180°, howcever, the chelate angle P(1)-Tc-P(2)
is only 80.1(1)°. Both Tc~Cl bond distances are 2.431(5) A, and the average Tc-P dis-
tance for the bidentate dmpe ligand is 2.399(4) A. while the average bond length
between Te and P in PMe,Ph is 2.435(4) A [529].

The phosphonite complex [TeCl{CHsP(OC,Hs),}4]° was prepared by reduction
of (NH,),[TcClg] with NaBH, in ethanol in the presence of diethylphenylphospho-
nite. The yellow compound crystallizes in the monoclinic space group P2,/c with
a=21.740(19), h=11.750(10). c=18.312(12) A, f=92.92(9)°, and Z=4. The magnetic
moment of the complex in benzene solution at 306 K is peq=1.4 B.M. The coordina-
tion geometry of Te(1l) is distorted octahedral with four phosphorus atoms in the
equatorial plane and two chlorine atoms in the axial positions. The octahedron is tet-
rahcdrally distorted as a result of the packing requirements of the bulky ligands. The
four Te~P distances are almost identical at 2.41(1) A. The average Tc—Cl bond dis-
tance is also 2.41 A. The Cl-Te-Cl angle is 178.8(1)°. The P~Tc-P(cis) angles arc
nearly rectangular while the angles P-Tc-P(trans) are 164° [411].

The neutral diarsine complexes [Tc''(diars).X,]° (X=CI,Br,I) arc long known and
arc obtained by reducing the Tc(Il) compounds [Tc(diars),X>}X with H4PO,. The
yellow to brown non-clectrolytes are slightly soluble in nitrobenzene and nitro-
methane. The magnetic moment of the complexes range from 1.9 to 2.1 M.B. at 20 °C.
They are isostructural with the analogous complexes of Re(11) [79.412].

Fig. 12.78.A Trans-dichloro-cis-bis(dimethylphenylphosphine)-bis(1,2-dimethylphosphino)
ethane-technetium(il), [ TeCl,(Me,PhP), (dmpe)]® [529].
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12.6.2 Oxalato, thiolato, thiocarbamato, and thioether complexes

The neutral complex [Te(ox)(dppe)-|® (ox = oxalato) was synthesized by reacting
TcO, in ethanol under nitrogen with dppe and oxalic acid. Orange-red crystals of
[Tc(ox)(dppe)»]-K[PFg]-1.5 H,O crystallize in the triclinic space group Pl with
a=16.991(13), b=18.301(8), c=19.114(12) A. 2=91.06(4), f=113.07(7). 7=91.25(4)°. and
Z=4. The compound is paramagnetic. The Tc atom is hexacoordinated by four P
atoms of the two dppe ligands and two O atoms of the bidentate oxalic acid. The aver-
age Tc—P bond distance is 2.42 A and the average Tc-O distance is 2.13 A [530].

[Tc"(SCeH,-4-Cl)>(dmpe); |° was obtained as both cis and trans isomer when trans-
[TeYO(OH)(dmpe),][PFy]» was reacted in ethanol with 4-chlorobenzenethiol in the pres-
ence of a small amount of NaOH. The Tc(V) cation is both reduced and ligated by excess
thiol. Red-black cis-[Te(SCH,-4-Cl)o(dmpe),]° crystallizes in the orthorhombic space
group Tha2 with a=10.4840(14), b=16.505(2). ¢=17.783(4) A. and Z=4. The Tc atom
resides in a roughly octahedral coordination. The thiolate ligands are mutually cis, which
is an unusual configuration for [TeX,D; | complexes when X is a halide or a pseudoha-
lide ligand and D a chelating diphosphine or diarsine ligand. The Tc-S bond distance is
2.424(3) A, the Tc-P (trans to P) distance is 2.385(2) A, while the Tce—P (trans to S) dis-
tance of 2.439(3) A is lengthened. Red rrans-[Te(SCeHy-4-Cl),(dmpe)-]° crystallizes in
the monoclinic space group P2j/c with a=9.882(2). b=15311(3), ¢=10.285(2) A.
p=96.226(12)°, and 7Z=2. The ligand arrangement is trans octahedral. The bite angle of
dmpe induces some distortion. The Te-S and Te-P distances arc 2.424(2) and 2.397(2) A,
respectively. The isolation of the trans isomer is difficult because of its rapid isomerization
to the more stable cis form. The half-life of this trans-cis isomerization in CH>Cl, is about
74 min at room temperature. Cyclic voltammetry reveals a reversible Tc(IT)/Te(T11) redox
couple for cis-[Tc (SCgHy-4-Cl),(dmpe), ] at -0.182 V vs the Ag/AgCl electrode [531].

The phenylthiolate-diarsine complex trans-[Te!'(SCoHs)-(diars);]° was prepared by
reaction of trans-[TcYO(OH)(diars)-|[PFq], with excess HSCyHs in cthanol, similarly
to the preparation of [T¢{SCgH4-4-Cl),(dmpe),]°. The blue-purple trans-[Tc
(SCqHs)(diars),}° crystallizes also in the monoclinic spacc group P2;/c with
a=12.406(2). b=14.924(3), c=9.848(2) A, }=108.62(2), and Z=2. The arrangement of
the donor atoms is approximately octahedral. The bite angle of the diars ligand is
83.02(2)°. The Tc-S bond forms an angle of 83.3(9)° with the basal coordination plane
defined by the four As atoms. The Tc-As bond lengths average 2.471(2) A. The Tc-$
bond distance is 2.410(2) A. Concomitantly with the preparation of trans-[Tc
(SCeHs)o(diars), |, dark green cis-[ Te(SCqHs)(diars),]° is reported to be formed, but
was not isolated from solution due to its high solubility. No interconversion of the
trans Lo the cis isomer was observed [463].

The red-brown complex salt [Te!{( CH;),NCSS}{depe),][PFg], containing dimethyl-
dithiocarbamate, was obtained by rcacting trans-[TcYO(OH)(depe),|[PFsl, with
sodium dimethyldithiocarbamate and form-amidine sulphinic acid as a reductant in
an alkaline ethanol/water mixture. Similarly, the analogous diethyldithiocarbamate
and pentamethyicnedithiocarbamate complexes were synthesized. [Te!'{(CH;3),NCSS}
(depe)-][PFg| crystallizes in the orthorhombic space group Pca2; with a=19.626(5),
b=10.854(1). ¢= 16.725(2) A, and Z=4. Within thc¢ constraints of the chelate bite
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angles, the Tc atom resides in an octahedral arrangement (Fig. 12.79.A). The
(CH;)>NCSS- bite angle is 71.5(1)°, the depe bite angles are almost identical, at
81.8(1)* and 81.9(1)°. The Te-S bond distances average 2.449(6) A, the Tc—P distances
2.43(2) A when the trans ligand is a phosphinc, and 2.38(2) A when the trans ligand is
the dithiocarbamate. Cyclic voltammograms for the dithiocarbamate (dtc) complexes
reveal two reversible redox couples,

"Te!l(dte)(depe),] e ( L2210 053V 1l (dre) (depe),] ¢
and

Te!l(dic)(depe), | " (z0:3010 2031V el gy (depe), | 2 4 e
pPc) ) Pc);

in 0.5 M [(CoH5)4N][ClO4]/DMF at a platinum disk electrode vs Ag/AgCl [532].

Fig. 12.79.A Dimcthyldithiocarbamato-bis{1.2-bis(dicthylphosphino)ethane)-tcchnetium(Il),
[Te{(CH;3),NCSS}(depe),]” [532].
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When [TcVO(tmtu)y][PFe]s (tmtu = tetramethylthiourca) was reacted with dppe in
DMEF, brown crystals of [Tc"{(CH;)>NCSS)(dppe):][PF,] were obtained, containing
the dithiocarbamate ligand, which is reported to be produced from the bonded tetra-
methylthiourea in the reaction medium. [Te''{(CH;)>NCSS}(dppe),)[PFg] crystallizes
in the monoclinic spacc group P2; with a=11.693(8), b=19.282(7), ¢=12.148(6) A,
B=104.78(5)°, and Z=2. The coordination gcometry of Tc(Il) is a distorted octahe-
dron. The Tc-P distances range from 2.413(6) to 2.473(6) A. The chelate P-Tc-P
angles arc 81.0(2) and 81.8(2)° [116], very similar to those of [Tc{(CHz),NCSS])
(depe),|' described before.

A homoleptic thiocther complex of Tc(IT) was synthesized by reaction of
[BuyN]TcO, with 1.4,7-trithiacyclononanc (983) in refluxing acctone in the presence
of SnCl, and H[BF,]. A dark brown precipitate of [Tc(9S3);][BF,];2MeCN was
obtained and identified. The compound crystallizes in the monoclinic space group
P2,/c with a=10.961(4), b=15.284(3), c=8.554(1) A, p=104.70(2), and 7=2. Structural
characterization by X-ray diffraction established the existence of a TcSg core arising
from two 9S3 ligands coordinated facially (Fig.12.80.A) in a tridentate fashion. The
Tc-S bond lengths average 2.38 A. Torsional angles of 983 itsell indicate minimal
deviation from thosc found in the {ree ligand. The magnetic moment p o = 1.8 B.M.
at 310 K is consistent with that cxpected for a low-spin 4% system with minimal orbital
contribution. Controlled-potential clectrolyses afforded the analogous pale ycllow
Te(TTT) complex and the cherry-red air-stable Te(I) complex [533].

2+

Fig. 12.80.A Bis-(1.4.7-trithiacyclononanc)-technetium(11),
[Te(983),17 [533).

12.6.3 Complexes containing nitrogen heterocycles

The pyridine complex [TeCly(py)4]° was obtained by reduction of [TcCla(py),]°. sus-
pended in pyridine, with Zn powder. The purple compound crystallizes in the tetrago-
nal space group I4,/acd with a=15.641(4), c=16.845(6) A.and Z=8. The Tc atom is sur-
rounded by a nearly perfect octahedral arrangement of donor atoms (Fig. 12.81.A).
The Tc-N bond distance is 2.104(2) A and the Te—Cl distance 2.407(1) A. The Cl-Te-
N angles of 90.5(1) are almost right angles and the Cl-Tc-Cl (180.0°) and N-Tc-N
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Fig. 12.81.A 7rans-dichloro-tetrakis(pyridine)-
technetium(1), [TcCla(py)4]” [433].

(178.9°) angles are lincar or nearly linear. [TcCl,(py)s]° exhibits in N.N’-dimcthylacet-
amide (DMAC) reversible redox potentials for the Tc(IT)/ Te(ITl) and Te(IT)/Te(1)
couples of ~0.38 and —1.33 V vs NHE, respectively [433].

The homoleptic 2,2"-bipyridine complex cation [Te(bpy)s]>~ was prepared by reac-
tion of the frequently used precursor [TeCl(PPhy)-(MeCN)|? with an excess of bpy in
dry refluxing mcthanol. The deep blue compound [ Te(bpy)s][PFg]2 crystallizes in the
trigonal spacc group P3cl with a=10.847(2), ¢=16.299(3) A. and 7=2. [Tc(bpy)s]**
reveals exact Dz symmetry. The Tc-N bonds are equivalent by symmetry with a dis-
tance of 2.077(10) A. The main distortions from regular octahcdral coordination are a
result of the N-Tc-N bite angle of 76.2(4)° in the chelate ring. The cyclic voltammo-
gram indicated three diffusion-controlled reversible one-electron reduction processcs
for [Tc(bpy)s]** in 0.2 M [NBuy][BF,] in MeCN at E;, of -0.34, -1.36, and -1.70 V vs
SCE leading formally from Tc(II) to Te(-I) [281.410]. The EPR spectrum of
[ Tc(bpy)a][PFgl, was measured in acetone at 130 K. In the trigonally distorted octahe-
dral ligand ficld the unpaired clectron occupies the dy, orbital. From the **Tc hyper-
fine spectrum a considerable covalent Tce-bpy interaction is expected [534].

The mixed-ligand 2.2°-bipyridine complex cis(Cl),trrans(P)-[LcCl.(PMe,>Ph),(bpy)]°
was obtained as a green precipitate, when mer-[TcCl;(PMe,Ph)s]° was reacted with
excess bpy in refluxing ethanol and aqucous NaOH was added. Similarly, blue-purple
cis(Cl)trans(P)-[TcCl,(PMe>Ph),(phen)]® was synthesized, using 1,10-phenanthroline
instead of 2,2’-bipyridine. The phenanthroline containing complex crystallizes in the
tetragonal space group P4,2,2 with a=10.666(2). ¢=24.610(4) A, and Z=4. Tc(ll)
resides in a distorted octahedral cnvironment and lies on a crystallographic two-fold
axis that bisects the Cl-Tc-Cl angle. Both chlorine atoms are frans to the nitrogen
atoms of the phen ligand. The Tc-P distance of 2.391(2) A is significantly shorter than
the Te(111)-P distance of 2.461(1) A in cis(Cl).trans(P)-[TcCly(PMc,Ph), (phen)]" as
a result of the greater n-back-bonding intcractions in the lower oxidation state. The
same applics to the shorter Te(I1)-N bond distance of 2.086(7) A. But the Tc(I1)-Cl
distance of 2.435(3) A is longer than the Tce(T11)-Cl distance because the linkage is
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dominated by electrostatic interactions. The P-Tc-P angle is 173.9(1)°, the N-Tc-N
angle 78.2(4)°. and the Cl-Te—Cl angle 95.8(1)° |535].

The 2,2:6°,2"-terpyridine (terpy) containing compound trans(P)-[TcBr(PMc,Ph),
(terpy)|SO3CF; was prepared by reaction of [TeBrs(PMe,Ph);[° with cxcess terpy in
ethanol and addition of NaSO;CFi;. The analogous complexes trans(P)-
[TcCl(PMe,Ph):(terpy)]{SOsCF;]  and  trans(P)-[TeCl(PEtPh),(terpy)][PFo| were
synthesized similarly. The green rrans(P)-[1TcBr(PMe,Phy)s(terpy)|[SO:CF;] crystal-
lizes in the orthorhombic space group P2,2,2; with a=18.975(3). h=19.336(4),
¢=9.615(1) A. and Z=4. The coordination geometry of Tc(II) is again distorted octa-
hedral. The equatorial positions are occupied by the three nitrogen atoms of terpy
and onc bromine atom. The Tc-Br distance is 2.558(8) A, and the average Tc-P dis-
tance 2399 A. The shortest Tc-N bond length is 2.004(8) A [535].
[LcCl(PMe,Ph)a(bpy)|' was synthesized by reacting [TcCl(PMe,Ph),(bpy)][PFq|
with excess PMe,Ph in refluxing methanol and was isolated as the [PFg]™ salt in dark
ncedles. In addition the ncutral, 2,2”-bipyrimidine (bpm) containing complex
[TcCl,(PMe,Ph),(bpm)|° was obtained as a dark microcrystalline solid, when
[TcClz(PMe,Ph);]° was reacted with bpm in refluxing methanol (435).

The formal redox potentials Ej, of some Te(ll) complexes determined by cyclic
voltammetry are given in Table 12.17.A. The E;, values were calculated from the
average of the anodic and cathodic peak potentials, £» = (Ep.+E,)/2. The poten-
tials were measured with a platinum disk electrode vs SCE in acetonitrile conlaining
0.1 M [(CoH3)4N][CLO,]-

Table 12.17.A. T'ormal redox potentials of Te(II) complexes [536].

Complex Tc(AV)Te(IIT) Te(III)/Te(H) Te(ID)/Te(l)
Eyz V] Fi21V] Eyz2[V]

[TeBra(PMe,Ph)s(bpy)|° 1.044 ~0.049 -
[TeCly(PELPhs),(bpy)]° 1.080 ~0.077 -
[TcClL(PMesPh),(bpy)]* 1.033 -0.128 -
[TeCla(PMesPh)(phen))? 1.039 -0.130 -
[TeCly(PMe,Ph)s(Mesbpy)|” 0.965 ~0.189 -
[TcCl(PEtPh,):(terpy)]’ 0491 1072
[TcBr(PMe,Ph)s(terpy)]’ - 0.467 ~-1.067
[TeCL(PMe,Ph),(terpy)| - 0.440 -1.123

As a rule, analogous complexes containing bromide instead of chloride are easier
to reduce and harder to oxidize, because bromide is a better m-acceptor ligand than
chloride and is thus better able to stabilize lower oxidation states. Furthermore, analo-
gous complexes containing PEtPh, instead of PMe,Ph arc again casier to reducc and
more difficult to oxidize, because the more phenyl-substituted phosphines arc better
m-acids that stabilize lower oxidation states [536].

The 1,10-phenanthroline cation [Tc'(phen);]? was incidentally reported to have
been obtained by rcaction of [TeCls(MeCN)(PPh;),]® with excess phen in refluxing
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methanol [537.538]. [Te(phen)s]Cl; was synthesized by reduction of NI TcO, with
NaBIl, in isopropanol/water in the presence of excess phen and NaCl. The violet
compound was identified by a FAB mass spectrum. The magnetic moment =189
B.M. at 295 K is in good agreement with the spin-only moment for one unpaired clec-
tron. The VIS spectrum displays well defined bands of decreasing intensity at 615,
560(sh), 495, and 403 nm [539].

When the heptadentate Schiff-base ligand tris{4-(2-pyridyl)-3-aza-3-butenvljamine
(tren-py;), which is formed by condensation reaction between tris(2-aminoethyl)amine
and 2-pyridinccarboxaldehyde, was refluxed in methanol with [ TeCly(PPh;)(CH;CN)J°,
a purple fraction was obtained. Addition of Na|PFg] gave purple crystals of [lc
(tren-pys)|[PFe)> which crystallize in the monoclinic space group P2,/c with a=15.082(1),
h=10.7455(8). ¢=19.777(1) A, p=110.29(1)", and Z=4. Mcthanol may scrve as a reducing
agent. The complex cation shows a pseudo seven-coordinate capped octahedral geometry.
The mean imine N-Tc distance is 2.071 A, the mean pyridine N-Te distance 2.109 A,
while the rertiary N-Tc distancc is 2.933(7) A. The N(imine)-Tc-N(imine) angies average
103°. Cyclic voltammetry shows a reversible Te(IT)/Te(I) couple at -0.45 V vs Ag/AgClin
CH,Cl; with 0.1 M [BuyN][ClO,] [540].

12.6.4 Complexes containing nitrosyl or thionitrosyl groups

The green compound trans-[Tc(NH3),(NO)(H,0)]Cls, the first identitied nitrosyl
complex of Tc(Il), was prepared by oxidation of the pink complex salt frans-
[TH(NH3)4(NO)(H,0)|Cl, [541] with Ce(1V) in 2M HCIO,. The magnetic moment of
the Tc(IT) complex was found to be p.=1.7 B.M. at room temperaturc. The composi-
tion of the Tc(IT) complex was confirmed by ¢lemental analysis. The band in the IR at
1830 em™! was assigned to the N-O stretching vibration. The complex cation is stable
in water only at low pH. In 3 M trifluoromethanesulphonic acid the redox potential of
the Te(11)/Te(1) couple was measured to be —0.80 V vs NHE [542]. The EPR spectrum
of trans-[Tc'(NH3),(NO)(H,0)]*" at 77 K indicates that the Tc atom is in an octahe-
dral environment with a tetragonal distortion [543].

The reaction of TcO,-hydrate with NO gas at 75 °C in 4 M hydrobromic acid gave a
blood-red solution from which, after addition of [n-BuyN]Br, red crystals of [n-
BuyN][Te(NO)Bry] were isolated. [Te(NO)Cl,] was prepared by bromidc substitution.
[Te(NO)Bry] reacts with excess NH4NCS in methanol to give [Te(NO)(NCS)s[*~, which
was isolated in ink-blue crystals of the tetrabutylammonium salt. The compounds were
characterized by elemental analysis, conductivity measurements and the TR spcctra,
which showed the N-Q stretch at 1795 cm™ for nitrosyltetrabromotechnetate(I1), and at
1785 cm™ for the nitrosylpentaisothiocyanatotechnetate(Il). A reversible one-clectron
couple atl E7,=+0.14 V vs SCE exists in acctonitrile [544,545):

[TYNOYNCS)s]> + e~ > [TcH{NO)NCS)s)?

Green leaflets of [n-ButyN][Tc(NO)I4] were obtained by reaction of the analogous
bromo compound with HI in refluxing acetone [546]. The EPR hyperfine spectra of
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[7-Buty,N]>[Tc(NO)Cls]. [n-ButyN][Te(NO)Bry], [#-ButyN][Tc(NO)Ly]. and [PhyAs|,
[Te(NO)(NCS)s] in organic solvents werc measured and evaluated and the formation
of mixed-ligand complexes by ligand exchange reactions was studied [546.547]. The
frozen acetone spectrum of [n-But,N][Tc(NO)Ly] at 130 K is charactcristic for an axi-
ally symmetric, randomly oriented $=1/2 system. The degree of covalency of the equa-
torial Tc-I bonds is, as expected, higher than that in the corresponding bonds of
[Te(NO)CLy|™ and [Te(NO)Bry]~ [548]. [AsPhy][Te(NO)NCS)s], dissolved in a mix-
ture of CHCl; and CH,Cl,. was studied by EPR in the liquid phasc and at 120 K in
the frozen glass phase. Tc(ll) was again found to be in an axially symmetric environ-
ment with g=1.928, g:=2.045. A= 0.0236, and A_ =0.0095 cm™. The results are
explained by a considerable tetragonal distortion of the complex from octahedral
symmetry [549].

[A-BugN][Tc(NO)Cl,] was also preparcd by reaction of [TcClg)? or [TeOCly] with
NH,OH in mecthanol. The green crystals displayed IR absorptions at 1805 cm ! for
the N-O streteh and at 326 cm ! for the Te-Cl stretch [550). Bright green crystals of
[7n-BuyN][Te{NO)CL,(CH;0OH)] grown from methanol/dicthylether crystallize in the
monoclinic space group P2;/n with a=11.350(10), b=11.450(5), ¢=22.154(10) A,
$=91.5(2)°, and Z=4. [T¢(NO)Cl,(CHsOH)] has a distorted octahedral geometry
(Fig.12.82.A) with the nitrosyl and the coordinated mcthanol mutually trans and the
four Cl atoms in an equatorial planc. The Tc atom resides 0.15 A above this planc
towards the nitrosyl group. The bond angles CI(1)-Tc—Cl(2) and CI(3)-Tc~Cl(4) arc
172.5(1) and 172.8(2)°, respectively. The Tc-N-O bond angle is 175.5(10)° and the
Tc-N bond distance 1.689(11) A. The Tc-O(2) bond distance of 2.128(7) A is prob-
ably clongated owing to the rrans cffect of the nitrosyl group [551].

When [Te(NO)Cl,]™ in aqueous solution is heated with acetylacetone, the mixed
ligand anion [Tc(NO){acac)Cly] is formed, which gives a red precipitate with
[As(Ph);]Cl. [AsPh,]|Te(NO)(acac)Cls] crystallizes in the triclinic space group P1

O1 -

Ct3

Ci4

Fig. 12.82.A Tetrachloro-methanol-nitrosyl-technetate(I1).
[Te(NO)Cly(CH;OH)] [551].

C
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with a=19.261(4), b=11.261(10), c=13.686(10) A. a=101.7(5). B=91.9(5). 7=97.3(5)°,
and 7Z=2. The N-O stretching vibration appears at 1770 ecm™. Te(IT) resides in a dis-
torted octahedral surrounding with two Cl atoms mutually in trans position, the third
Cl atom and the nitrosyl group are trans to the oxygens of the pentane-2.4-dionate
ligand. The Te-N-O bond angle is 158.6(33)°, the Te-NO bond distance 1.74(3) A
[552,553].

[Tc(NO)Cl3(PMe;Ph),]° was obtained by reaction of [TcClz(PMe,Ph);]° with NO
in refluxing benzene. The black-green crystals melt at 175-177 °C and show N-O
stretching vibrations at 1770 and 1795 cm !. The EPR spectrum of the compound in
CHCly at 27.2 K is characteristic of an axially symmectric, randomly oricnted $=1/2
system with parallel and perpendicular sets of *Tc hyperfine lines. The hyperfine lines
are split into well resolved triplets arising from interaction of the unpaired electron
with iwo equivalent *'P nuclei of the phosphine ligands. The hyperfine splitting shows
remarkable covalent interactions [554]. [Te(NO)Cla(PPh;),]° was synthesized when
nitric oxide was bubbled through a suspension of [TcCly(PPh;),(McCN)|°. The dark.
microcrystalline solid of [T¢{NO)Cl:(PPhs),]° showed an N-O stretching mode in the
IR at 1805 cm™' [409]. [Tc(NO)Br3(Me,PhP),]° was obtained by refluxing
[Tc(NO)Cl3(Me,PhP),]° in acetone with hydrobromic acid. The green crystals of the
bromo complex melt at 184-186 °C. The N-O stretch was observed in the IR at 1779
and 1794 cm™!. [T¢(NO)Brs;(Me,PhP),]° is easily soluble in organic solvents. Its EPR
spectrum displays a larger extent of covalency than the corresponding chloro complex,
as is expected [555].

[TcYNCly(Mc,PhP)s]° reacts with excess S,Cl; in refluxing dichloromethane to
form the red thionitrosyl mixed phosphine/phosphine oxide complex [(Te(NS)Cl,
(Me>PhP)(Mc,PhPO)]°, which crystallizes in the orthorhombic space group P2,2,2,
with a=10.513(1), b=14.274(2), ¢=15.187(2) A, and Z=4. The coordination geometry
of 'Tc(I) is slightly distorted octahedral. The threc Cl atoms arc coordinated meri-
dionally ¢is to the thionitrosyl group, the phosphine oxide ligand is arranged in trans
position to the NS group. The Tc-N-8 bond is perfectly lincar. The Te-N bond length
is 1.746(5) A. The phosphine oxide ligand is coordinated via oxygen with a Te-O
bond length of 2.097(4) A. The Tc-P distance to the phosphinc ligand is 2.464(2) A
[556].

Very recently it was reported that the compound [TcVN(Cl)(PPhMe,),
{N(SPPh;),}]°, containing the bis (diphenylthiophosphoryl)amide anion, reacts with
S,Cly in CH,Cl, to give trans-[TcH(NS)Cl;(PPhMe,),]°. The green solid crystallizes in
the triclinic space group Pl with a=8.682(2), b=8.896(2). c=15.096(3) A, 2=97.78(1).
$=93.04(1), 7=106.41(1)°. and Z=2. Tc(Il) has again a slightly distorted octahedral
environment with the phosphine ligands trans to each other. The Tc-NS bond distance
is 1.761(4) A. The Tc-N-S group is nearly lincar with a bond angle of 176.2(3)°
(Fig. 12.83.A) [271].

The thionitrosyl tetrahalogeno complex anions [Tc(NS)Cly] and [Tc(NS)Br.]
were synthesized by reaction of [TcClg]*~ and [TcBrg]*", respectively. with trithiazyl
chioride, (NSCD. Yellow [PhyAs][Tc(NS)Cly] was obtained when [PhyAs][TcClg)
was reacted with (NSCl); in dichloromethane. The N-S stretch of the complex
appearcd at 1219 cm™ in the IR. Red-brown [PhyAs][Tc(NS)Bry] was obtained by



12.6 Technetium(Il) 309

Fig. 12.83.A Trichloro-trans-bis(dimethylphenylphos-
phine)-thionitrosyltechnetium(II). [Tc(NS)Clz(Me,PhP)]°
[271].

reacting [PhsAs]>[TcBrg] with (NSCl); in CH,Cl,, however. after refluxing the resi-
due, dissolved in acetonitrile, with 40 % HBr, in order to avoid the formation of mixed
chlorobromo compounds. The N=S stretching vibration was found at 1214 cm™. Reac-
tion of [Ph;As][Tc(NS)Bry] with NHySCN in acetonitrile/water yielded purple
[PhyAs][Te(NS)(NCS),] showing the N-S stretch at 1232 ¢cm '. The complex salts are
readily soluble in polar organic solvents, but they undergo considerable decomposi-
tion by cleavage of the N-S bond and formation of the corresponding nitrido techne-
tium(VI) complexes [TecNX,]™. The thionitrosyl complexes were characterized by
their EPR parameters [557]. Structural relationships derived from EPR spectra of
nitrosyl and thionitrosyl Tc(IT) complexes have been reported [558]. EPR investiga-
tions on paramagnetic technetium complexes in general were reviewced in [559].

12.6.5 Dinuclear and polynuclear complexes

The dinuclcar complex of Te(11) with the formal composition Ks[Te,Cly] was obtained
when KTcQ, in hydrochloric acid was reduced by molecular hydrogen at about
30 atm and 140 °C in an autoclave. The dark brown crystals adopt the monoclinic
space group Cc with a=8.287(2), b=13.956(3), ¢=8.664(2) A, p=93.99(5)°. and Z=4.
The polymeric [1¢;Clg),* anions consist of binuclear fragments of Tc,Clg linked by
bridging chlorine atoms to infinitc zigzag chains. The formula can be more informa-
tively written as [Tc,ClyClyn]? - The rotational conformation is staggered. The struc-
ture is strongly distorted from ideal Dsq symmetry. Each Te atom is surrounded by
four chlorine atoms. The Te-Te distance [560] of 2.044(1) A is considcrably shorter
than those in [Tc,Clg]*~ and [TesClg]* . For the Tcit core a triple bond based on a
62n*3%8"? electron configuration is anticipated. When changes of 4 bond order are
accompanied by changes in the metal oxidation state, the Tc-Tc distance can be influ-
enced as much or cven more by the latter than the former. because ¢ bonding is weak.
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The change in oxidation statc Tc$' to Tc3 ' so enhances the o and © bonding that a
substantial contraction in the Tc-Te distance occurs. Furthermore, the staggered rota-
tional orientation of the chlorine atoms may allow an additional small reduction in
the Tc-Tc bond distance [561].

Some ditechnetium(IT) chloro phosphine complexes were synthesized by reduction
ol the corresponding TcCl, phosphine compounds in benzene or THF with finely
divided metallic Zn:

2ITeCly (PR3 ), ZlHFbenzency i oy, (pR4) 10 2 ZnCl,

6h sonication

(PR; = PEts, PPry. PMcPh,. PMe,Ph)

The purple, diamagnetic solids are readily soluble in aromatic solvents and dichlor-
omethane. [Tc,Cly(PEt;)4]° crystallizes in a body-centered cubic lattice of the space
group [43m with a=12.3261(1) A and Z=2. [Tc,Cly(PMe,Ph)y]° in the monoclinic
space group C2/c with a=17.613(5), b=9.957(5). ¢=23.861(6) A, f=117.19(2)°, and
Z=4, and [Tc,Cly(PMePh,)4]°CsHy in the monoclinic space group [°2,/¢ with
a=22.9102), b=12.286(2), ¢=21.550(2) A, fi=115.867(6)°, and Z=4. Each complex
adopts an cclipsed Tcyl s conformation with approximate D, symmetry. The Tc-Tc
bond distances arc 2.133(3), 2.127(1), and 2.1384(5) A for |Tc,CL(PEts),]",
[Tc,Cly(PMesPh)y]°, and  [Tce,Cly(PMePh,)y]°, respectively. In the structurc of
[Te,Cly(PMePh;),]° the chlorine atoms reside in clefts described by the two phenyl
rings of one cis-phosphine and by a pheny! ring and one of the methyl groups of the
other cis-phosphine. The average Te-Cl bond distance is 2.372 A, and the average
Te-P distance 2.484 A. The Te-Tc~Cl angles range between 109.72(3) and 113.20(3)°,
and the Te-Te-P angles between 101.61(3) and 103.33(3)°. 'The complexcs contain a
Tc-Tc tripic bond with a ¢27%3%6"2 ground-state configuration. The cyclic voltammo-
grams of each complex indicate two reversible onc-electron oxidation processes [562].

[Tc,Cly(PMe,Ph),y° readily undergoes a onc-electron oxidation in acetonitrile
using ferrocenium hexafluorophosphate, [Cp,Fe]| PFg], as an oxidant. A green crystal-
line product of the mixed-valent [Te,Cly(PMe>Ph),[PF,] was isolated in three differ-
ent structural forms. The monoclinic form crystallizes in the space group P2,/n with
a=12.799(4), b=18.254(2), c=17.945(5) A, $=96.39(1)°, and Z=4. The dinuclear cation
adopts an cclipsed geometry (Fig. 12.84.A). The two trans-(TcCl,P;) corc fragments
are rotated by 90° from cach other, resulting in D,y svmmetry for the inner (Te,ClyPy)
core. The average Tc-Tc bond length of the three structural forms is 2.1074(9) A. The
mean distance is 0.02 A shorter than that determined for [1c,Cly(PMe,Ph)4]°, consis-
tent with an incrcase in the bond order from 3 to 3.5. The average Tc-Cl bond length
decreases by 0.06 A from 2.394(2) to 2.333(2) A upon oxidation, while the average
Tc-P bond undergoes a slight increase in distance from 2.45(1) to 2.485(2) A. The
phenyl rings are directed away from the Tc, unit and lie parallel to the Tc—Tc bond.
The paramagnetism of the complex was confirmed by EPR spectroscopy. The elec-
tronic spectrum of [Tc,Cly(PMe,Ph),]°[PT| in acetonitrile reveals a broad absorption
in the near-IR at 1418 nm that is characteristic of a 'Tcy™ core possessing a ¢2n'620”
ground statc electronic configuration. This band is readily assigned to an allowed
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Fig. 12.84.A Tctrachlorotetrakis(dimethylphenylphosphine)-ditechnetium(IVIIT), [Te,Cly(Me-PhP),]*
[563].

d—é transition. One-electron oxidation of [lTc,Cly(PMe,Ph)y]° with [CpoFe]” in
the presence of bis(triphenylphosphine)iminium chloride yielded the neutral, orange
compound [Tc,Cls(PMe,Ph);]°, which is also paramagnetic. It adopts the monoclinic
space group P2;/c with the unit cell parameters a=11.134(1), b=14.406(1).
¢=19.501(5) A, f=98.144(6)°, and Z=4. The complex is structurally similar to
[Te,Cly(PMe,Ph),]' and consists also of two cclipsed 'I'cL, fragments. The Te-Tc
bond length is 2.1092(4) A [563].

[Tc,Cly(PMePhs)y]® reacts at 150-160 °C with molten diphenylformamidine
(Hdpf) to produce a red solid of [Tey(dpt)4Cl]°. The displacement of three chlorides
and the phosphine ligands is accompanied by the oxidation of the dimetal corc from
Tey!t to T Te™, [Tey(dpf)4Cl*-C7Hg crystallizes in the tetragonal space group
P4/nce with a=15.245(2) A, ¢=21.832(3) A, and Z=4. The structure of [Tc,(dpf),Cl]°
consists of four bridging formamidinate ligands. The molecule resides on a crystallo-
eraphic four-fold axis that is colinear with the T'c—Tc bond. The chloride occupies an
axial position at a rather short distance of 2.450(4) A from Te. The Te-Tc distance of
2.119(2) A docs not vary significantly from those reported for other Tc!'Tc!"! com-
pounds. Despite the presence of a partial é bond, the two TeN, fragments are twisted
from an cclipsed conformation by 12.8(2)°. The coordination geometry around one Tc
approximates that of a square pyramid. The other Tc atom bound in addition to chlo-
ride lies at the center of a distorted octahedron. Red-purple [Tco(dif);Cl]° (where
Hdtf = N,N’-di-4-tolylformamidine) was obtained in a similar procedure as uscd for
the preparation of [Tcy(dpf),Cl]°. The compound adopts the monoclinic spacc group
P2;/n with a=16.185(2), b=15.637(2), c=17.812(1) A, f=110.142(5)°, and Z=4. The
fourth bridging formamidinate ligand is replaced by an cquatorial chloride. The mol-
ccule maintains an cssentially eclipsed conformation with the equatorial chlorides
bound in a syn disposition. The Te—Tc bond length of 2.0937 A is among the shortest
observed for Te—Tc metal bonds. The six Te—Tc-N angles are very close to 90°. The
results of molecular orbital calculations support the presence of a ¢?7%$%¢” ground
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state configuration giving rise to a formal bond order of 3.5. Both compounds undergo
reversible one-clectron oxidation and reduction, presumably producing the respective
Tc§' and Tc} specics [564).

When the ditechnetium(1l) phosphine chloro complexes [Te,ClL(PR3),]° are acidi-
fied with the strong acid HBF,Et;O in a mixture of CH;CN and CH,Cl; the blue
complex salt [Te2(CH3CN) ][ BF.]s is formed:

[Le2Cly(PR3), ) oy et ooy [Tea( CHRON) 1) ‘BE4

This rcaction takes advantage of the strong acidity of HBF,-Et,0 to protonate the
phosphine ligands forming the phosphonium salt and to convert the chloride to HCI
that is removed from the reaction solution. [Tc,(CH3CN) ]| BF,]4 is readily soluble in
acetonitrile and nitromethane. Its IR spectrum exhibits CN stretching vibrations at
2330 and 2302 cm™. The compound appears to be diamagnetic. It reveals in acetoni-
trile a reversible onc-electron reduction process al E,,=-0.82 V vs Cp.Fe/CpsFe*.
[Tcy(CH3CN)gJ* was obtained as the mixed ligand complex salt [Te(CH3CN)g
(CF;S03)2][BF,]>*CH:CN, which adopts the tetragonal space group P4,2,2 with
a=12.181(2), ¢=27.385(3) A, and Z=4. The structurc of [Tc,(CH3CN)g]** consists of
two Tc(CH3CN), fragments bound by a short Te~Tc bond. The fragments are stag-
gered with respect to each other resulting in a torsion angle of 43.5(1)°. The Tc-Tc
bond distance is 2.122(1) A. The axial positions of the dinuclear unit are occupied by
triflate anions that are weakly bonded at a Tc-O distance of 2.414(6) A. The mean
Te-N distance is 2.079 A, the mean N-Tc-Tc angle 98.2° [396].

Acetonitrile solutions of [Te,(CH3CN)yg]iBFE4)s, when exposed to a 1000 W Hg
vapor lamp, lose their intense blue color by photodissociation of the Te=Tc triple
bond. Trradiation into the absorption band at 616 nm appcars to be responsible for
the photolysis. The isolated dissociation product [Te(CH3CN)e][BF,4]> of salmon color
crystallizes in the monoclinic space group P2,/c with a=8.1750(9), b=8.3775(7).
¢=16.256(2) A, =92.058(5)°, and Z=2. The Tc atom is ligated by six acetonitrile lig-
ands in an octahedral arrangement. The Te-N bond distance is 2.062(4) A and the
N-Tc-N angles are in the range of 88.8 to 92.1°. The C=N vibrational modes appear in
the IR at 2280 and 2319 cm 1. The magnetic moment of [1c(CH;CN)g][BF]» in solu-
tion 1s 7.=2.1 B.M. Cyclic voltammograms in acctonitrile exhibit a reversible reduc-
tion at —-0.81 V vs Cp;Fe corresponding to the Te(11)/Te(1) redox couple [565].

More recently the reduction of [Te,(CH3CN) ][ BE,]4 in acetonitrile by cobaltocene
(CpzCo) yielded the Tc(I)-Te(1l) mixed valence compound [Tca(seitn>-CH3CN)
(CH3CN)0][BF.]; as a red-brown solid. The two Tc centers are reported to be linked to-
gcther via a u,n' i7-acctonitrile ligand. [Tco(j,n' 2-CH3CN)(CHACN) ] [BF,]5 is readily
soluble in acetonitrile and is air sensitive in both solution and the solid state. There are
two crystallographically distinct Tc,™" cations in which the two Tc atoms are bridged by
an acetonitrile molecule that is bonded to one Tc center via the lone pair on the nitrogen
atom and to the sccond atom in an »? fashion using the filled =-orbitals of the C-N triple
bond. Both Tc¢ atoms reside in quasi-octahedral environments. The Te-Tc distances of
4.047(2) and 4.028(1) A preclude any metal-metal bonding interactions. ‘The two
Tc(CH3CN)s fragments are in staggered conformation with an estimated torsion angle of
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54.3(3)°. [Tey(opit ar-CHCNY(CHRON), ] [BF4]3:0.83 CH3CN crystallizes in the triclinic
spacc group P with a=12.658(4). b=16.513(4), ¢=19.495(6) A. 2=90.21(2). $=99.33(3).
+=90.18(3)°, and Z=4. The IR absorption at 1822 cm ! was assigned to the CN stretching

2

vibration of the w5! i7-nitrile tipand [566].
Polynuclear complexes of low valent (echnctlium have been extensively studied by
Russian researchers. Halogeno complexcs are selectively compiled in Table 12.18.A.
The compounds were prepared by reduction of HTcOy in conc. hydrogen halide solu-
tions with molccular hydrogen under a pressure of 3-5 MPa at 140-220 “C [567].
Structural data of Te(IT) complexes are reviewed in Table 12.19.A.

Table 12,18.A. Sclected polynuclear halogeno complexes of low valent technetium [567,568].

Complex Te cluster Te-Te References
geometry multiple bond
distance [A]

[Tea(u-ChsCla] trig. prism. 2.16 [569--571])
[Tes(j-C1Cl]* trig. prism. 222 [570,571]
[Teo(p-Br)eBre]” trig. prism. 2.19 [572]
[Tealu-Br)gBrs] trig. prism. 2.15 [572]
[Tee(pe-1)ol6] trig. prism. 2.17 [573]
[Tex(u-Br)sBry]” tetrag. prism. 2.15 [574.575)
[Tea(u-Br)gBra]™ tetrag. prism. 2.15 [574-576]
[Tes(p-Br)a(-1)4Brol)° tetrag. prism. 2.16 [577]

[Tca(p5-Br)sBrg]™™ octah.

[574.575.578]

Table 12.19.A. Some structural data of selected Te(I1} complexes.

Complex Geometry Te-L [;\] Herr | B.M.] References

12.6.1

[TcBr,? tetrah. 2.401 - [280,281]

trans-[TcCly(dppe)a)” octah. 2428 (Tc P) 2.05 [399]
2.424 (Te-Cl)

trans-[ Te(NCS)>(dppe)-]* octah. 244 (Tc-P) [397.528]
2.04 (Te-N)

trans-[TeCl,(PMe,Ph),(dmpe)|* octah. 2.399 (Tc- P)(dmpe) - [529]
2.435 (T¢e-P)(PMe,Ph)
2.431 (Te Cl)

trans-| TcCly[CeHsP(OCoHs)a)4]” octah. 2.41 (Te-P) 14 [411]
2.41 (Te=C1)

trans-[TeX,(diars)>[” octah. - 1.9-2.1 [79.412]

(X=CLBr.I)

12.6.2

[Te(ox)(dppe)2]° octah. 2.42 (Te-P) paramag. [530]

213 (Te-0)
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Table 12.19.A. Continucd.

Complex Geomelry Te-L [A] Uer [ B.M.] References
cis-[Te(SCoHy-4-Cl)s(dmpe)»]° octah. 2424 (Te-S) - [531]
trans-[ Te(SCeH4-4-Cl)~(dmpe)s]°  octah. 2424 (Te-S) [531]
2.397 (Te-P)
trans-[ 1'c(SCelI5)(diars),]” octah. 2.410 (Te-S) - [463]
2471 (Te-P)
[Tc|(CH;),NCSS)(depe)-]* octah. 2,449 (Tc-S) - [532]
[Te{(CH1)-NCSS}(dppe)s|* octah. 2.439-2.448 (Tc -S) [116]
2.413-2.473 (Tc-P)
[Tc(983),]* trig.bipyr. 2.38 (Te-S) 1.8 [533]
12.6.3
rrans-[TeCl(py)4]° octah. 2.104 (Tce-N) - [433]
2.407 (Te-Cl)
[ Te(bpy)s]** octah. 2.077 (Te-N) paramag. [410]
[TcCly(’Me,Ph),(phen)]® octah. 2.391 (Te=P) - [535]
cis(Cl), trans(P) 2.086 (Te-N)
2.435 (Te-C1)
trans(P)-[ TeBr(PMe-Ph),(terpy)]'  octah. 2.399 (Tc-P) - [535]
2.558 (Te-Br)
[Te(phen)s) octah. - 1.89 [539]
[Te(tren-py:)]** octah. 2071 (Te- Nimine) - [540]
2.109 (Te-Nyy)
12.6.4
[Te(NOYNH3);(H.-O)** octah. - 1.7 [543]
trans(NO)-[Te(NO)CL(CH;OH)]"  octah. 1.689 (Te=N) - [s51]
2.128 (Te-0)
1rans(NO)-[Te(NO)(acac)Cls]|~ octah. 1.74 (Te-N) - [552,553]
trans(NS)-[Te(NS)Cly(Me-PhP)  octah. 1.746 (Tc-N) - [556]
(Me>PhPO)]° 2.097 (Te-0)
2.464 (Tc—P)
12.6.5
[TerClgln”™ polym. chain, 2.044 (Tc-Tc) - [560,561]
staggered, Dyqg
[Te,Cly(PMePh;)4]° Dag, eclipsed  2.1384 (Te-1'¢) - [562]
2.372 (Te=Cl)
2.484 (Te-P)
[Te,Cly(PMe,Ph),|* Dyg.eclipsed  2.1074 (Te-Tc) paramag. [563]
2.333 (Tc Q1)
2485 (Te-P)
[Tc,Cls(PMe,Ph);° cclipsed 2.109 (Te=Tc) paramag. [563]

2.33-2.35 (Te-C1)
2.46-2.48 (Tc-P)
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Table 12.19.A. Continued.

Complex Geometry Te-L [A] Herr [B.M.] References
[Tea(dpf)aCl]” cclipsed 2.119 (T'e-Tc) - [564]

2.450 (Te-Cl)

2.111 (Te-N)
[Tea(CHACON)(O3SCF),]** Dy staggered 2,122 (Te-Tce) diamag. [396]

2.079 (Te-N)
[Te(CHACN)6** octah. 2.062 (Te-N) 2.1 [565]
[Tea(pn' 2-CHACN)(CHACN) o octah. 4.028-4.047 (Te-Te) - [566]

staggered

12.7 Technetium(I)

In spite of the cxpected sensitivity of Te(l) complexes to oxidation, a surprisingly
great number of compounds has been synthesized and identified. In particular the
numerous carbonyl containing complexes arc remarkable. Most of the known techne-
tium carbonyl compounds appear in the oxidation state +1. In addition many isonitrile
and nitrosyl complexcs have been prepared and characterized. The prevailing coordi-
nation gcometry is the distorted octahedron resulting in diamagnetism of the low-spin
d® compounds. The striking stability of many hexa-coordinate Te(l) compounds may
be understandable when one considers the 18-electron rule that also explains the
stability of the interesting diarene complexes. In cyclopentadienyltricarbonyl and
related Te(l) compounds the characteristic “piano stool™ structurc is obscrved.

12.7.1 Cyano and isonitrile complexes

Potassium hcxacyanotechnetate(l), Ks[Te(CN)y], was obtained by reducing an aquie-
ous solution of TcO;-hydrate in conc. KCN with potassium amalgam undcr rigorous
exclusion of oxygen. The bright olive-green precipitate crystallizes in a cubic face-cen-
tered lattice with the lattice constant of 12.106 A. The compound is isostructural with
Ks[Mn(CN)g] and Ks[Re(CN)4]. The lattice constant of Ks[Re(CN)q] is only
12.033 A. The C=N stretching vibration of Ks[Tc(CN)g] was found in the IR at
1950 em~!. In aqueous solution the complex shows an absorption in the visible at
810 nm, which disappeared rapidly by oxidation of the solution in air [579.580]. The
Raman and IR spectra of Ks[Tc(CN)y] werc recorded in the range 4000 to 40 cm .
The calculation of the force constants was based on the gencralized valence force
field. The low C=N valence force constants indicate the relatively strong n-bonding
character of the technetium—carbon bond. The Te—C valence foree constant was found
to be 1.864 mdync/A [581].

Hexakis(alkylisonitrile) and hexakis(arylisonitrile) complexes of Te(I), [Te(CNR)g|'.
were prepared by reduction of TcQ, in aqucous solution with Na,S,04 in the presence of
the isonitrilc ligands. White, crystalline hexakis(zerr-butylisonitrile ytechnetium(l) hexa-
fluorophosphate was obtained by refluxing a mixture of water and ethanol of pH 12 con-
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taining NH,TcQ,, reri-butylisonitrile and Na,S>Q, and precipitating the complex salt
with NH[PFg]. [Tc{CNC(CHj3)s}6][PF,] is air- and water-stable and soluble in polar
organic solvents [582]. The compound crystallizes in the tetragonal space group I4/m with
a=15.841(2),c=16.899(2) A, and Z=4. Thc complex is almost octahedral with T¢ lying on
a 2/m site symmetry. The Te-C bond distances are 2.029(5) A. The angles around Tc(I)
are nearly rectangular or linear [S83]. In addition to [Tc{CNC(CHa;)s)o][PF]. the hexa-
fluorophosphates of hexakis(methylisonitrile), hexakis(phenylisonitrile), and hexakis
(cyclohexylisonitrile) werc synthesized under similar conditions. The C=N stretching
modes of the complexes appear in the IR as intense absorptions betwcen 2130 and
2040 cm L. Voltammetric studies in acetonitrile reveal a reversible one-electron oxidation
at 0.82-0.88 V vs SCE. [Tc(CNPh)s|[PF;] is somewhat harder to oxidizc, exhibiting a
reversible oxidation at 1.18 V vs SCE [382].

Synthesis and characterization of a technetium(l) hexakis(isonitrile) complex con-
taining a terminal mcthyl ester group, [Tc¢{CNC(CH;).COOCHS;}¢]", was reported in
work to develop new myocardial perfusion imaging agents. The cornpound was
obtained in the same way as described above using excess 2-(carbomethoxy)-2-
methylethylisonitrile. The octahedrally coordinated. diamagnetic complex shows a
strong C=N stretching mode at 2093 cm !. Addition of 6.5 equivalents of NaOH in
methanol/H,O produced the hydrolysis product [Tc{CNC(CH3),COOH}g] . Nine
intermediate carboxylic acid containing species were separated and identified [S84].

Hexakis(alkylisonitrile) complexes of Tc(I) arc an important class of potential
radiopharmaceuticals. Some **Tc NMR chemical shifts of selected [Tc(CNR)g|™ com-
pounds are compiled in Table 12.20.A.

Table 12.20.A **IT'c NMR chemical shifts o [Tc(CNR )| cations in ppm vs the shift of *Tc(), as the
reference at 0 ppm,(D,0) [585].

Compound Chemical shift Solvent
[ppm]

[T¢(CNCIL5)g]" - 19165 CD:OD
[Te(CNCH,CHs)e]™ -1916.4 CDACl4
[T(CNCH-CHACH;)e)” - 1028.7 CDCl;

[T¢[CNCII(CHx)aje]” - 19155 CDCl,
[Te{ONCHL(CHYCHa),)6) 1938.8 CDClL

[Te{CNC(CH3)3)a]’ -1914.0 CDCl,
[Te[CN(CH),CHs)|” -1930.3 CDCly

[Te(CNCeH 1)} - 1938.8 CDCL

[Te(CNCsHs)ol _1889.3 CDCl,
[Te{CNCoHa(CHa)z)e]* _ 18936 CDCl,
[TefCNC(CHR)COOCH | -1936.6 50 % EtOI1/D,0 with CDCl;
[Te(CNCILCOOCHCHs)e] -1935.9 50 % EtOH/D,0 with CDCl,
[Te(CNCH-COOCH ,)¢]* - 1936.3 50 % FEtOH/D,O with CDCl,
[T{CNC(CH;),COOH)] 1936.6 50 % LEtOH/D-O with CDCly

[Te{CNCH,C(CH2):0CH ) - 1950.3 CDCly
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As would be anticipated for a quadrupolar nuclcus, the more symmetric molecules
produce very sharp lines [585]. In addition, the mixed ligand isonitrile complex cations
[TJCNC(CH3)3}.{CNCeH 1 }o )™ and  [Te{CNC(CH;3)3}{CNCH,COOC;Hse £]*
were obtained by refluxing [Tc(tu)g]Cl; in methanol with mixturcs of the correspond-
ing isonitriles. Excess of thioureatechnetate(l11) acts as the reducing agent. The molar
ratio of the isonitrile ligands in the mixed ligand complexes was determined by the
“T¢ NMR spectra [586].

Several mixed ligand isonitrile complexes containing phosphines have been synthe-
sized. Trans-[Te|[CNC(CHa3)s}>(dppe)-]{PFe] and trans-[Te(CNCH | )(dppe),][PFs]
were obtained when [Tc'(N;)H(dppe);]° and the corresponding isonitrile ligand were
refluxed in methanol and K[PFg| dissolved in methanol was added. Colorless, diamag-
netic crystals precipitated. Trans-[Tc{CNC(CHj)s),(dppe),][PFg] melts at 285-286 °C
and exhibits C=N stretching vibrations in the IR at 2049 and 2079 cm™l. trans-
[Te(CNCyHjy)-(dppe):][PFg] melts at 313-314 °C and the C=N stretches appear at 2058
and 2115 em™ |587]. Trans-| Te{CNC(CHjs)s}(dppe),]| PFs] can also be prepared by reac-
tion of [ Te(tu)g]** with a mixture of CNC(CH3); and dppe in refluxing ethanol and preci-
pitation with [PF,] . The complex salt crystallizes in the triclinic space group P1 with one
molecule of ethanol. The lattice parameters arc a=9.999(5). b=12.059(5), c=13.776(7) A.
%=113.55(2). /=92.18(3). 7=101.50(3)°, and Z=1. The coordination geometry of Tc(I) is
distorted octahedral with the isonitrile ligands trans to cach other. The Te—C bond dis-
tance of 2.034 A agrees well with that in [Tc{CNC(CHs)3)e]™ [583]. The Te-C-N-C group
has an almost lincar arrangement. The mean Tc-P distance is 2.426 A. Trans-
[Tc{CNC(CH,)s}a(dppe)-][PF,] undergoes. in 0.2 M [BuyN][BF,J/THF, at the Pt clec-
trode a reversible one-electron oxidation at £, =0.91 V vs SCE [588].

Reaction of NH,TcOy with triphenylphosphine and fert-butylisonitrile in refluxing
cthanol yielded [Tc{CNC(CHj5)a}s(PPh;)]* and [Tc{CNC(CHj3)a}4(PPhs);]* as a func-
tion of the molar ligand ratio. Both complexes were precipitated as hexafluoropho-
sphate salts. The prescnce of a single 'H NMR resonance in the alkyl region for
[Te{CNC(CHa3)3}4(PPh;),]* points to the frans configuration. The IR spectra suggest
that the isonitrile ligands in both compounds are lincar. The reversible one-electron
oxidation of [T¢{CNC(CHa)s}s(PPh3)][PFs] and [Tc{CNC(CHa3)3}4(PPh3),][PF¢] in
CH;CN/ [BugN][ClO4) was observed at 0.81 and 0.79 V vs SCE, respectively [589].

When nier-| Te(PMe;Ph)sCls]° in refluxing cthanol solution was reacted with terr-butyl-
isonitrile, the  complexes  trans-[ Te{CNC(CHz)a}s(PMcePh),]- and  [TefCNC
(CH3)3}s(PMe,Ph)]* were obtained and again isolated as [PFq] salts. The first complex
salt gives only one 'H NMR resonance at 1.297 ppm, while the second showed two peaks
at 1.390 and 1.479 ppm. Once the complexes are formed, there are no ligand exchange
reactions. Trans-[Tc{CNC(CH;)3}4(PMe,Ph)- ]| PFs] crystallizes in the monoclinic space
group C2/c with a=17.933(9). b=9.878(6), c=25.675(19) A. p=105.29(5)°. and 7=4. The ge-
ometry around the Tc atom is distorted octahedral (Fig. 12.85.A). The I'c atom is located
on an inversion center. The angles around the T'c atom are close to 90 and 180°. The Tc-C
distances range from 2.036(15) to 2.045(13) A. The Te—P bonds of 2.389(3) A are quite
short caused by the presence of multiple bonding. The isonitrile ligands are lincar, the
average Te—C=N angle is 175(1)°. Te|CNC(CHj;);}5(PMce,Ph)][PFg| crystallizes in the tet-
ragonal space group P4/n with a=29.561(11), c=10.614(5) A. and Z=8. The coordination
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Fig. 12.85.A Tetrakis-(rerr-butylisonitrile)-trans-bis
(dimethylphenylphosphine-technetium (1),
[Te{CNC(CH3)3}s(Me,PhP),]" [590].

geometry of Tc is again distorted octahedral. The trans C-Tc-C angles are 175.6(8) and
176.3(6)°. The Tc—P bond distance is 2.403(6) A and the Tc-C distances vary between
1.966(19) and 2.064(18) A [590].

[Tc]CNC(CHs)3}o{bpy)][PF,] was prepared by reaction of NH;TcOy, 2,2"-bipyridine,
tert-butylisonitrile, and Na,»$S,0, in a refluxing alkalinc aqueous-cthanolic solution and
precipitation of the formed complex with [PF¢] . The red-orange complex salt is reported
to be obtained also by irradiating a mixture of [Tc{CNC(CHa)3}6]| PF¢] and 2,2"-bipyridine
in acetone with ultraviolet light for some days. [Tc {CNC(CHa)3}4(bpy)][PF¢] crystallizes
in the orthorhombic space group Pbca with a=25.060(8), b=18.717(3), c=15.769(8) A, and
Z=8. The coordination sphere is again a distorted octahedron. The most prominent fea-
ture of the structure is that one of the isonitrile ligands, which is trans to the bipyridine, is
significantly bent at the nitrogen atom, resulting in a C-N-C angle of 148°. The remaining
C-N-C angles vary between 165° and 168°, The C-Tc-C angles are close to 90 and 180°,
respectively. The Te—C bond distances range from 1.90(2) 10 2.04(2) A while the average
T'c—Np,,y distance is 2.16 A. CN stretching vibrations appear at 1917, 2052, and 2137 em™.
‘The addional stretch can be accounted for by a lowering of symmetry due to the varying
degrecs of C-N-Cbending. A series of other isonitrile complexes with bidentate aromatic
amine ligands like [I'c(CNterr-Bu)Meyphen][PF,], |Tc(CNrert-Bu)y(Meabpy)|[PFe].
[Te(CNrert-But)y(phen) || PFg). [Te(CNrert-Bu)s(NO,phen)][PFe), [Te(CNiert-Bu), (Me-
phen)|[PFg], [Tc(CNMe)4(bpy)][PFs]. and [Te(CNmxyl)4(bpy)||PFs] (where CNmxyl =
2.6-dimethylphenyl isonitrile) were synthesized and characterized. Most of the com-
pounds exhibit one-clectron reversible oxidation waves of similar £, » values at around
0.4V vs SCE [591].

[Tc(CNrert-Bu);(CO):]NO; was obtained when [NEt,],| TeCly(CQO)s] was reacted
in methanol with CNteri-Bu and the complex cation precipitated with [NE(]NOs;.
The colorless crystals of [Te(CNrert-Bu);(CO);]NO; adopt the orthorhombic space
group Ima2 with a=16.070(2). b=12.028(1), c¢=12.344(1) A. and Z=4. Tc(1) is coordi-
nated through a facial arrangement of three carbonyl and three isonitrile ligands in an
almost octahedral geometry. The average Tc-CN bond distances of 2.088(3) A are sig-
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nificantly longer than in [T¢(CNrer-Bu)g)' of 2.029(5) A. This finding can be
explained by the stronger n-back-bonding of the CO ligands. The Tc—CO bond lengths
average 1.969(3) A. The bond angles N-C-Tc are close to 180° [592].

The hexacoordinate complexes [T (CNR)g][PFg] readily undergo oxidative addi-
tion with X, (X = Cl. Br) to provide the seven-coordinate, light-yellow complex salts
[TcM(CNR)X][PFs)2 [394].

12.7.2 Phosphine, phosphite, phosphonite, and phosphinite complexes

Excess 1.2-bis(dimethylphosphino)ethane (dmpe) reacts with TcQOy in alkaline cthanolic
solution under rigorous conditions at 150 °C to form [Te(dmpe);]* in high yield. The cat-
ion was precipitated with [PF|, ClO,, F3CSOs7, or F . The “Tc NMR spectrum with the
scven-line splitting pattern is consistent with one Tc atom being bonded to six equivalent
phosphorus atoms. [Tc(dmpe)s)* is colorless, as expected for a low-spin, diamagnetic d°
complex of n-back-bonding ligands. EXAFS (extended X-ray absorption fine structure)
gives a Te—P bond distance of 2.40 A and a coordination number of 6 [239]. [Tc(dmpe)s]*
is reversibly oxidized to Te(IT) in non-aqueous media:

[Tc!(dmpe)s]* & [Tct'(dmpe)s]?t + ¢~

Cyclic voltammetry on a platinum disk clectrode, using 0.5 M [NEt,]Cl as a sup-
porting clectrolyte, reveals in propylene carbonate a redox potential of E;; = 0.329 V
vs Ag/AgClL. For [Tc!(depe)s]* the potential was found to be only 0.166 V., indicating
that [Tc(depe)s]| is considerably more easily oxidized [593]. The above electron-
transfer reaction has been thoroughly studied kinetically [594-596]. Electrochemical
reduction of [Tc!MCl3(PMe,Ph)s]° in acetonitrile was reported to produce [Tc!'Cl
(PMe,Ph)s(MeCN),]° [405].

| Te!Cl(dppe).]° was preparcd by reduction of [TeCly(PPh;),]°, suspended in ben-
zene, with zinc powder in the presence of dppe. Dark green, air-sensitive
[TeCl(dppe),]°-C;Hy crystallizes in the triclinic space group P1 with a=12.920(3),
b=13.115(3). ¢=16.091(5) A. 2=101.09(3), $=95.96(3), »=111.85(3)°. and Z=2. The
coordination geometry is a distorted trigonal bipyramid. The Tc-Cl bond distance is
2.432(2) A. The Tc-P distances range from 2.240(2) to 2.376(2) A. Treatment of
[TcCl(dppe),]° in THF with H, gas results in the formation of the 7?-dihydrogen com-
plex trans-[Tc(H»)Cl(dppe),]°. This reaction is completely reversible:

Ph,
PPh3 <—P H2
Zn H Ph, Phs
Cly, t WC PhoPy, 2 P 1 WP
N s e T D
l xs dppe  Ph,P ’ H, Bh, Ph
PPh, P C

Ph,
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ovides a rich chemistry and undergoes facile reactions with small
renvlacetylene is added to a solution of [TeCl(dppe).}” in THE
ution changed from green to orange and the ncutral vinvlidene
[Ph(Cl)(dppe)-|” is formed. [Tc= C=CHPh(Chdppe),] 1.5 CH,
» plates and adopts the triclinic space group P1 with «=10.175(3).
15(9) A, 2296.09(3), f=92.17(3), 7=107.80(2)". and 7::2. The coor-
of Te is a distorted octahedron, The Te=C bond length of
cnt with the assignment of a double bond. The Te=C=C angle is
13.0(8)”. The mean Te—P distance is 2.40 A and the Te—Cl distance
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ne) distance is 1.72 A. The carbyne complex salt [Te=C-CH,tert-
i3] crystallizes in colorless cubes. The structure of the cation is dis-
I8].

phosphinc-phosphite complex [Te(dppe)(tmp),]* containing tri-
np). P(OCH3;);3, was obtained by reaction of [Tc(Ny)H(dppe)a]
np in refluxing methanol. Addition of [PF, ] precipitated the col-
c¢(dppe)(tmp),]| PF,], which melts at 182-186 “C. The diamagnetic
¢ in air and soluble in polar organic solvents. The "Te NMR spec-
let signal at —1664 ppm relative to TcOy in 12,0 [599]. The bomo-
thvlphosphite)technetium(1) cation, [Ic(tmp),] . was synthesized
ion of TcO3 with P(OCHs); in methanolic solution in a pressure
'he complex cation was precipitated as the white [Te(tmp)e)
sroved to be stable in air [600]. [Te(tmp),]™ was also obtained
as reacted in refluxing methanol with P(OCH3);. [Te(tmp)e)| PFe]
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is soluble in polar organic solvents [480]. The Tc NMR spectrum of {Te(tmp)g]™ in
deuterated chloroform consists of a septet centered at —422 ppm vs TcOj implying
that the cation contains six cquivalent P atoms coupled to Tc. The P-O bond vibra-
tions were found in the IR at 1048 and 762 cm ! [600,601].

The hexakis(dimethylphenylphosphonite )technetium(I) cation. [Te{{MeO),PPhlg] ",
was prepared by reaction of [Te(tu),|Cls with excess diisopropylphenylphosphonite in
refluxing methanol. Na|B(CHs)4] precipitated colorless [Tc{{MeQO),PPh}¢][B(Cql5)4].
which is air-stable and soluble in chloroform and acctone. The diamagnetic compound
melts at 129-132 °C. Diisopropylphenylphosphonite is reported to be converted to
dimethylphenylphosphonite during the reaction [602]. Hexakis(dimethylmethylphospho-
nite-technetium(T)-tetraphenylborate, [Te{(MeO),PCH;)g]|B(C¢Hs)s]. was obtained
similarly to [Te(tmp)s}[B(CsHs)4] by direct reduction of TeOj with excess ligand and phe-
nylborate precipitation. The °*T'c NMR chemical shift is —248 ppm vs TcOyj. In addition,
thc  methvldicthylphophinite-technetium(I)-tetraphenylborate,  [Tc{(McO)PEt,)q]
[B(CgHs),|, was synthesized in an identical manner [601 ].

12.7.3 Complexes containing nitrogen ligands

When [TcCls(tpy)]° (tpy = terpyridine) suspended in dme (1,2-dimethoxyethanc) was
reduced with Zn dust in the presence of pyridine, trans-[TcCl(tpy)(py).]* was obtained.
‘The dark violet crystals are orthorhombic, space group (222;, with a=9.359(3),
b=16.088(6), c=18.367(4) A, and Z=4. The coordination gcometry about Tc(l)is distorted
octahedral (Fig. 12.86.A). The bite angle of terpyridine N(1)-Tc—(N(3) is only 158.2(2)°,
the Te-N(1) and Te-N(2) bond distances are 2.075(6) and 1.915(7) A, respectively. The
Te—Cl distance is 2.518(2) A. The bond angles Cl-Tc-N(2) and Cl-Tc-N(4) are linear
and rectangular, respectively. Cyclic voltammetry measurements in DMAC show a Te(I)/
Te(1) redox potential of -0.82 V vs NHE [433].

0

Fig. 12.86.A Chloro-terpyridine-fruns-bis(pyridine)-technetium(I),
[TeCl(typ)(py)2]® [433].
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Dark blue [Tc!(phen)s|Cl was svnthesized by controlled potential reduction of a
2-10~* M solution of [Tc"(phen);]Cl, in 0.15 M NaCl under argon at a platinum cath-
ode at -1.2 V vs the saturated Ag/AgCl electrode. The compound was identified by its
FAB mass spectrum. The turquoisc solution of [ Tc!(phen)s|™ in CH,CL, has an absorp-
tion maximum at 630 nm and is readily oxidized in air to [Tc!(phen);]?' [603]:

[Tc(phen)s|* <> [Te(phen)s)*+¢~

Reaction of NI1,TcQ, with excess hydralazine in dry ethanol gives the cationic tris-
diazene complex [Tc'(CgHsN>N=NH)3|:

=
AN
7 AN
/4

Z
~—

S J3

Hydralazine serves concomitantly as the reducing agent. The dark green tetraphen-
ylborate salt is air-stable, freely soluble in ethanol, but stable in solution only in the
presence of excess ligand. This property prevented recrystallization for X-ray struc-
ture analysis. The compound was characterized by FAB-MS, IR, **Tc NMR, and cyclic
voltammetry [604].

The unusual, dinitrogen and hydrido hydrogen containing diphosphine complex of
Te(D), hydrido-bis-[1,2-bis(diphenylphosphinoethane)]-dinitrogen-technetium(1),
[HTc(N)(dppe).]°. was obtained by reduction of [TcCly(PPh;);]° in benzene with
sodium amalgam in an N, atmosphere and in the presence of excess dppe. The yellow,
crystalline compound is air-stable for some hours and readily soluble in benzene and
toluene. The strong absorption in the IR at 2046 ¢cm ! can be assigned to the N-N
stretching vibration of the dinitrogen group [605]. [HTc(N,)(dppe),]° crystallizes in
the monoclinic space group P2,/n with a=11.090(3), b=24.550(5), ¢=16.379(4) A,
f=96.02(2)°, and 7Z=4. The Tc atom has a distorted octahedral coordination geometry
(Fig. 12.87.A) with the hydrido hydrogen trans to the dinitrogen group. The N(1)-Te-
H(Tc) angle is 169(3)°, the Tc-N(1) distance 2.05(1) A, the Te-H distance 1.7(1) A.
The hydrido hydrogen atom was confirmed by 'H NMR showing a shift of §=
-10.08 ppm. The four P atoms of the dppc molecules are coplanar; the average Te-P
bond distance is 2.359(7) A [606]. [HTc¢(N,)(dppe)s]° was shown to be a starting
material for synthesizing mixed ligand complexes of Tc(l). because the N, ligand is
most labile and can be exchanged under mild conditions. The reactions proceed under
nitrogen in dried solvents. [HTc(CO){(dppe),]° was obtained by stirring a solution of
[HTc(N2)(dppe)2|” in benzene at room temperature under carbon monoxide. Analo-
gous procedures produced [HTe(CeH;y CN)(dppe)»]°. HTe(tert-BuNC)(dppce),]°. and
[HTc{(CH30):P}{(dppc)-|°. Reaction of [HTc(CO){(dppe),]° with acetonitrile yiclds
by substitution of the hydrido ligand the cation [Te(CO)(CHLCN)(dppe),]', which
was precipitated as the [PFy] " salt. [HTc(terr-BuNC)(dppce),]© reacts similarly in acct-
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Fig. 12.87.A Hydrido-bis{1.2-bis(diphenylphosphino-ethane)}-dinitrogen-technetium(I).
[TTe(N;)(dppe)]° [606).

onitrile to form [Tc(rert-BuNC){(CH3CN)(dppe),]*, isolated as hexafluorophosphate.
All the complexes are diamagnetic [607].

12.7.4 Complexes containing nitrosyl or thionitrosyl ligands

When (NH,),[TcClg] was reacted with 2M NH>OH-HCl, an immediate color change
was observed indicating reduction of Tc(IV). To the water solution ammonia was
added until the pH was 7.0. Finally, a pink microcrystalline precipitate was obtained,
the formula of which was reported to be [Te(NH,OH)»(NH;)5(H,0)|Cl; [510]. Later
on, the chemical formulation of the pink complex salt was shown to be
[T¢(NO)(NH3)4(H,0)]Cl, with Tc in the oxidation state +1 and with a positively
charged nitrosyl group. The compound crystallizes in the monoclinic space group
P2,/m with a=6.858(2), b=10.579(3), c=6.646(2) A, =94.01(2)°, and Z=2. The coordi-
nation geometry of Tc(1) is distorted octahedral. The T'e-N-O angle is almost lincar
at 178.7(2)°. The dominating role of n-bonding in the TeNO linkage is displayed in
the combination of the short Te-NO distance of 1.716(4) A with thc relatively long
N-O distance of 1.203(6) A. The Tc atom is displaced by 0.165 A from the mean
plane of the four NHxz ligands. The four ON-Tc-NT; angles average 94.4°. The Te—
OH, bond length of 2.168(4) A is nearly as long as the average Te-NH; distance of
2.164 A [541]. The nitrosyl group shows a stretch at 1680 cm ' in the IR. the low fre-
quency indicating great stabilization by Te—(NO) back-bonding. The compound is
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diamagnetic. [Tc(NOYNH;),(H-O)]*" is reversibly oxidized to [Te(NO)(NH;),
(11,0)]* in trifluoromethane sulfonic acid at Iy, =-0.80 V vs NHE [542].

Reduction of [n-BuyNJo[Tc (NO)(NCS)s] with hydrazine or its electrochemical
reduction at Ej» = 0.14 V vs SCE vielded rust-colored crystals of [n-BuyNJs[Tc!
(NO)(NCS)s]. the N-O stretching vibration of which appeared in the IR at 1690 cm!
[544].

[T (NO)(CNCMes3)s][PF); was obtained by reaction of [Tc'(CNCMe;)s]NO: in
glacial acetic acid with conc. nitric acid and addition of Na[PF], or by reaction with
NOI|PFg] in acctonitrile. The yellow necdles exhibit a very strong N-O stretching
vibration at 1865 cm! and two isonitrile (C=N) stretches at 2200 and 2240 ¢cm' ! in the
IR. The complex is air- and water-stable and soluble in polar organic solvents. Reflux-
ing of [BuyN][Tc!'(NO)Br,| and tert-butylisonitrile in methanol yielded purple [Tc!
(NO)Br,(CNCMes)z]°, which is thermally unstable. Two C=N stretches appear in the
IR at 2230 and 2160 cm™, the N-O stretch at 1755 cm L. [Te(NO)Bro(CNCMe;);]°
crystallizes in the orthorhombic space group P2;cn with a=10.985(2). b=14.250(2),
¢=14.677(2) A, and Z=4. The Te(1) coordination is slightly distorted from octahcdral
geometry as the four ligands cis to the nitrosyl (Fig. 12.88.A) bend out of the equator-
ial plane away from the nitrosyl. The Tc-N-O bond angle of 175.9(1.6)° is almost lin-
car, the Te-NO bond length 1.726(1.5) A. The three isonitrile ligands arc coordinated
meridionally. The Te—isonitrile distance of 2.137(22) A trans to the nitrosyl is consid-
crably longer than the average Te-C(11) and Te~C(21) bond distances of 2.081 A.
The Tc-Br bond distances of 2.852(3) A for Te-Br(1) and 2.543(3) A for Tc-Br(2)

cis 0

Fig. 12.88.A T7rans-dibromo-tris(tert-butyl-
isonitrile)-nitrosyl-technetium(I),
37 24 [Tc(NO)Bry (CNCMes)s]” [608].



12.7 Technetium(l) 325

are unexceptional [608]. [Te(NO)CL(CNCMea )] was prepared analogously to
[Tc(NO)Br(CNCMe;)z]° [609)].

The mixed ligand nitrosyl complex [Tc'(NO)Cl(PPhs)>(CH3CN)]® was synthesized
by reaction of [#-BuyN|[Tc!(NO)Cl,] with excess triphenylphosphine in acetonitrile.
PPh; acts as a reducing agent. The neutral, air-stable, yellow-orange compound is dia-
magnetic and only sparingly soluble in benzene or methanol. The presence of the
nitrosyl moiety is confirmed by a strong absorption in the IR at 1721 cm™'. 'TI NMR
reveals cquivalent rans-triphenylphosphine ligands and shows the lability of the
CH,CN ligand. Refluxing a solution of [T¢(NO)Cly(PPhy),(CH;CN)J® in pyridine
vields [Tc(NO)Cla(py)s]° with v(NO) at 1688 cm™! in the IR. Red needles of
[Te(NO)ClL(py)a]-2CHiCN crystallize in the monoclinic space group C2/c with
a=19.182(1). b=10.8725(8). c=11.9371(8) A. f=116.580(7). and Z=4. The coordination
of Te(I) is in nearly octahedral geometry. The structure confirms the meridional pyri-
dine ligand arrangement and the linearity of the NO group. The Tc-N{NO) distance
is 1.781(5) A and the average Tc-N(py) distance 2.129 A. Each pyridine is tilted 35—
45° from the vertical, relative to the Tc-NO bond. Substitution rcactions yielded, in
addition, the compounds [Tc(NO)Cly(PPh;)>(CH;0H)J°, [Te(NO)CL(PPhs):(py)]°,
[Tc(NO)CL(PPhs),(lut)]°, [Te(NO)CL:(PPh3):(py)-]°, [Te(NO)CIy(PPhs)(lut),]°, [Te
(NO)CL:(PPh;)(bpy)]°. [Te(NO)CL(PPhy)(phen)]®, [Te(NO)Cly(lut)s]°, and [Te(NO)
Cly(terpy)]° [610]. With neutral bidentate 2-hydrazinopyridine the complex [Te(NQO)
ClL(HN=NCsH,N)(PPh3)]* was obtained and with anionic. bidentate 2-hydrazino-4-
trifluoromethylpyrimidine  the complex [Tc(NO)CI(N=NC,H,N,CF;)(PPh3),]°
[610a].

Very recently the bis-pyridyldiphenylphosphine complex [TcClL(NO)(pyPPh,-P.N)
(pyPPh,-P)]° was obtained when excess 2-pyridyldiphenylphosphine was rcacted with
[BuyN][Te!'(NO)Cly] in refluxing methanol. The yellow-brown, necutral compound
crystallizes in the triclinic space group P1 with a=9.8440(3), b=13.4854(5),
c=14.2401(5) A. 2=106.406(1), /=96.013(1). 7=92.792(1)°. and Z=2. The coordination
geometry of Tc(l) is a very distorted octahedron. The P-Tc-N bite angle is only
66.1(1)°. Uncxpectedly, the phosphine ligands are in c¢is-configuration with one phos-
phine bonded in a monodentate manncr (P) and the other bidentate (P,N). The Tc-
NO bond length is 1.743(5) A and the '1'c-N-O bond angle 177.2(5)° [611].

Using the versatile starting material [Te(NO)CL(PPhs),(CH;CN)]®, nitrosyl com-
plexes of Tc(l) with sulphur-containing cores were synthesized. Isobutylxanthate
reacts with the nitrosyl complex in refluxing CH,>Cl, to form the bright yellow
[Te(NO)CI(PPh3),(S:COBuUb)]° or the red-orange [Te(NO)(PPh3)(S,COBuU)-]° In
analogous rcactions with methylxanthate or neopentylxanthate the red-orange com-
pounds [Te(NO)(PPh;)(S;COMce),|°  and  [Te(NO)(PPh;)(S,COnPe),]”  were
obtained. Rcaction of [Tc(NO)Cl,(PPh;),(CH3;CN)J° with 2-mercaptopyridine (Spy)
in refluxing dichloromethane and in the presence of 1,1.3.3-tetramethylguanidine as a
proton sponge yielded a purple precipitate of [Tc(NO)CI(PPhs)»(Spy)]° [612].

The nitrosyl-hydrido complex [Te(NO)(PPh3);(H),]° was synthesized by refluxing
a mixture of [Tc"(NO)(PPh);Cl;)°, PPh; and Na[BI1,] in absolute ethanol. The dia-
magnetic, bright vellow precipitate was characterized spectroscopically. In the IR
(NO) appeared at 1636 cm !, v(Tc-H) at 1733 cm ! and 1185 cm !. The 'H NMR in
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CyDsCD; showed hydride resonances at 0= -1.5 ppm and é= -3.45 ppm. The hydride
ligands arc labile [613].

The 1,10-phenanthroline containing complex salt [Tc(NO)NIH:)(phen),][PF,]>
was obtained by boiling NH, TcQOy in water containing NH>OIT-HCI and phenanthro-
line and adding NH4[PF¢]. Brown crystals of cis-{Tc(NO)NHz)(phen),|[PF]»
Me,CO adopt the triclinic space group PT with a=11.12(1). b=14.25(6). c=10.79(2) A,
a=90.4(2), =107.9(1). 7=86.0(2)", and Z=2. The coordination gcometry of Tc is dis-
torted octahedral. The Te-NO bond distance is 1.739(9) A, and the Te-N-O-angle
171.9(8)°. The Te-N(phen) distance is 2.11 A on average. which is 0.075 A shorter
than the Tc-NHsz bond length. The NO stretching vibration was found in the IR at
1630 cm™! [614].

The thionitrosyl complex salt cis-[Tc!(NS)Cl(phen);][PFs] was synthesized by
refluxing [TeYN(CI)(phen),}CI-'H,O with S>Cl; in chloroform and precipitation of the
cation with [PF¢]". The dark brown compound crystallizes also in the triclinic space
group PI with a=9.850(3), b=16.293(3), ¢=8.349(2) A, 2=100.06(2), B=93.84(3).
+=106.96(3)°, and Z=2. Owing to the similar sizes of the ClI= and NH; ligands in
[Tc(NS)Cl(phcn),|* and [Tc(NO)(NH;3)(phen),|?", the degree of distortion from octa-
hedral geometry around Te(l) is quite similar. The Tc-NS and the Te-Cl distances in
[Tc(NS)Cl(phen),|* are 1.782(6) and 2.387(2) A, respectively. The NS stretch
appeared in the IR at 1173 cm L. The thionitrosyl group in Tc(I) complexcs binds less
strongly than the nitrosyl group [614].

| Te(NS)Cly(pico);]° was prepared by refluxing [BuyN][TeYINCL,] with Na,S,0, in
4-picoline. The green crystals of mer-[Tc(NS)Cly(pico);]*-CHCl; adopt the ortho-
rhombic space group Pna2; with a=19.628(1), b=11.848(3), c=11.332(4) A. and 7=4.
The NS stretching vibration was found in the IR again at 1173 ecm L. The corc atom
arrangement about Tc(I) is cssentially octahedral (Fig. 12.89.A). The Tc atom is dis-
placed by 0.096 A toward the thionitrosyl group out of the basal plane defined by
CI(2), N(2). N(3), and N(4). The Tc-NS angle of 176(1)° is almost lincar. The Tc-NS
distance of 1.73(1) is 0.41 A shorter than the Tc-N(pico) length average at 2.14(1) A.
The N-S bond distance is 1.54(1) A. The axial Te~CI(1) bond distance of 2.443(1) A
is only 0.013 A longer than the equatorial Te-CI(2) distance, in spite of the expected

Fig. 12.89.A Dichloro-mer-tris(4-methylpyridine)-thionitrosyl-technetium(I), [ Te(NS)Cl, {pico);]* [615].
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trans etfect of the thionitrosyl ligand. The compounds mer-[Tc(NS)Cly(py)a]® and
mer-|Tc(NS)Cly(lut)s]® were similarly synthesized and characterized spectroscopically
[615].

Mer-[Tc(NS)Cl,(Me,PhP)3]° is accessible by reaction of [TeVYNCL(Me,PhP);)°
with cquimolar amounts of S;Cl, in dichloromethane [556]. The red crystailine
compound melts at 141-143 °C and crystallizes in the monoclinic space group P2,/
¢ with a=9.4730(6). b=18.6904(9). ¢=16.1676(6) A. p=93.467(4)°, and Z=4. The
coordination geometry of Tc(I) is slightly distorted octahedral. The three phos-
phine ligands arc coordinated meridionally cis to the thionitrosyl group and are
bent out of the cquatorial plane away from the thionitrosyl. The Tc-N-S angle is
178.8(2)°, the N-S bond length 1.548(4) A, the Te-N bond length 1.747(3) A. The
NS ligand again shows a negligible trans-effect as mentioned before for the structu-
rally similar complex mer-[Tc(NS)Cly(pico)z]°. The diamagnetic [Tc(NS)Cl;
(Me,>PhP);]° reveals a ““Tc NMR resonance at +645 ppm vs TcOj and a (NS)
vibration in the IR at 1177 ecm ! [556.616].

12.7.5 Arene complexes

The bis(benzenc)technetium(l) cation [Tc(CgHg)2]* was synthesized by heating
TeCly, aluminum powder, AICl;, and benzene in a scaled tube at 135 °C for two days:

TcCly 1 Al - 2CHe — [Te(CoHg ), [AICK]

After hydrolysis of the anion of [ Te(CgHyg)][AICL,], the cation was precipitated as
hexafluorophosphate. The yellow-green, diamagnetic complex salt is stable in air,
acids and bases [617]. Prior to the preparation of ponderable amounts, the cation was
produced by irradiating bis(benzene)molybdenum with thermal ncutrons:

. . ooy B - N
P8Mo(CeHe)o]* == [PPMo(CqHy )] ® — *Te(CoHe),]

Taking into account the benzene = electrons, [Tc(CgqHg)z]™ attains the electron con-
figuration of xenon. The cation is decomposed in melting Na,0, [618, 619].

Reduction of [Te(CeHg),|[PFs] in 1.2-dimethoxy-cthane with LiAlIH, yields ben-
zene-cyclohexadienyl-technetium(l), [(CgHg)Tc(CeH7)]°. The yellow diamagnetic
compound is easily soluble in hydrocarbons, the solid is air-stable only for a short
time. Fig. 12.90.A shows the proposed structure that was confirmed by 'H NMR and
IR spectroscopy. The low energy frequency at 2752 cm ! was assigned to the C-H(j)
stretching vibration. Reaction of hexamethylbenzene-technetium(I) with LiAIH, pro-
duced the analogous, morc air-stable complex [{Co(CHz)e)Te{Co(CH3)6H}|. ts
reduction with liquid lithium is reported to result in the formation of the dinuclear.
neutral complex of Te(l) [Tc{Ce(CH3)g)2]> [620]. The cations bis(1,3.5-trimethyl-ben-
zene)technetium(l), [Te{Co(CH3)3H3)h| . and bis(1.2,3,5-tetramethylbenzenc)techne-
tium(l), [Tc{Ce(CH;) H,),]*. werc obtained by reacting NaTcQy instead of TeCly
with aluminum powder, AICl;, and the corresponding methylbenzene at 135 °C. The
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Fig. 12.90.A Proposed structure of benzene-cyclohexadicnyl-techne-
H 1% P y
H tium(1), [{CeHg) Fe (Cot1)]° [620).

complex cations were precipitated as hexafluorophosphate salts and identified by
FAB-MS [621].

12.7.6 Compounds containing carbonyl ligands

The pentacarbonyl halides, [Te(CO)sX]°, (X = Cl, Br, ) were prepared by the action of
the halogens on [Te,(CQO)yo)° [622] or by reaction of K[ TeXg] with CO under a pressurc
of 250-270 atm at 230-250 °C in the presence of copper powder to bind the halogens
[623]. To synthesize [Te(CO)sCl]°, [Tea(CO)yg] was dissolved in CCly, previously satu-
rated with Cl, gas at 25 °C. A mixture of [Te(CO)sCl]° and [Tc(CO)4Cl];° precipitated,
which was entirely converted to colorless crystals of | Tc(CO)sCl]° by treating the mixture
with carbon monoxide at a pressure of 1000 psi at 100 °C. [Te(CO)sCl)® exhibits CO
stretching frequencies in the IR at 1991, 2028, 2057, and 2153 em 1. The spectrum is in
agreement with a Cy, structure [622]. [Tc(CO)sCl]° crystallizes in the orthorhombic space
group Pnma with the lattice parameters a=11.17. 5=10.98, ¢=5.78 A, and Z=4624|.

[Tc(CO)sBr]° was prepared by replacing Cl, by Br; dissolved in CCl,. The practically
pure, colorless [1'c(CO)sBr]° was obtained without carbon monoxide pressurization. The
CO stretching bands were found in the TR at 1995,2027, 2056, and 2150 cm™! which again
point to the C,, molecular structure [622]. [Tc(CO)sBr]® is isostructural with
[Tc(CO)sClJ°. The lattice constants are a=11.76, h=11.56, and ¢=6.10 A [624].

The reaction of [Tcz(CO)yp]° in CCl, solution with I, is extremely slow. Direct
action of I, on |Tcy,(CO)y)° at 100 °C in scaled ampules yiclded the dimer
[Tes(CO),1),° which was converted 1o [Te(CO)sI]® by high-pressure carbonylation.
The diamagnetic, colorless compound absorbs in the IR at 2000, 2024, 2055, and 2146
cm~!, again in agreement with C,, symmetry [622]. The temperature dependence of
the [Tc(CO)51{° vapor pressure was determined [627].

Heating the pentacarbonyl halides to 100 °C in air resulted in complete conversion
to the tetracarbonyl dimers within 24 h. The monomers also were observed to lose
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CO slowly when standing in solution at room temperature [622]. The conversion of
[Tc(CO)sX]° does not stop at [Te(CO)4X]-°, but after prolonged boiling in chloroben-
zenc it is said to be completely converted into [L'c(CO);X]4:

Te(CO)sX[° -+ [Te(COY, X" — [Te(CO)Xiy

The tetrameric tricarbonyl halides are greenish-yellow, fincly crystalline com-
pounds adopting a cubane structure with triply bridging halides [625.626].
[Te(CO)sCl]4° crystallizes in the cubic space group /43m with a=10.322(3) A and
Z=2. The structure of the Tc4Cls core can be described as a distorted cube. The short-
est Tc- - Tc distance is 3.84(1) A with no direct Te-Tc bond. The mean Te—Cl, Te-C,
and C-O distances are 2.559(1), 1.903(3), and 1.128(4) A, respectively. The average
Tc-C-0. C-Te-C, and Tc-Cl-Tc angles arc 88.4(1), 178.6(3), and 97.23(2)°. respec-
tively [573]. The dependence of the [Te(CO)sCl|4° vapor pressurc on the temperature
was measured [627]. Gaseous [Tc(CO);Cl]4° absorbs at 210 °C in the IR at 2065 and
1984 cm™, [Tc(CO)3Br|4 at 250 °C at 2063 and 1982 cm™ [628].

The carbonyl streiching frequencies obtained from high resolution IR spectra of
the tetracarbonyl halide dimers of technctium are given in Table 12.21.A togcther
with their assignments. The IR spectra greatly support the Doy, halogen-bridged struc-
ture, which was confirmed by X-ray structure analysis of [Mn(CO)4Br],°.

Table 12.21.A Carbonyl stretching frequencies [cm™'] of the tetracarbonyl halide dimers of technetium,
and their assignments [629,630].

Compound By (a) By, B3, (b) B,

[T(CONCIR® 2119 (w) 2048 (s) 2011 (m) 1972 (m)
[T(COYBrl* 2116 (w) 2046 (s) 2012 (m) 1973 (m)
[T(CO)TTL° 2108 (w) 2042 (s) 2012 (m) 1975 (m)

A technetium tricarbonyl hydroxide |Tc(CO);(OH)],,° was reported to be synthe-
sized by heating KTcO,4 with an excess of formic acid in an autoclave at 170-180 °C
for 3-4 h. The colorless compound was characterized by elemental analysis, the TR
spectrum, and the X-ray powder diffraction pattern [632]. A rhenium compound of
the composition [Re(CO);(OH)]4° exhibits a similar IR spectrum and has a tetra-
meric structurc in which the corners of a cube arc formed by alternating Re(CO); and
OH groups [633].

A unique cubane-type cluster of Te(T) is the compound Na|Te;(CO)g(OCH;),] that
was shown 1o be an intermediate product formed by the incomplete carbonylation of
NaTcQO,4 conducted in CH;OH:

Na’l‘co4C]ﬁ%H Na[Tc3(CO)o(OCH3),

The reaction proceeds at a CO pressure of 90 atm and a temperature of 150 °C dur-
ing 4 days. The colorless crystals are soluble in acetone, acctonitrile, and methanol.
Na[Tc3(CO)o(OCH;)4]-2CH3CN crystallizes in the monoclinic space group £2,/n with
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a=8.526(4), b=17.61(1), c=18.437(9) A, =93.93(4)°, and Z=4. The Na atom is intc-
grated into the cubane structure. Each Tc atom is surrounded by 3 carbonyl groups
and 3 oxygens of the methoxy group in a strongly distorted octahedron (Tig. 12.91.A).
The relatively short Na—OCH; bond distances. averaging 2.39 A, inler a strong Na-O
coordination. The compound is not dissociated in mcthanol or acetonitrile into Na*
and [Tc3(CO)o(OCHS;3),]™. The mean bond distances of Tc—O(123)(p5) of 2.19 A are
significantly longer than the other Tc—O bond lengths of 2.14-2.16 A. The carbonyl
C-O distance is about 1.16 A, the Tc—CO distance 1.90 A [634].

The reduction of [TcOCl,] or TcO7 with a 1 M BHj; solution in THF and concomi-
tant carbonylation at 1 atm of CO in diglyme/{n-BugN|Cl resulted in a high yield
production of thc dianion [TcCli(CO);)* which was precipitated as colorless
[NEty]2| TcCl3(CO);). This procedure provides a novel route to synthcsize a variety of
Te(T) carbonyl complexes without high CO pressurc reaction conditions. The halide
ligands of [NEty],[fac—TcX3(CO);] are readily subsituted by other ligands at ambient
tcmperature in various solvents. Reaction of [NEt,],| TeCl1(CO);] in THF with tert-
butyl-isonitrile vielded yellow |TcCl(rert-BuCN)»>(CO)s]°. Substitution of the third
halide is apparently more difficult. [TcCl(rerr-BuCN),(CO)s]° crystallizes in the
orthorhombic space group P2;2,2, with a=6.1348(4), h=9.9930(7), ¢=29.083(3) A. and
Z=4. The coordination geometry of Tc(I) is distorted octahedral with angles closc to
180 and 90°. Chloride and tert-BuCN are trans to CO. The mean Te-CO distance is
1.93 A, the mecan Te—CN distance 2.10 A, and the Tc-Cl distance 2.496(2) A. The sul-
phur macrocycle 1.4,7-trithiacyclononane substitutes all three chlorides of [TceCly

0

Fig. 12.91.A Natrium{enncacarbonyl-tetrakis(ps-methoxy)-tritechnetate(I)}, Na[T¢:(CO)so (OCHs;)4)
[634].



W
W
—

12.7 Technetium(l)

(CO)3]™ at room temperature in diglyme solution [635]. Dinuclear carbonyl com-
plexes of Te(I) containing macrocyclic thioethers of larger ring sizes were synthesized
and structurally characterized [6354].

Recently, the cation [Te(tert-BuCN);(CO);]~ was prepared by rcaction of
[NEt],[TcCl3(CO)s] with Ag™ in agqueous solution, precipitation of AgCl and addi-
tion of ter--BuCN in ethanol to the technetium solution. [Tc!(reri-BuCN);
(CO)3]NO; was obtained in colorless crystals which adopt the orthorhombic non-
centrosymmetric space group Ima2 with a=16.070(2), h=12.028(1), c=12.344(1) A.
and Z=4. The Tc(I) center is coordinated by a fucial arrangement of three carbonyl
and three isocyanide ligands in an almost octahedral gcometry (Fig. 12.92.A). The
average bond distance of Tc(l) lo the isocyanide ligands of 2.088(3) A is signifi-
cantly longer than in [Tc(tert-BuCN)g]* of 2.029(5) A. The mean Ie—CO bond
length is 1.969(3) A, the mean Tc-C-O angle 177.5°. [NEty]o[TcCl4(CO)3] reacts
with 2-mercaptoethanol in H-O/methanol or THF to form the dinuclear compound
[NEt][ T, (1-SCH,CH,OH)3(CO)6)-0.5THF in pale yellow crystals that crystallize
in the orthorhombic space group Phnc with a=16.427(3), b=18.525(4),
€=20.779(2) A, and Z=8. The dimeric anion consists of two fac=Tc¢(CO); units that
are bridged by the sulphur atoms of the three mercaptocthanolato ligands. The six
CO pgroups are in a completely ecliptic conformation. The Te-Te distance is
3.35 A, which is 100 long for a single bond. The most significant deviation from
octahedral geometry is demonstrated in the threec S-Tc-S angles that are only
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Fig. 12.92.A Tris-(tert-butylisonitrile)-tricarbonyl-technetium(I), [ Te|{CNC(CHa)s}:(CO) 5] [636].
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around 80°. The Tc¢-S-Tc angles are 837, The average bond lengths for Te-C and
Te-S are 1.902(6) and 2.513(3) A, respectively [636]. Not too long ago, [NEL],
[TcCl3(CO),] was reacted with sodium bis(diphenylthiophosphoryl)amide in accto-
nitrile to form [Te(CO);{(PhoPS),NICH:CN)|. Tc(I) has a distorted octahedral
coordination geometry with facially arranged carbonyls [636a].

Alrcady in 1965 a series of [Tc(CO);L,X]” compounds (X=ClBr.l) was obtaincd
by reaction of technetium pentacarbonylhalides with various ligands L. Independent
of the reaction conditions always two carbonyls were substituted by L:

Te(CO)sX]° + 2L —VTUC___ Te(CO);L;X° + 2CO
3 3L

ethanol or benzene «

Reactions with isonitriles require benzenc instead of ethanol. The following com-
pounds were prepared and identified by elemental analysis (Table 12.22.A).

Table 12.22.A. Carbonyl substitution compounds | Tc'(CO);L-X]° [623].

Compound Color
[Te(COYP(CHs):}-Cl]” colorless
[Te(CO)5{P(OCHs)5).C1)° colorless
[Te(CO)3{As(Cols):}Cl)° colorless

[ Te(CO){Sb(CHs)sCl” colorless

[ Te(CO)3(4-CsH7N),CL colorless
[Te(CO)5(4-CsH,0N)LCHEP colorless
[Tc(CO)5(CsHsN)-C1]°° colorless
[Te(COYA(C oI TN CI yellow-brown
[Tc(COR(P(CHs):1-Br]° colorless
[Te(COY5(C1aHN-)Br] light brown
[Te(CONR{P(Colls)s}a11° vellowish
[Te(CONR(C ol 1N brown

4 tolylisonitrile, ®4-anisylisonitrile, “pyridine, “1.10-phenanthroline

The undissociated neutral compounds are readily soluble in benzene, diethylether,
and hexane [623].

Technetium pentacarbonylchloride also reacts with thiols by replacing one carbonyl
group and the chlorine to form sulphur-bridged dinuclear compounds:

- o - S0°C s 5 - ~
2T¢(CO)5Cl” + 2RSH 20 [Te(CO),SR3 4 2CO * 2HC
The yellowish complexes are non-clectrolytes and easily soluble in benzene and
chloroform. Mononuclear. brown N,N-dialkyldithiocarbamides of technetium were
obtained by rcacting [Tc(CO)sCl|” with sodium N,N-dialkyldithiocarbamides:

[Te(CO)5Cl° — NaS;CNR, 20C . Te(CO),SHCNR,)°

< acetone *
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'The compounds prepared by the given reactions and identificd by clemental anal-
ysis are summarized in Table 12.23.A.

Table 12.23.A. S-bridged dinuclear complexes [TCI(CO)A,SR]M and mononuclcar N,N-dialkyldithiocar-
bamides [T¢!(CO).(S2CNR5) | [623].

Compound Color
[Te(CO)SCeH;s):* light vellowish
[Te(CO)SCoHs]," light yellowish
[Te(CO)4SCH;)L° yellowish
[Te(CO)LS,CN(CHa), ) vellow-brown
[Tc(COY,S:CN(CaHs )] vellow-brown

[Tc(CO)sCl]° and [Te(CO);[P(Calls)3)-Cl]° react with CO under a pressure of
300-400 atm in the presence of AlCl; to produce the cationic complexes:

Te(CO)5CL° + AICL; + CO GrER [Te(CO)q){ALCL]

[Te(CO)3{P(CeHs)3 }rCli” + AlCI; + €O 202, f1¢(CO), {P(CeHs)3 )] AICL]

Both compounds arce clectrolytes and readily soluble in polar organic solvents. The
carbalkoxo-bis(triphenylphosphine)tricarbonyl technetium complexes were rcadily
formed by reaction of [Te(CO)4{P(CHs)a}2][AICL| with alcoholates:

[Te(CO)4{P(CeHs)3 1 [AIC] - SRO  dleohel
"Te(CO)3{P(CeHs)3},COR|” + AI(OR)y] +4Cl

These ncutral and air-stable complexcs are recrystallized from a mixture of ben-
zene and petroleum cther. Synthesized compounds are given in Table 12.24.A.

Table 12.24.A Cationic carbonyl complexes and carbalkoxo carbonyls of technetium(I) {623].

Compound Color
[Te(CO)6][AICL) colorless
[Te(CO){P(CoHs)s 1] [AICL] reddish

| Te(CO);[P(CeHs)3},COOCH;)” ivory
[Te(CO)5(P(CeHs)aCOOC,Hs)° light yellow
[Te(CO){P(CeHs)1),COOCH,CeHs)° yellow

Halogen-carbonyl-phosphine complexes of Te(T) were also obtained when CO at
1 atm was passed through a refluxing solution of mer-[Tc!'""X;(PMe;Ph);]° in cthyl-
eneglycol methyl ether. The colorless compounds trans-| TeX(CO)s;(PMe,Ph),]°
and cis-[TeX(CO),(PMe,Ph);]° (X = Cl. Br) were isolated. When [Tc'VX,L,]°
(X = Cl, Br, and L = PPh3, PMe,Ph) reacts with CO under the same conditions, the
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exclusively formed products are [TeX(CQO);L.,]°. The diamagnetic complexes, iden-
tified by elcmental analysis, IR, and 'H NMR spectroscopy, are summarized in
Tablc 12.25.A.

Table 12.25.A Halogen-carbonyl-phosphine complexes of Te(1) [637].

Compound Melting W(Te=X) [em™]
point [°C]
trans-[ TeCl(CO)3(PPhs3)-]" 174 (dec.) 278
rrans-[TeBr(CO);3(PPhs)a|° 172 (dec.) 192
trans-| TeCCOY(PMe,Ph), | 100 275
trans-['1'cBr(CO)3(PMe2Ph),]° 122 175
cis-[TeCl(CO),(PMe,Ph)s]¢ 142 (dec.) 272
cis-[TeBr(CO),(PMe,Ph);|° 144 170

Coulometric oxidation of | TeCl{CO),(PMesPh):]° and [TeCl(CO)3(PMe,Ph);]° in
acetonitrile rcvealed the formation of Tc(I11) species. The complex salt [T 'CI(CO)
(MeCN)»(PMe,Ph):|[ClO,]; was isolated and identified [638].

The dicarbonyl-phosphonite-technetium(l) cation [Tc(CO),{P(OEt),Ph},]* was
synthesized by reacting [Tc™Cl,{P(OEt),Ph},][C104] with CO at 50 °C in an ethanol-
ic solution containing diethylphenylphosphonite. The chloride atoms are replaced by
CO. Colorless crystals of trans-[Tc(CO),{P(OEt),Ph};][ClO,] precipitated. Concomi-
tantly the analogous cis-complex was formed and isolated. Cis-|Te(CO),
{P(OEt),Ph}4][ClO,4] adopts the triclinic spacc group Pl with a=17.708(15),
h=13.977(12), ¢=10.185(10) A, a=93.22(8), £1=90.48(9). y=96.13(11)°, and 7Z=2. The
coordination gcometry of Tc(I) is distorted octahedral. The angles around Tc arc
rather close to 90 or 180°. Both Te-CO distances are 1.90(2) A, and the mean Tc-P
distance is 2.42(1) A. The cis- and the trans-complex are diamagnetic, air-stable, and
soluble in polar organic solvents [416].

Refluxing of [Tc(CO)sBr]” in CH;CN and addition of Ag|PFg] yiclded the complex
salt [Tc(CO):(CH;CN);|[PFg], which proved to be a starting material to obtain car-
bonyl complexes of Tc(1) by replacing the labile nitrile groups. The colorless crystals
melt at 138-140 °C. Reaction of [Tc(CO);(CH;CN);3][PF4] with several phenylphos-
phincs in CH,Cl, or CHCIl; gave the compounds fuc-[Tc(CO)3(3-NaO3SC,q
H4PPhy)3][PFe]. [Tec(CO)3(CH3CN)(PPhy),][PEg]. [Tc(CO);(CH3CN)(dppe)][PFe].
and [Tc(CO);Cl(Me,PhP),|, which were structurally characterized by IR spectros-
copy [639]. *Tc NMR spectra of a scries of neutral and cationic Te(I) carbonyl com-
plexes were measured and evaluated [640)]. Also the following compounds (Table
12.26.A) were obtained by reaction of [Tc(CO)sBr]° with z-acceptor ligands L in
cthanol. The structure of the compounds was derived from IR and 'H NMR measurc-
ments [641].
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Table 12.26.A [Tc(CO);BrL,]" complexes [641].

Compounds Melting point [°C] Color Symmetry
fac- [Te(CO);Br(PPhs)s]° 160 (dec.) colorless Cs
fae- | Te(CO);Br(PMe.Ph),|" 130 (dec.) colorless C
fac- [ Tc(CO),Br(dppe)]® 180 (dec.) colorless C,
[Te(CO):Br(PEtPh,),]° 135-140 (dcec.) colorless Cs
mer-| Te(CO);Br(Ph-PCgl1,80:Na-3),]¢ 225 (dec.) colorless Csy
[Te(CO)sBr(py)a]° 190-240 - C.?
fuc- | Te(CO);Br(bpy)]* 275 (dec.) orange C
fac- [Tc(CO);Br(py-aldoxime), |° 192 (dec.) yellow o8
Jac- | Te(CO);Br(py-amidoxime),]° 178 yellow C,
fuc- [ Te(CO);Br(Ph-py-ketoneoxime)|” 187 (dec.) vellow C,
fac- [Te(CO);Br(Me-py-ketoneoxime)]” >300 yellow C
Jac- [Te(CO);Br{zer--BuNC),J° 131 colorless C
fac- [Tc(CO)sBr(cyclohexyl-NC), ¢ 93 colorless C

| TeCl(CO)3(PPh3),]° may also be synthesized by reaction of [n-BuyN][TcYOCl,)
under a stream of CO in a mixture of toluene and acetonitrile containing triphenyl-
phosphine. The air-stable, colorless complex crystallizes in the triclinic space group P1
with a=10.245(1), h=12.744(1), ¢=14.423(1) A, 2=69.42, p=74.89(1), y=81.51(1)°, and
Z=2. Tc(I) cxhibits an almost undistortecd octahedral coordination geometry
(Fig. 12.93.A) with a meridional arrangement of the carbony! ligands. The Tc-P bond
distances of 2.44 A differ only slightly. The carbonyl group located trans to chlorine
shows a shorter Te—~C distance of 1.887(2) A and a longer C-O distance of 1.145(2) A
than the other carbonyl groups with a mean Te—C distance of 1.981 A and mean C-O
distance of 1.124 A. The bond angles around Te(I) arc close to 90 and 180° [642].

[TcCI(CO)1(PPh3);|° was shiown to also be a useful starting compound for substitu-
tion reactions. Chloride, one CO, and one PPh; are rcadily displaced in THF by the
N.N,N-amines, 1.4,7-triazacyclononane (9N3). and hydridotris(pyrazolyl)borate.
{HB(pyz)3}, resulting in the complexes [Te(CO),{(9N3)(PPh;)}]*. and [Tc(CO),{HB
(py2)3}(PPh3)]°. [Tc(CO),(9N3)(PPhy)]Cl- CH50H forms colorless needles crystalliz-
ing in the monoclinic space group P2,/c with a=12.997(5), b=8.680(1). ¢=25.189(5) A,
f=101.13(4)°. and Z=4, while [Tc(CO){HB(pyz)s}(PPh3)]° crystallizes in yellowish
blocks adopting the monoclinic space group Cs/c with a=31.191(8), b=9.7252(6),
c=18.818(5) A, =93.36(1)°, and Z=8. Both compounds have an octahedral core ge-
ometry with the three nitrogen atoms in facial positions [642).

When a solution of n-butyl-lithium in hcxane is added to a benzene solution of
4-CH;C¢H,NH-N=NC¢H,CH5-4(Hdtt), the lithium salt of the bidentate triazenido
ligand is generated. which reacts in situ with mer-[TcCI(CO),(PMe,Ph);]° to produce
the ncutral compound [Tc(CO),(PMe,Ph),(dtt)]°. The orange complex crystallizes in
the orthorhombic space group Phca with a=11.036(2). b=14.657(4), ¢=38.92(1) A, and
Z=8. The coordination gcometry of Tc(I) is roughly octahedral, with the two PMe,Ph
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Fig. 12.93.A Chloro-mer-tricarbonyl-frans-
bis(triphenylphosphine)-technetium(I).
[TcCl (CO)x(PPha);]° [642].

ligands in trans position forming a P~Tc-P angle of 173.80(4)". The maximum devia-
tion from octahedral symmetry is observed in the equatorial plane as a consequence
of the small bite angle N-Tc-N of the bidentatc ligand of 57.2(1)°. The mcan Tc-N
distance is 2.184 A. The two CO groups are in cis-position to each other. In a similar
procedure, the complex [Te(CO),(PMe,Ph)(dpa))’ {where (dpa) = [CsHsN(CMe)
NC¢Hs] } was prepared. The pale yellow compound again crystallizes in the ortho-
rhombic space group P’bca and has the lattice paramcters a=8.954(3). b=16.727(2),
¢=41.435(5) A, and Z=8. Its structurc resembles that of [Tc(CO),(PMesPh)-(dtt)]e.
Other compounds synthesized are orange-yellow [Tc(CO),(PMe,Ph)a(dcet)]® {where
(det) = (4-CICHN(N)NCHCl-4)7}, vellow [Tc(CO)(PMeoPh),(dtf)]° {where
(dif) = (4-MeCH,N(CH)NCsH Me-4)7}. and orange | Te(CO)o(PPh;)»(dtt)]° [643].

Using again #-butyl-lithium in hexane, adding a benzene solution of amido, carbox-
vlato or thiazolato derivatives and reacting their lithium salts with [TeCl
(CO);(PPh3),]° yielded the compounds given in Table 12.27.A.

The compounds are air-stable and soluble in Me,CO, CH,Cl,, and CHCI;. The two
v(C=0) stretching vibrations for cach compound suggest a cis arrangement of the car-
bonyl groups [644].

[Tc(CO),(PPh3)2(4-MeCgHANCHO)J® reacts with excess PhNCS in wet benzene at
reflux to yield [Tc!(CO),(PPh;),{SC(NHPh)S}]° containing a bidentate, monoanionic
dithiocarbamatc derivative. The compound crystallizes in the triclinic space group P1
with a=13.864(5). b=12.842(5), ¢=12.610(5) A. a=103.53(3), /=112.90(3), y=94.52(3)",
and Z=2. The Tc core has a distorted octahedral geometry with trans PPh; groups and
cis CO groups. Selected bond distances arc Te-P 2.443(2) and 2.428(2) A, Tce-S
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Table 12.27.A Amido. carboxylato, and thiazolato carbonylphosphine technetium(Ty complexes [644].

Compound Color v(C=0)[cm™"]
[Te(CO)>(PPh3)2(4-MeC H;NCHO)]® white 1920. 1840
[Te(COY(PPh3)2(4-MeOCH NCHO)]” white 1920, 1840
[Te(CO)(PPhy)-(amty)]° vellow 1920, 1840
[Te(COY(PPhs)a(amty)]” pale yellow 1927, 1850
[Tc(CO)5(PPhy)y(Ph-CHCO)|" white 1935, 1854
[Te(CO)2(PPhs)-(PhCH,CO,)]” white 1935, 1860
[Te(COYAPPha)(CCLCOR) ] pale yellow 1940, 1860

Hamt, = 2-(methylamino)thiazole
Hamt; - 2-(4-methoxyphenylamino)thiazole

2.530(2) and 2.482(2) A, and Tc-CO 1.88(1) A. In addition, the complexes [Tc(CO),
(PPh;),{OC(NHPh)S}]°, [Tc(CO)2(PPh;){SC(OEL)S}°, and [Tc(CO),(PPh;s),
{CHsNC(OE)O}]° were synthesized and characterized [645].

The ncutral complex [1c(CO)>(PPh3),{PhN=C(OEL1)S}]° with the bidentate. mono-
anionic thiazetidine ligand was obtained by refluxing [1¢(CO);CI(PPh3)-]° in THF
with PhNC(OEt)SNa. The white crystals of the complex adopt the monoclinic space
group P2, with a=12.825(5), b=16.713(5), ¢=9.480(5) A, }=94.29(3)°, and Z=2. The
Te(1) environment is distorted octahedral. Again the PPh; groups are in trans position
and the CO groups in ¢is position. The thiazetidine ligand has a bite angle of only
64.7(1)°. The Te-N and Te-S distances are 2.228(5) and 2.529(1) A. respectively
[292].

Another structurally similar complex [Tc(CO),(PPhs),{(CsHNS)N=CHC¢H,0}]°,
containing the Schiff-base chelating monoanionic, bidentate ligand (LH) N-2-hy-
droxybenzylidenc-2-thiazolylimine, was synthesized by adding [Te(CO);CHPPh3),]°
to a boiling THF solution of the lithium salt of the ligand generated i sifu by treating
LH with n-BuLi. Red-violet {Tc(CO),(PPhs)s{(C3HLNS)N=CHCH,O}]° crystallizes
in the monoclinic space group P2,/n with a=17.905(5), b=24.895(4), ¢=9.285(6) A,
B=102.63(3)°, and Z=4. The coordination geometry is distorted octahedral with trans
PPh; and cis CO. The O-1¢c-N bite anglc of the chelate is 83.6(2)°. The chelate anion
forms with Tc(l) a hexa-atomic planar ring. The Tc-O and Tc-N distances arc
2.164(5) and 2.210(7) A, respectively [646].

Reaction of [Tc(CO)»Cl(PPh;):]° with dithio ligands in acetone or THEF under
reflux yielded coloriess or yellowish crystals of N,N-diethyldithiocarbamato-
[Te(CO),(PPh3),S,CN(C-Hs),[°,  ethylxanthogenato-[Tc(CO)>(PPh;3),S,COC,Hs]°,
and dimethyldithiophosphato-[Tc(CO),(PPh3)-S,P(OCH;),]-dicarbonylbis(triphenyl-
phosphinc)technetium(T) compounds which were characterized by *Tc NMR and IR
spectroscopy [647].

Very recently technetium carbonyl triphenylphosphine complexes containing 1.4-
benzodiazepine derivatives were synthesized by reaction of [Tc(CO);CL(PPh;),]* in
refluxing CH,Cly/EtOH with 7-chloro-5-(2-chlorophenyl)-1,3-dihydro-2H-1,4-benzo-
diazepine-2-one-4-oxide (LH) and other derivative ligands. Pale ycllow crystals of the
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complex |Tc'(CO),(PPh;); (L)]'C:HsOH adopt the monoclinic space group P2;/n
with a=12.022(3), h=24.377(4), ¢=17.763(6) A. }=106.45(3)°, and Z=4. The coordina-
tion gcometry around the Tc atom is roughly octahedral with the two PPh; ligands in
trans position and the two carbonyl groups cis to each other:

0
Ppn3

oc/,, \\\\\
c' N §/\

@ @

The maximum deviation from octahedral symmetry is observed in the cquatorial
planc as a consequence of the small bite angle N-Tc-O of only 59.2(1)°. The Tc-N
bond length is 2.214(3) A, the Tc-O distance 2.238(3) A [648].

Technetium-pentacarbonyl-trifluoroacetate, [Tc!(CO)sCF3CO,]°, was obtained by
grinding a mixturc of [Tc(CO)sCl]° with CF3COOAg under a layer of CHCIl;. The
compound sublimes upon heating in vacuum at 60-75 °C and condenses as colorless
crystals, It is stable in CCly solution. Upon reaction of [Tc(CO)sCF;CO5]° with ethyl-
cnediamine (cn) in ethanol two CO groups are replaced and [Tc(CO);CF;COs(en)]”
is formed. Reaction of [Tc(CO)sCl]° with CH;COONa in cthanol is reported to yield
[Te(CO);CH5CO,|° which was transferred into | Te(CO);CH,COs(en)]° upon reac-
tion with ethylencdiamine. The compounds werc characterized by IR spectroscopy
[649].

Grinding of [Tc(CO)sCl]® with the potassium salts of scveral f-diketonates (KL)
under a layer of CCl, induccs the exchange rcaction:

[Tc(CO)sCl* = KL — (Te(CO),L;" + KCI ;- CO

The used f-diketones are acetylacetone (Hacac), trifluoroacetylacctone (Htfa),
pivaloyltrifluoroacetone (Hptfa), and hexafluoroacetylacetone (Hhfa). However, the
complexes [Tc(CO)4L]° are unstable in CCly and gradually convert to the hydrated
tricarbonyl f-diketonates [Te(CO);L]°. The coordinatively unsaturated compounds
scem to exist in the dimeric form. In addition, adducts of tricarbonyl f-diketonates
with amines were obtained [650]:

[Te(CO)sCli° + 2E6,NH + HL ~[Te(CO)L - Et,NH]Y 4+ EtNH - HCl - 2CO

Reaction of [Tc(CO);Br],° with an excess of THF produced the crystalline, prob-
ably dimeric compound [Tc(CO);BrTHF],°. In acetonitrile the analogous complex
[Te(CO):Br-CH3CNJ,* was reported to be formed [651]. The mass spectra of techne-
tium carbonyl compounds were studied extensively [652].
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[Tc(CO);Br(en)]® was structurally characterized, however, no information about
its preparation seems to be accessible. The neutral complex crystallizes in the mono-
clinic space group P2,/n with a=7.013(1). h=13.177(8). ¢=10.736(5) A, fi=101.73(3)".
and 7=4. The coordination gecometry of Tc(l) is a distorted octahedron with Br in
trans-position to one of the carbonyl carbons. The angles OC~Tc-CO and Br-Tce-CO
arc close to 90 or 180°, while the bite angle N-Tc-N is only 77.2(2)°. The Tc-CO dis-
tances arc almost identical, with the mean value of 1.886 A demonstrating the
abscnce of a trans influence. The Te-Br and the mean Tc-N distances are 2.640(1)
and 2.217 A, respectively [573].

In trans-[Tc}(CO)4(PPhs);][BF,]. synthesized from the monohydride complex
[HTc(CO);(PPh;);]° the carbonyl ligands are susceptible to attack by a variety of
nucleophiles. The pale vellow formyl compound [Tc(CO);{C(O)H}(PPhs);]° was
obtained by treating [Tc(CO),(PPh3),][BF4] with LiBEt;H in toluene. Addition of
CH3SO5CF5 to a toluenc solution of the formyl compound yiclded the carbene
[Tc(CO){C(OMe)H](PPh;),][SO5CF;] containing a Te=C bond. Reaction of
[Tc(CO)4(PPhs),]|BF,] with NaOH in MeCN led to the precipitation of the white
hydroxycarbonyl complex [Te(CO)R{C(O)OH}PPh3),]°, while the reaction with
NaOH in methanol or cthanol gave the corresponding white ester complexes
[Te(CO)z(COOR)(PPh;3);|°. The analogous beige colored aryloxycarbonyl complex
[Te(CO)(COOCHLCH;)(PPh3),|® was obtained with the nucleophile KOC¢H,CH;
in THEFE. Reacting the starting material in MeOH with NaN; yielded the cream colored
isocyanate compound [Tc(CO);(NCO)(PPhs),|° [653].

The hydrido-tris(1-pyrazolyl)borato-tricarbonyltechnetium(I} complexes [HB
(C3H;3N);Te(CO)4]" and [HB(3,5-Me-C3HN,)Te(CO);5]° were  synthesized by
refluxing [TeBr(CO)s|° in THF with KHB(C;H;N;); and KHB(3.5-Me,C3;HN,)3,
respectively. [HB(CzH3N;);Tc(CO);]° crystallizes in the trigonal space group P; with
a=11.464(4). ¢=8.091(3) A. and Z=2. The colorless compound Tc(I) reveals a distorted
octahedral coordination geometry and is surrounded by three nitrogen atoms and
threc carbonyl groups in facial arrangement. The symmetry of the molecule is Cs,.
The Te-CO distances of 1.82(3) A are almost identical, as well as the Te-N distances
of 2.12(1) A. [HB(3.5-Mc,C3HN,):Te(CO)5]° adopts the monoclinic space group
P2,/c with a=8.026(3), b=14.081(4), c=18.995(6) A, }=97.51(2)°, and Z=4. The com-
pound has the same molecular structure as [HB(C3HaN3);Tc(CO);]°. Both complexes
were, in addition characterized spectroscopically and by the determination of the
charge distribution within the molccules [654].

When [HB(C3H;3N»):Te(CO);]° in THF solution is irradiated with UV-radiation at
an intensity maximum of 254 nm, a photolytic CO substitution reaction with added
PPh; as a substituent is catalyzed lcading to the compound [HB(CiII3Ny);
Tc(CO),PPh;]° that was obtained as yellow crystals. In a similar procedure [HB(3,5-
Me,CiHN,);Te(CO);]° was reacted with trimethylphosphite, P(OMe)s. yielding
[HB(3,5-Me; C:HN)Te(CO)-{P(OMe)s}]°. The colorless crystals adopt the monoclin-
ic space group P2,/c with a=19.960(4). h=8.180(3), ¢=33.759(5) A. =107.51(2)°, and
Z=2x4. The unit cell contains two crystallographically indcpendent molecules of
somewhat different bond distances and bond angles. Te(l) is distorted octahedrally,
surrounded by three boropyrazolyl nitrogen atoms, two carbonyl carbon atoms, and



340 12 Complex chemistry of technetium-99

the phosphorus atom of the trimethylphosphite group. The Tc-P distance is only
2.299(5) A and the Te-CO distance 1.84(2) A [655].

After UV irradiation of [HB(3,5-Me,CsHN:);Te(CO); ] in THE, the intermediary
compound [HB(3,5-Me,CiHN,):Te(CO),(THF)]? reacts with elemental N to yield
the air-stable Ns-bridged binuclear complex [{HB(3.5-MeaC3HN;)3Te(CO)m)s
(1-N5)]°. The dark brown complex crystallizes in the monoclinic space group C2/%c
with a=20.322(6). b=14.547(4), c=14.270(5) A, /=103.95(2)°, and Z=4, and is readily
soluble in polar and aromatic solvents. Each Tc core has a distorted octahedral envi-
ronment. The Tc-N-N-Tc¢ group is almost linear with a Tc-N-N angle of 174.0(10)".
The hydro-tris(pyrazolyl)borato ligands are in a skew conformation to cach other.
The N-N(;-N») bond distance is 1.160(3) A, which is 0.06 A longer than in elemental
Ns. The Te-N(u-N,) distance is 1.94(2) A. This remarkable compound was addition-
ally characterized by IR, '"H NMR, UV, and MS spectroscopy [656].

Reaction of technetium pentacarbonylchloride with diphenylsulphide or diphenyl-
sclenide in refluxing ethanol results in the formation of the dinuclear Cl-bridged com-
plexes:

2ITe(CO)SCI} + 2(CoHs)2S(Se) — Te(CO)3(CgHs),S(Se)Clj3 =4 CO

which easily rcact with excess tetrahydrothiophene to the dimeric substitution product
[Te(CO);5(SC4Hg)Cl),": however, with excess pyrrolidine by opening of the chlorine
bridge to the monomeric complex [Te(CO);(HNC,Hg)-Cl]° because of its more basic
character. Te(1) is octahedrally coordinated in these colorless to light yellow. diamag-
nctic compounds [657].

An unusual dinuclear complex of Tc(I) containing carbonyl groups is y-[meso-tet-
raphenylporphinato-bis(tricarbonyl)technetium(I), [TPP{Tc(CO);},]°, which was pre-
parcd by refluxing [Tcy(CO)qg]° with meso-tetra-phenylporphine in decalin under
argon. Reddish brown crystals, m.p. 323-325 °C, were obtained, which crystallize in
the monoclinic space group P2,/c with the lattice constants a=11.934(1), b=16.295(1),
c= 11.596(1) A, fi=117.02(1)°, and Z=2. The structure of the complex is centrosym-
mctric (Fig. 12.94.A). The two Tc atoms are bonded to tctraphenylporphyrin, one
above and onc below the plane of the macrocycle. The Tc atoms are located 1.42 A
from the planc and set to once side such that cach Tc is bonded to three nitrogens. The
Te-N(1) distance is 2.16 A, while the Tc-N(2) bonds arc much longer, averaging
2.39 A. The Te-Te distance is 3.10 A. The porphyrin macrocycle is distorted. The
coordination geometry of each Tc is octahedral; each Tc is in addition bonded to three
carbonyls. Other technetium-porphyrin complexes were synthesized by replacing
meso-tetraphenylporphin by meso-porphyrin 1X dimethylester (H,MP). Using a simi-
lar preparation procedure the reaction with [Tcz(CO),y]° yiclded the grecnish brown
solid [(H-MP)T¢(CO),}° and. by changing the ratio of rcactants, the dark reddish-
brown solid [(MP){Tc(CO)s}2]° was obtained. When [(H-MP)Re(CO)s]° was mixed
with [Tc»(CO)0]° and the mixture refluxed in decalin under argon, the unusual het-
erodinuclear metalporphyrin complex [(OC);Tc¢(MP)Re(CO);]° was isolated as a
dark red solid. The compounds were characterized by UV, IR, 'H NMR, and mass
spectroscopy [658-661].
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With the goal of labeling bioactive molecules with ?*™Tc, the tricarbonyl-
dithioether-Tc(I) complex bearing the steroid ligand 3,17f-estradiol was synthesized
and identified recently [661a].

Cyclopentadienyl-tricarbonyl-technetium(I) was prepared by reacting TcCly in the
presence of copper powder with CO under a pressure of 325 atm to yield technetium
carbonylchloride which was then heated in ethyleneglycoldimethylether with sodium
cyclopentadienyl. The sublimable, colorless, and diamagnetic [(CsHs)Tc(CO)s]° melts
al 87.5 °C [662]. Irradiation of the dimeric compound [(CsHs)Mo(CO);],° with ther-
mal ncutrons produced [(CsHs)?™Tc(CO);]° by nuclear transformation of molybde-
num to technetium [663]:

[(CsH5(Mo(CO)3 5 + Neperm -+ [(CsHPMo(CO)3]5 — [(CsHs)?MTe(CO)3° + p

[(CsHs)Te(CO)s]° undergocs a Friedel-Cralfts reaction in CS, with a mixture of alumi-
num chloride and benzoyl chloride under retlux yielding [(CeHsCOCsH4)Te(CO)s5)°
by acylation of CsHs. The colorless, crystalline compound melts at 87.5 °C and was
characterized by IR spectroscopy [664]. Pentamethylcyclopentadienyl-tricarbonyl-
technetium(l). [(7°-CsMes)Tc(CO)s]° is accessible in a simple route by reaction of
Na[Tez(CO)o(OCH;),] with pentamecthylcyclopentadiene, Cs(CH:)sH. The complex
is readily soluble in organic solvents. Na|Te;(CO)y{ OCHj3)4] reacts with benzene/HCl
to form the yvellow complex salt {(#°-CgH,) I'c(CO)3]Cl [634].

Reaction of [Tc(CO)sI]® with lithium cyclopentadienides (LiCp) in THF at room
tcmperature led readily to the formation of cyclopentadienyltricarbonyl-techne-
tium(1) and some derivatives:
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[Te(CONIF — LiCp "2 CpTe(CO); - Lil + 2CO

where Cp = 1°-CsHs, 7°-CsMes. 17>-CsMcy(CH,):NMe,>. The amino group in
[{MeN(CH,)3CsMegfTe(CO)s|° was quaternized by treating the complex with excess
Mel to yicld the complex salt [{Me;N*(CH»);CsMey)Tc(CO);]T, which crystallizes in the
monoclinic space group P2,/c with a=14.081(2), b=9.089(1), c=17.207(3) A, f=91.13(1)°.
and Z=4. The geometry around Tc may be described as a piano stool composed of three
carbonyl groups and the ;°-coordinated cyclopentadienyl ligand with a side chain bearing
the ammonium group. The Tc-C bond distances to the cyclopentadienyl ring carbon
atoms range between 2.275(9) and 2.30(1) A. The mean Te-CO distance is 1.90(1) A.
The OC-Tc-CO angles are close 1o 90°. [(CsMes)Te(CO)3]° reacts easily with NO|PF4]
in acetonitrile to give the cationic nitrosyl complex [(CsMes)Tc(CO),(NO)]~ with the
hexafluorophosphate anion {665].

The complexes [(7°-CsMes)Te(CO)s]°. [(i3-CsMeyEt) Te(CO)s)°, and [(77-CoHy)
Tc(CO);3]° were prepared by reaction of [Te,(CO);9]° with excess pentamethyleyclo-
pentadiene, tetramethylethyleyclopentadiene or indenc at 200 °C. Colorless [(1-
CsMes)Te(CO);)°. m.p. 119-120 °C, crystallizes in the triclinic space group P1 with
a=6.980(1), h=7.854(2). c=12.936(4) A, 2=85.46(2). p=87.57(2), 7=75.32(2)°, and Z=2.
Fig. 12.95.A shows the piano stool structure of the complex. The Tc—C bond distances
to the carbon atoms of the cyclopentadienyl ring vary from 2.276(5) to 2.356(5) A.
The OC-Te-CO angles are again close to 90° and the Te—C-O angles are almost lin-
ear. [(11°-CsMe4Et)Te(CO);]° is also colorless and melts at 55 °C. It adopts the mono-
clinic P2,/m space group with the latticc parameters a=7.050(6)., b=11.300(11),

0

Fig. 12.95.A Pcntamethyl-cyclopentadienyltricarbonyl-technetium(I). [(57-CsMes)YTe(CO);}° [666].
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¢=9.358(8) A, p=94.86(7)°. and Z=2. The light yellow indenyl complex [(n°-
CoH,)Te(CO);]° melts at 57-58 °C and crystallizes in the triclinic space group P1 with
a=6.737(5), b=7.317(6). c=12.281(9) A. 2=97.52(6). f=94.68(6). =109.38(6)". and Z=2.
The core geometries of both compounds are very similar to that of [(;*-
CsMes)1c(CO);]°. All three compounds are air-stable. They were characterized in
addition by TR, 'H NMR, 13C NMR, and UV spectroscopy [666].

The heterocyclic compound i’-tetramethylpyrrolyl-technetiumtricarbonyl [ (MeyCyN)
Tc(CO),|° was synthesized by reacting [TcBr(CO)s|® with excess tetramethylpyrrolyl
potassium (Me,CyN)K in refluxing THF under exclusion of air and water. The compound
[(7-Me4CN)Te(CO)3}]*-HNCyMey, containing one molecule of tetramethylpyrrol, crys-
tallizes in colorless needles in the orthorhombic space group Pra2,. The lattice constants
arc a=20.967(5)., b=11.556(2), ¢=8.741(3) A, and Z=4. [(11>-Mc,CsN)Tc(CO)5}]° also
shows a piano stool structure. The distance Tc-ring center is 1.957(1) A. very similar to
the corresponding distance of 1.944(6) A in [(7°-CsMes) Tc(CO)s}]°. The Te-N bond dis-
tance of 2.167(9) A issignificantly shorter than the average I'c—C bonds to the ring carbon
atoms at 2.32 A. As a consequence of the nitrogen trans effect, one Tc-CO distance is
only 1.84(1) A. The three carbonyl atoms are located in a plane parallel to the ring plane.
The compound is very unstable in air, It was also characterized spectroscopically [667].

Irradiation of a solution of [(CsHs)Tc(CO)s]° and PPh; in cyclohexane with UV radia-
tion Icads to the formation of the complex [(CsHs)Tc(CO),(PPhs)]°. The light yellow-
brown crystals adopt the triclinic space group P1 with a=9.453(5). h=10.699(5),
c=11.679(5) A. 2=75.87(4). p=76.50(4), 7=77.20(4)°. and Z=2. The bond distance of Tc(I)
from the ring center is 1.96(1) A. The distances of T¢c to the ring carbon atoms range
between 2.272(6) and 2.307(6) A. The Te-P distance is only 2.341(1) A. The OC-Te-P
angles are close to 90°. In a similar preparation procedure the complex [(CsMes)Te
(CO),(PPh3)]° was obtained in brown prisms, which crystallize in the monoclinic space
group P2,/c with a=9.470(7), b=15.49(1), c=18.71(2) A. f=101.96(6)°. and 7~4. Its struc-
ture strongly resembiles that of [(CsHs)Tc(CO),(PPh3)]°. IR, 'TH NMR, and UV spectro-
scopic data have been communicated [655].

When [(CsMes)Tc(CO)s]° is irradiated in cyclohexanc with UV light under exclu-
sion of oxygen and water, the remarkable dinuclcar complexes [(CsMes))Tc,
(CO)s]°and [(CsMes),Teo(CO)s]° are produced. The red [(CsMes)aTea(CO)3]° crys-
tallizes in the triclinic space group PI with a=8.823(11), bh=10.172(12),
c=13.590(15) A, 2=71.28(9), f=85.91(9), 3=77.97(9)°, and Z=2. It is stablc in air and in
solution. The Tc-Te core is triply bonded and additionally bridged by three CO
groups (Fig. 12.96.A). 'The Tc-Tc distance is 2.413(3) A. Both cyclopentadienyl rings
are parallel to cach other and to the plane of the carbonyl carbon atoms. The distance
between the cyclopentadienyl ring centers is 6.22(2) A. The rings arc in ecliptic
arrangement, with the CHj; groups bending away from the Tc centers. The average
Te-ring center distance is 2.25(1) A and the Te-CO distance 2.09(1) A. The Te-CO-
Tc angle was found to be 70.7(4)°. From spectroscopic data of [(CsMes),Te (CO)s|°,
it is believed that the compound may have the same structurc as thc analogous Re
complex, that is, the two Tc centers are connected by a Te-Tc single bond and a bridg-
ing CO group. The coordination of each Tc atom is completed by a CsMcs ring and
two terminal CO groups [668].
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Fig. 12.96.A Tris(y-carbonyl)-bis-(pentamethyl-cvclopentadienyl)ditechnetium(I),
[(™-CsMes): Teo(CO)s)° [668).

Recaction of [(#°-CsMes)Te(CO);]° in diethylether with a suspension of LiPh in
benzenc/ether results in the formation of the acyl complex Li[(CsMes)Te(CO),.

C(O)Ph]:
<|o _ 7
| + LiPh |
e —» i wTc -Et,0
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C C !
0 L. O Ph

X-ray structure analysis of the orange-red crystals demonstrated its dimeric compo-
sition [669]. The diamagnetic compound is sensitive to air and water. It is converted at
20 °C into the carbenc complex [(CsMes)(CO),Tc=C(OE{)Ph|® by addition of
[Et;0][BF,] to the melting CH,Cl, solution of the acyl complex:

-2 E1,0, -LiBF,

Li wTC B0 it
o¢” / \c,o CHCh20°C C” / N o
- c/
c I ¢ I m
o Ph o Ph
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The yellow, air-stable, diamagnetic carbene complex cryslallizes in the monoclinic
space group P2,/n with the unit cell constants a=8.468(2), h=22.648(7). c=10.412(2) A,
$=95.72(3)°, and Z=4. The structure rcveals the nearly perpendicular orientation of
the carbene ligand relative to the CsMes ring. The distance T'ce—(CsMes)(center) is
1.966(1) A. The Tc—C-O(carbonyl) angles of 171(2) and 175(2)° deviate significantly
from linearity. The Te=C(carbene) bond distance of 1.97(2) A is considerably shorter
than the Te—C(CsMcs) ring distances, with a mean value of 2.31 A. The carbene com-
pound reacts with BCl5 in pentane at -20 °C to form the cationic carbyne complex
[(CsMe;5)(CO)-Te=CPh|BCl, in high yield:

- —

Te - {BC,O0EY .
L _—
oC’ /\ o Pentane, -20 °C oC~ /\\ ¢
C—Y
C / Et
O Ph Ph

The yellow, diamagnetic compound is thermally rather stable. Reaction of the car-
byne complex in Et;O with NaOCy (Cy = cyclohexyl) gives the carbene complex
[(CsMes)(CO),Te=C(OCy)Ph|*:

—

-NaBCl,
o TC BCl, ————— oTC
o€ /\\C ! E1,0, 20 °C o€ / \C o
OC \Ph C ] Cy

L & O Ph

Addition of P(OMe); to [(CsMes)(CO),Te=CPh|Cl in dichloromethane induces a
carbyne-carbonyl coupling reaction yielding the green, diamagnetic ketenyl complex
[(CsMes)(CO)P(OMe;) TcC(CO)PhCL:

- —

e Ci o WiC =0
ot /\c CH,Cly, 20 °C / \\\/
C (MeO),P \
Ph

Cl

L Phj

The compounds were identified by IR, 'H NMR, and UV spectroscopy [670].

Structural data of T'c(1) complexes are reviewed in Table 12.28.A.



346 12 Complex chemistry of technetium-99

Table 12.28.A Some structural data of selected Te(1) complexes.

Complex Geometry Te-L . Magnetic References
distance |A] property

12.7.1

[Te(CN)o ] octah. - diamag. [579-581]

[Te{CNC(CH3)a)o] octah. 2.029(5) (Te=C) - [582.583]

[Te[CNC(CH;3),COOCH;}]’ octah. - diamag. [584]

trans-| Te[CNC(CHz)a}a(dppe)a|™ octah. 2.034(Te-C) : [588]
243 (Te-P)

trans-|'Te{CNC(CH)3)4(PMe,Ph), | octah. 2.04 (Te-C) - [590]
2.389(Tc—P)

[T]CNC(CHs)a)s(PMe,Ph)]™ octah. 1.97-2.06(Tc-C) [590]
2.403 (Te-P)

[Te{CNC(CHa)3) 1bpy] octah. 1.90-2.04(Te-C) - [591]
2.16 (Tc-N)

Juc-[Tc{CNC(CH;)3}3(CO);]" octah. 2.088 (Te-CN) - [592]
1.969 (Tc -CO)

12.7.2

[Te(dmpe)s]’ octah. 2.40 (Tc-P) diamag. [239]

[TeCl{dppe),|° trig.bipyr. 2.432 (Tc-Cl) - [597]
2.24-2.38(Tc-P)

[Te=C=CHPh(Cl)(dppe),]° octah. 1.861 (Te=C) - [598]

trans-[ Te(11)Cl(dppe)»]° octah. 2.629 (Tc-Cl) - [597]
2.38 (Tc-P)

[Te{P(OCH:)s)s]” octah. - - [600.601]

12.7.3

trans-|TeCl(tpy)(py).]° octah. 2.518 (Te-Cl) - [433]

[Te(phen)s]* octah. - - [603]

[HTe(N2)(dppe):]® octah. 2.05 (Te-N diamag. [606,607]
1.7 (Tc H)
1.359 (Te-P)

12.7.4

[Te(NO)(NH3)4(O11,) > octah. 1726 (Te-NO)  diamag. [541.542)
2.168 (Tc OH,)
2.164 (Tc-NH3)

[Te(NO)Br{(CNC(CH:)3)51° octah. 1.726 (Tc NO) - {608]
2.543-2.582(Tc-Br)

mer-{ Te(NO)Cl(py)s]° octah. 2.129 (Te=Npy) - [610]

1.781 (Tc-NO)
2.37-2.43 (Te=Cl)

[Tc(NO)(PPh3)3(H,)]* octah. - diamag. [613]
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Complex Geometry Te-L . Magnetic References
distance [A] property

cis-| Te(NO)Y(NI;3)(phen),]** octah. 1.739 (Tc-NO) - [614]
211 (TC_Nphcn)
2.175 (Te NH3)

cis-[Te(NS)Cl(phen),]* octah. 1.782 (Tc-NS) [614]
2.387 (Te-Cl)

mer-[Te(NSYCly(pico)s]° octah. 1.73 (Te-NS) - [615]
2.14 (Te-Nyie)

mer-[T¢(NS)Cly(Me,PhP);]" octah. 1.747 (Tc-NS) diamag. |616]
2.448 (Tc-P)

12.7.5

[Te(CeHo)]' diamag. [617-619]

[{Co(CTT3)6} Te{Co(CH3)oH}° - - diamag. [620]

[{Ca(CH3)sHa} Te{Co( CH3):H) - - diamag. [621]

12.7.6

[Te(CO)sX]° - - diamag. [622-624]

[Te(COYX]r® Doy, symmetry — diamag. [622,629]

[Te(CO)CHy° TesClycube  2.559 (Te C1) - [573,627,628]
1.903 (Te-CO)

Na[Tez(CO)o(OCI5),] octah. 239 (Na-OCH;) - |634]
2.14-2.19
(Tc-OCH)
1.90 (Te-CO)

[TeCHCNC(CH3)3}2(CON1° octah. 1.93 (Tc-CO) [635]
2.10 (Te-CN)
2.496 (Te-Cl)

trans-| TcCl(CO)z(PPhs),|° octah. 2.44 (Te-P) diamag. [637.642]
1.89-1.98 (Tc-CO)

cis-[Te(CO){P(OEt),Ph},]* octah. 1.90 (Te-CO) diamag. [416]
2.42 (Tc-P)

fac-[ Te(CO);Br(PPh;).|° C,symmetry - diamag. [641]

[Te(CO)x(IN3)(PPh;)]! octah. 1.86 (Tc-CO) [642]
2.388 (Tc-P)

[Tc(CO)(PMe,Ph)y(dit)]° octah. 2.39-243 (Te-P) - |643]
2.184 (Te-N)

[Te(CO)(PPh;),{SC(NHPh)S}}° octah. 2.48-2.53 (Te-S) - [645]
1.88 (Te- CO)

[Te(CO),(PPhs)o{PhN-C(OE)S}]°  octah. 2.529 (Tc-S) - [292]
2.228 (Te-N)

[Te(COY(PPhs )} (CsNaNS)N= octah. 2.164 (Tc-0) |646]

CHCI1,0}]° 2210 (Te=N)
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Table 12.28.A Continued.

Complex Geometry Te-L . Magnetic References
distance [A] property
| Te(CO)3Br(en)]” octah. 1.886 (1c-CO) - [573]

2.217 (Te-N)
2.640 (Fe-Br)

[HB(C3H3N )3 Te(CO)5)° octah. 1.82 (Te-CO) - [654)
2.12(Tc N)

[HB(3.5-Me,C3:HN,)Te(CO), octah. 2.299 (Tc-P) - [655]

{P(OMe);}] 1.84 (Te CO)

[(1#-N2){HB(3,5-Me,C3HN,);Te octah. 1160 (N-N)(u-N-) - |656]

(COX)a)° 1.94 (Te-N)

[Te(CO)3(CeH=)SCl° octah. - diamag. [657)

[TPP{Tc(CO);}5]° octah. 2.16-2.39 (Te-N) - [658 661]
3.101 (Te-Tc)

[CpTe(CO)]° - diamag. [662.663]

[MesN(CH.);CsMe  Te(CO)s]" piano stool 227 230 (Te—Cep) - [665]
1.90 (Te-CO)

[(17-CsMes) Te(COY,(NO)]* - - - [665]

[(17-CsMes)Te(CO) )" piano stool 228-2.36 (Te-Cep-) - [666]

[(11P-CoH7 Y Ie(CO);]° piano stool 228 236 (Te—Crug) - [666]

[(11-CMeN) 1¢(CO);]° piano stool 1.957 (Tc-Pyr*) - |667]
2.167 (Te-N)

[CpTe(CO)(PPhy))° piano stool 1.96 (Tc -Cp) - |655]

2.27-2.31 (Te-Cyp)
2341 (Te-P)
[(11>-CsMes)y e (CO)a° piano stool 2.413 (Tc-Tce) - [668]
ccliptic 2.25 (Te-=Cp*)
2.09 (Tc -CO)

[(7°-CsMes)(CO); Te=C(OEt)Ph)°  piano stool 1.966 (Tc-Cp*) diamag. [670]
1.97 (Te-C)
2.26-2.35 (Te-Cepr)
[(#7-CsMes)(CO); Te=CPh|* - - diamag. {670]
[(1™-CsMes)(COYP(OMe)TcC - - diamag. [670]
(CO)Ph|*

12.8 Technetium(O)

Only a few complexes of technetium in the zero oxidation state are known. and are
cxclusively formal derivatives of ditechnetium decacarbonyl. Heteronuclear decacar-
bonyls have been synthesized in which one Tc nucleus is substituted by Co, Mn, or
Re. The carbonyl groups in [Tc,CO4]° were partially or completely replaced by PF3
or one CO group could be substituted by a carbenc ligand. Also, the butadicne-
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bridged ditechnetium octacarbonyl has been synthesized and characterized. The coor-
dination gcometry of the Tc¢(O) compounds is distorted octahedral.

Ditechnetium decacarbonyl, [Te,(CO),0]°, was first prepared in 1961 by reaction of
Tc,O7 with CO in a copper-plated autoclave at 220 °C for 20 h under a pressure rising
from 3000 psig (25 °C) to 5100 psig [671], or at 275 °C for 12 h under 250 atm as mca-
sured at 20 °C [672]). More recently, [Tc,(CO)q0]° was obtained with a yield of more
than 70 % when NH4TcO, in THF was reacted with sodium amalgam in an autoclave
at 120 °C for 72 h under a CO pressure of 100 atm |665]. Starting with NH,TcQOy, in
toluenc and simply reacting with CO at 200 °C for 4 h under a pressurc of 90 atm
gives a yield of even 96 % [673]. The colorless diamagnetic crystals of [Teo(CO) )¢
melt at 159-160 °C [671]. They adopt the monoclinic spacc group [2/a with a=14.65,
h=7.18. ¢=14.93 A, =105.6°, and 7=4 [674]. The measured density is 2.11 glem® [675].
The dimeric molecule has approximately D4y symmetry with octahedral coordination
about each Tc atom. such that the two sets of four equatorial carbonyls are in a stag-
gered configuration (Fig. 12.97.A). The Te-Tc bond distance is 3.036 A. The apical
Te—C distance of 1.90 A is shorter than the equatorial Te-C distance of 2.00 A, while
the apical C-O distance is 1.20 A and the equatorial C-O distance 1.12 A. The equa-
torial carbonyls are bent away from the apical carbonyl by an average value of 3.8°.
The Tc atom is displaced by 0.13 A from the mean plane of the four equatorial carbon
atoms in the direction of the apical carbonyl ligand. The Tc—C-O angles arc almost
180° and the adjacent C-Tc—C angles are close to 90°. The axial C-Tc-Te angle is
177.3° [674]. The calculation of the electronic structure of [Tc(CO)yy]° was underta-
ken using the extended Hiickel molecular orbital method. The Tc-Tc bond encrgy
was computed to be 3.14 kcal'mol™ [676]. The IR spectrum was mcasured in the
region 3000-290 cm™' and the absorptions were assigned [677]. From IR and Raman

I °
c
A
o==c- /n c=0
........... Cl .
&
P Te e
L - / \C -
o%c: ............. . .\.\\O
”l Fig. 12.97.A Ditechnetiumdecacarbonyl,
o [Tea(CO) ) [674].
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data the equatorial and the axial C-O force constants of 16.642 and 16.316 mdync-A !,
respectively, were calculated in a C-O factored force field [678]. The ¥”Tc NMR spec-
trum of [Tea(CO)g]” in CgDg reveals a single line at 6= —2477 ppm vs TcOy, demon-
strating the two Tc atoms to be also magnetically equivalent [679).

The heteronuclear decacarbonyls [ TeMn(CO)y)° and [TcRe(CO),y]” were synthe-
sized by reaction of a pentacarbonyl anion with the respective pentacarbonyl bro-
mide:

Mn(CO)s™ 4 Te(CO)sBri® —+ TeMn(CO)Yy +Br -
"Mn(CO);5]" 4 [Re(CO)sBr;” -- TcRe(CO)yq)” + Bro

A solution of [Mny(CO)yol® or [Tca(CO)yol° in THF was reduced with excess
sodium amalgam to produce the pentacarbonyl anions to which the corresponding
pentacarbonyl bromide in THF was added slowly. [TeMn(CO)0]° and [TcRe(CO)4]°
werc rcadily scparated on nonpolar columns by gas chromatography from by-products
and were identificd by IR spectroscopy and mass spectrometry. The carbonyl stretch-
ing frequencies for the metal and mixed metal decacarbonyls of Mn, Tc, and Re are
compiled in Table 12.29.A.

Table 12.29.A IR carbonyl stretching frequencies [em™ ] of homo- and hetero-nuclear decacarbonyls of
the subgroup VI1I clements [680].

Compound vy (C-0) [em™]
[Mns(CO),o]° 2044 2013 1983
[Tex(COYyol? 2065 2017 1984
[TeMn(CO)y,y)° 2051 2024 1979.1975
[Rex(COYyo)” 2070 2014 1976
[MnRe(CO) ]° 2054 2017 1978
[TeRe(CO)o)° 2067 2017 1979

The technetium-cobalt carbonyl [TcCo(CO)o]° was prepared in a similar procedure
by reacting [Tc(CO)sBr] with the tetracarbonyl cobaltate anion [Co(CO),}~ in THF:

[Ic(CO)5Br}® = [Co(CO),!  — [(CO)sTc — Co(CO),° + Br-

[Co(CO)4]~ was obtained by reduction of [Co(CO)g)® with a liquid sodium-potas-
sium alloy. [TcCo(CO)y)° forms yellow crystals which are soluble in common organic
solvents. It was identified by its TR spectrum which was compared with the spectra of
the analogous compounds {MnCo(CO)s]° and [ReCo(CO)y°. The IR absorptions of
[MCo(CO)y]° (M = Mn,Tc,Re) were assigned and the stretching force and interaction
constants calculated [681,682].

Substitution reactions of [ Tcy(CO);p]° with PF; were observed under thermal con-
ditions at 110 °C and under photolytic conditions at room temperaturc using a 450 W
medium-pressure mercury lamp. Thermal reactions produced compounds with up to
six of the carbonyls replaced by trifluorophosphine, photolytic reactions yielded prod-
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ucts in which up to cight of the CO groups were substituted by PF;. Disubstituted
axial and equatorial products are rcadily formed [683]. Technetium mctal vapor,
obtained by cathodic sputtering of the metal. reacts in a krypton aimosphere with a
matrix of PF3 cooled to 77 K. The white compound isolated by sublimation was iden-
tified by elemental analysis, IR and mass spectrometry to be [Tc,(PF3)yy]°. It is stable
at room temperature, decomposes in basic solution and hydrolyzes slowly in air. The
vapor pressure of [Tca(PF3)10]” at 293 K is 71072 Pa [684].

[Tco(CO)yo]° in diethylether reacts with organolithium compounds LiR (R =
C¢H;,CH3) according to

[Tca(CO) o) + LIR — [(OC)gTe, C(OLi)R]®

Subscquent methylation in water with [Me;O|[BF,] affords the carbene complexes
[(OC)eTe,C(OCH;)CHs]° and [(OC)gTc,C(OCH;3)CH;]°. Both compounds were
extracted with ether and isolated as diamagnetic, volatile, crystalline solids which arc
air-stable, but readily oxidizable in solution. The yellow-orange phenyl methoxycar-
benc complex melts at 88 °C and the ycllow methylmethoxycarbene complex at
103 °C. Both compounds were characterized by 'H NMR and IR spectroscopy. The
CO stretching frequencies indicate the equatorial position of the phenylmethoxy and
methylmethoxycarbene ligands in the technetium-carbonyl structure [685].

UV photolysis of [Tco(CO)qo]” in pentane at 20 °C in the presence of butadiene
yields the complex [(1-C4Hq)Tca(CO)g)°. The yellow-green crystals adopt the mono-
clinic space group P2;/n with a=7.469(4), b=13.070(7), ¢=15.65(1) A. }=92.63(6)°, and
7=4. The compound is isostructural with the corresponding butadienc-bridged com-
plexes of manganese and rhenium. Two Te(CO), units are combined by a Te-Tc bond
and the butadicne molccule in the s-trans-confliguration (Fig.12.98.A). As a conse-

0

Fig. 12.98.A y-trans-butadicn-ditechnetiumoctacarbonyl. [(u-Cyl1s)Tea(CO)g]° [686).
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quence of the butadicne bridging, the Te-Te bond distance is lengthened to 3.117(1)
A compared 10 3.036 A in [Tes(CO) ;0] . Also the equatorial CO groups are no longer
in a staggered configuration with a twisting angle of 45°, but arc twisted by only 12.1°.
‘The mean axial Te-CO distances are 1.896(8) A. whilc the average equatorial Te-CO
distances of 1.982(9) A are significantly longer. The mean Te—C(butadicne) distance
is 2.390(8) A. The axial Tc—Tc—C angles arc close to 180° [686].

Tc(O) complexes are revicwed in Table 12.30.A.

Table 12.30.A Some structural data of selected Te(Q) complexes.

Complex Geometry Te-L . Magnetic References
distance [A] property
12.8
[Te(CO)ol° octah. 3.036 (Tc-Tc) diamag. [671 679]
1.90 (Te-Cyuy)
2.00 (Te-Cey)
[TeMn(CO)y0)" octah. - - [680]
[TeRe(CO),0)° octah. - [680]
[TecCo(CO)o}* octah. - - [681.682]
[Tea(PF3)10)° octah. - - [683,684]
[(OC)yTe,C octah. - diamag. [685]
(OCH3)CeHs)®
[(#-C3Hea)Tea(CO)x octah. 3.117 (Te-Te - |686)

1.896 (Te-Cy)
1.982 (Te Ceq)

12.9 Technetium(-I)

Evidence for Te(-1) in complex compounds appears in the synthesis of the carbonyl anion
| Te(CO)s] . the carbonyl hydride [HT¢(CO)s]°, and the heteronuclear carbonyl anion
[ TcFe;(CO) 2]~ Their existence was suggested by a comparison of their IR absorption
bands with those of the corresponding compounds of manganese and rhenium, howcever,
no structural determinations or magnetic measurements were reported.

When freshly sublimed [Tc(CO)jg]? in dry THF was reduced with 1 % Na-amal-
gam at 0 °C, a reddish coloration of THF with evolution of CO was observed. The IR
speetra of THF solutions showed two strong bands at 1865 and 1911 cm™!, A compar-
ison of these bands with those from solutions of [Mn(CQO)s|™ indicated the presence of
[Te(CO)s]~. The action of Na-amalgam on [Re(CO);0l° also led to [Re(CO)s], with
strong IR absorptions in THF at 1864 and 1910 cm™ [622].

After removal of THF from [Te(CO)s] solution and addition of cyclohexane, the
heterogeneous mixture was treated at () °C with an cxcess of thoroughly degassed
H;PO,. During this acidification, H, was evolved indicating formation of
I1c,(CO)o)°. In a distillate two principal carbonyl absorptions at 2015 and 2021 cm™!
and one strong band at 685 cm ! were observed in cyclohexanc. These bands were
assigned to [HTe(CO)s]° in analogy to IR absorptions of [HRe(CO)s]® at 2006, 2015
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and 683 cm . The bands at 683, respectively 683 cm™, are reported to be most likely
the metal-hydrogen deformation frequencics [622.631]. When diethyl ether is used in
place of cyclohexane during the acidification step, the yield of [HT¢(CO)s]® was found
to be much higher [687].

The anion [TcFe.(CO)z]- was synthesized by irradiation of a solution of
[Tc,(CO)yp|° and [Fe(CO)s]° in THF under a dry nitrogen atmosphere with a high-
pressure mercury arc lamp. The solution went from almost colorless to very deep red-
violet after extended irradiation. Addition of [(C>Hs)4N]Br in ethanol to the solution
gave the salt [(CoHs)N][TcFea(CO)pz]. The IR spectrum of the salt in THF was
remarkably similar to the spectra of the analogous manganese and rhenium com-
pounds in the carbonyl stretch rcgion. The formation of the triangular anion
[TcFea(CO) 2] is favored in polar solvents like THF or dicthyl ether. The anion is
proposed to c¢xhibit an [Fes(CO)y,]-like structure, in which one [Fe(CO)4] moicty is
replaced by a [Tc(CO),] group [688].

Data of Tc(I-) complexes arc given in Table 12.31.A.

Table 12.31.A Complexes of Te(I-).

Complex Structure Te-1. . Magnetic References
distance [A] property

[Te(CO)s|" - - - [622]

[HTc(CO)s)° - - - [622,631]

{TcFea(CO)) 2} triangular - - [688]
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1 Introduction

For more than three decades *™T'¢ radiopharmaceuticals have been used for diagnos-
tic purposes in nuclear medicine via imaging of internal organs by single photon emis-
sion computed tomography (SPECT) or planar scintigraphy. The aim of the diagnostic
application is the detailed description of the morphologic structure of organs and
above all the testing of their physiological function through the accumulation of
9mTe, which is predominantly a stoichiometric component in complexes with organic
ligands or somctimes in inorganic compounds. Also macromolecular biomolccules,
which are not stoichiometrically labeled with “*™Tc. have been used as radiopharma-
ceuticals. Like other radiodiagnostic species, "*™Tc radiopharmaceuticals are applicd
in minimal concentrations, in the range of 10 5 to 10% M, with no intension of any
pharmacological effect {1].

On average, over 80 % of radiopharmaceuticals applicd world-wide in clinics are
labcled with °*™1'c. Because of the almost optimal nuctear propertics of "™ Tc, as well
as its convenient and low cost production by means of commercial generator columns,
9"mTe radiopharmaceuticals are generally preferentially applicd. The half-lifc of
9mTc of only 6 h and the almost negligible tissue damaging radiation [2} allow the
injection of activities of more than 30 mCi (1110 MBq) with low radiation exposure of
the patient [3]. The half-life is, however, long enough to perform the labeling synth-
eses and the scintigraphic measurements without significant losscs in activity. First of
all, the energy of the emitted photons of 140 keV is sufficient to study even organs
that lie deep in the body. Second, photons of this energy can be collimated using lead
collimators with relatively low wall thickness and can be detected cffectively with
Nal(T1) scintillation counters [4]. ?Tc, the decay product of *™Tc, is a pure i~ emitter
with a half-life of 2.1-10° a and does not contribute noticcably to the radiation expo-
sure.

The versatile chemistry of the transition element technetium, as apparent from the
multitude of compounds in a large number of oxidation states, is an advantage for the
synthesis of appropriatc *™T¢ radiopharmaceuticals. However, in gencral. the Jabel-
ing requires the complexing of *™Tc with ligands containing suitable functional
groups. Mctabolizable biomolecules must be functionalized as complexing ligands,
and as a result suffer a change in their biochemical propertics, particularly through
coordination to the central technetium atom. Conscquently. the use of ™Te com-
plexes with ligands without biomolecular character has been more successful to date.
Nevertheless, the labeling of biomolecules with ™ Tc to prepare macromolecular tra-
cers is of great significance, for instance for the labeling of blood cells. monoclonal
antibodies or receptor-binding molecules.

The development of " Te¢ radiopharmaceuticals is generally focused on complexes
whose ligands are choscn under consideration of the expected lipophilicity, charge.
kinctic inertness, and structure of the compound. Thermodynamically stable com-
plexes may be reactive when administered in the blood of patients and the complexing
ligands could be substituted by various enzymes. proteins or metabolites. Therefore,
kinctic inertness is an important requirement. For specific syntheses, knowledge of
the relationship between molecular structure and organ distribution is necessary. Mo-
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lecular structures are, however. only analyzable on weighable compounds that are
obtaincd by synthesis of a model radiopharmaceutical with the long-lived nuclide
“Te. Its structure will be determined with standard methods uscd in complex chemis-
try. After adapting the synthesis procedure for the *Tc compound in a modified form
to the analogous "”"Tc¢ compound, the same structurc of the radiopharmaceutical can
be confirmed by radiochromatographic techniques (HPL.C, TLC) and electrophoresis.
However, the structure of several *"MTe radiopharmaccuticals, which have been suc-
cessfully applied for some decades, have still not been characterized [1}. A pumber of
reviews and books dealing with ?™[¢c radiopharmaceuticals has appeared in the last
len years [1.4-14].

2 Generation of 99mT¢

99mTe is available through the fi~-decay of *”Mo (Fig. 2.1.B), which can be obtained by
irradiation of natural molybdenum or enriched **Mo with thermal neutrons in a
nuclear reactor. The cross section of the reaction **Mo(np,.7)°**Mo is 0.13 barn [15].
Molybdenum trioxide, ammonium molybdate or molybdenum metal are used as tar-
gets. This so-called (n,y)-molybdenum-99 is obtained in high nuclidic purity. However,
its specific activity amounts to only a few Ci per gram. In contrast, Mo with a specif-
ic activity of more than 10* Ci (3.7-10% MBq) per gram is obtainable by fission of 2*UJ
with thermal neutrons in a fission yield of 6.1 atom % [16]. Natural or *U-enriched
uranium, in the form of metal, uranium-aluminum alloys or uranium dioxide, is used
for the fission. The isolation of *Mo requires many scparation steps, particularly for
the separation of other fission products and transuranium clements that arc also pro-
duced.

The nuclide **Mo decays with a probability of 87 % to Y*™Tc, which decays almost
quantitatively by isomeric transition with a half-life of 6 h under emission of 140 keV
photons to the ground state **#Tc. The loss of photons duc to internal conversion is
reported to be about 10 % [16]. Only 4-10* % of the decays of **™Tc leads under f3 -
cmission directly to stable *Ru.
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Fig. 2.1.B Generation and decay of *™Tc and *#Tc [2]
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99me is separated from Mo mainly by column chromatography, and only for spe-
cial cascs by sublimation processes or solvent extraction. The development of the first
chromatographically functioning “*™Tc generator succeeded as carly as the late 1950's
at Brookhaven National Laboratory, U.S.A. [17]. A historical perspective on "*™Te is
presented in [18]. Currently, acidic aluminum oxide with anion exchange properties is
used as the column packing material. Mo is bound as *MoO3™ at the top end of the
column, while ¥™T¢ can simply be eluted as mononcgatively charged *"TcQ; with a
physiological (0.15 M) sodium chloride solution. ™TcOj is regencrated on the gen-
erator column by *’Mo decay.

The "™Tc activity Ay formed after the time ¢ as a percentage of the activity Ay, of
the parent nuclide *”Mo can be calculated according to the cquation

AT 8 i | — g_()-'l‘_;-M)t
Ay =iy ( )

where 6 = 87.2 % is the branching ratio, that is the probability of the decay of *Mo
into “™Tc, 4y = 0.1155 b is the radioactive decay constant of the daughter nuclide
99mTe and /iy = 0.0105 h ! that of the mother nuclide “Mo. As an example, 24 h after
clution of the generator column, the activity of ®™Tc is already 88.2 % of that of
Mo (Fig. 2.2.B). For imaging and functional testing of organs in human bodics about
0.5 to 30 mCi (18.5 to 1110 MBq) **™Tc arc needed. which corresponds to a maximum
of 6 ng.

The gencerator cluates have to be sterile and pyrogen free, and their nuclidic purity
must conform to the demands of the European Pharmacopoeia. Under the assump-
tion that ®™Tc is applied within 12 h of the elution, the upper limits per mCi *™Tc
obtained from **Mo by fission of 23°U are given in Table 2.1.B.
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Fig. 2.2.B Production of the **™Tc¢ activity in the system *Mo/™T¢
column (1]

after clution from the generator
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Table 2.LB Upper limits of nuclidic impurities per mCi "™ 'c [19].

Nuclide Activity Half-life
“"Mo 1 1Ci (3.7-10% Bq) 66.02 h
103Ry 50 nCi (1.85-10° Bq) 39.35d
131 50 nCi (1.85-10° Bq) 8.04 d
all other y-emitters together 100 nCi (3.70-10° Bg)

Sy 0.6 nCi (22.2 Bq) 5055d
NSy 0.06 nCi (2.22 Bq) 28.5d
cach x-cmitter 1 pCi (3.7- 107 Bg)

3 Imaging of organs

9mTe, injected into the body. depending on its chemical form and its molecular struc-
ture, should accumulate in the organ to be investigated, and emits 140 keV 7 quanta
that permit the imaging of the organ using planar scintigraphic or emission tomo-
graphic processes. The imaging of the spatial distribution of **Tc in the organ pro-
ceeds through the focusing of the gamma camecra on sections or planes. The camera
head moves circularly or elliptically around the patient, while the rotation axis coin-
cides with the longitudinal axis of the body. Within the reconstructed layers, the
obtainable resolution, under favorable measurcment conditions, amounts to about
7 mm. The resolution is particularly dependent on the collimator and the distance
between collimator and object [20].

The lead collimator has many holes that are parallel in most cases. The collimator
shiclds the detector from background radiation. The image resolution of the collima-
tor improves with decreasing hole diameter and increasing length (>5 cm) of the bore.
Collimators in gamma cameras for the detection of the 140 keV 7 quanta of **™Tc
have up to 40 000 bores, hole diameters from 1 to 2 mm, and lead septa with a wall
thickness of 0.25 mm [21.22].

The detector is a Tl-activaled Nal single crystal of about 0.6 cm thickness and over
25 cm in diameter. Thicker crystals have, on the one hand, the disadvantage that mul-
tiple interactions can occur, which reduce the image resolution. On the other hand,
the detector sensitivity increascs with growing thickness of the crystal.

The development of high-resolution SPECT cameras for brain imaging has pro-
cceded to multiheaded units, which provide multiplane, total body imaging, and to
dedicated brain units, which usually provide one-to-three-slice non-continguous im-
aging in a transverse planc. 3D-SPECT systcms with three heads, which can be
used to image all body organs, may obtain a 360° view with only a 120" rotation.
Such systems reduce the total acquisition time to 10-15 min. They potentially
improve cortex resolution to 5 mm and brain center resolution to 7-8 mm. Much
more common than the multiheaded rotating camera systems are the multidetector
one-to-three-slice dedicated brain systems. Further development of high-resolution
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fan-bcam or slant-hole collimators and more sophisticated software has increased
image contrast [23].

4 Synthesis aspects and requirements

The development of "™Tc radiopharmaceuticals of known composition and struc-
ture requires the synthesis and characterization of conceptional compounds with
long-lived **Tc. Milligram or cven microgram quantities of “*™Tc¢ could hardly be
handled experimentally due to the short half-life of 6 h and the enormous radioac-
tivity. Only 0.1 mg Na”™TcO, has an activity of 270 Ci (107 MBq). In contrast,
50 mg Na??®TcO, with an activity of 0.45 mCi (160 MBq) can be handled readily
in a well-ventilated fume cupboard without any special radiation protection except
for following generally accepted practices of radiation protection. The weak [~
radiation (Fy,x = 0.29 MeV) is largely shielded by the glass walls of standard lab-
oratory vessels [24].

The starting material for the synthesis of °**™Tc radiopharmaccuticals is Na”*™TcQ,
which is available after clution of the gencrator column with physiological saline, that
is, 0.15 M aqueous NaCl solution. The concentration of *™TcOjy in the eluate is about
50 to 500 mCi (1.85-103 to 1.85- 10* MBq) per 5 ml, corresponding to 2-1078 to 2- 1077
M. Saline **™TcO; can be applicd as such for thyroid and brain imaging, however, for
brain imaging only then, when the blood-brain barrier (BBB) is not intact [25]. The
synthesis of the other ™Tc radiopharmaceuticals requires the reduction of TcO; in
the presence of appropriate complexing ligands.

A variety of reducing agents can be used for the reduction of "™ TcOj . Transition
metal ions such as Ti*', Cr?*, Cu', and Fe?*, which tend to form complexes, should be
avoided. since they could compete with “*™Tc for ligands. Equally unsuitable are oxa-
late, formate, hyroxvlamine or hydazine which may form undesired complexes with
9mT¢. Even when using the common reductant Sn(11), technetium was shown to form
the heteronuclear Te-Sn-dimethylglyoxime complex [Te(DMG)3(p-OH)SnCl3]° upon
reduction of TeO, with SnCls in the presence of dimethylglyoxime [26, 27]. As report-
ed recently, stannous ions can be cffectively and conveniently used for the reduction
of ¥™TcQ;, in the preparation of **™Tc radiopharmaceuticals, when Sn(I1) is chelated
by a resin containing functional aminophosphonic acid groups. The *’™T¢ imaging
agents were shown to be almost free of Sn(ll) and the reducing capability of the resin
was quite stable despite long-term storage [28]. The potentials vs the standard hydro-
gen electrode of several suitable redox systems for the reduction of ’™TcO7 arc given
in Tablc 4.1.B. Numerous complexing ligands can simultaneously act as reducing
agents,
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Table 4.1.B Standard elcctrode potentials £h of redox systems [29] for the reduction of *’™TeQ,

Medium Redox System Eh[V]
$,03 F3H,0 ¢» 2H,S0, 24 e 0.40
Sn?' <> Snt r2e 0.15

acidic $,0¢" 21,0 & 2803 +4H" 42¢” -0.22
H5PO4 +H,0 & H1PO, 12H" ~2¢” -0.276
PO, +H,0 > H3PO;4 w21 e -0.50
[Sn(OH)4|~ :30H™ & [Sn[OH)J +2e -0.90
SO3 +20H < SO3 -H.0 Qe -0.936

basic HPO4 +3011 <> PO; +2H,0 +2¢” -1.12
8,07 ~40H™ & 2S03” +211,0 +2e -L12
BH, +80H & H,BO; +5H-0 8¢ -1.24
H,PO, +30H > HPO3 12H.0 12¢” -1.570

The controlled-potential electrolytic reduction of "TcO, at chemically inert elcc-
trodes, for example at Hg or Pt cathodes, is also applicable. It often permits the reduction
to defined oxidation states in 5 to 10 min and avoids the addition of reducing agents which
cause impuritics in the radiopharmaceutical solution [30]. Electrolytic reduction has
found little application in chemical practice, since it requires more equipment.

The synthesis of the radiopharmaceutical should procced in one step directly after
elution of ®™TcO; from the generator column and must be performed in a solvent
which is appropriate for intravenous injections, such as physiological sodium chloride
solution. The reagents used should be non-toxic and the injected solutions must be
sterile and pyrogen free. *™Tc should occur quite predominantly in the expected
chemical form and molecular structure, that is, the so-called radiochemical purity
should cxceed 90 % to ensurc the highest possible organ specifity. Usually, the con-
centrations of the reagents (ligand, reductant) are much greater than the concentra-
tion of "TcO;. Then a pscudo first-order reaction for the formation of the radio-
pharmaceutical is to be expected:

(l-err()gct:l_ _ d [T“LLO;_] —k ]—gngCO;]
de d - 4.
k is the specific rate constant. The time ¢ necessary for completing 99 % of the reac-
tion

is a function only of the pseudo first-order rate constant k& and not of the #™TcO,
concentration [3].

In addition to the physical half-life 1,5 = 1,y 0f *™Tc, the biological half-lifc f, is
of importance. The latter indicates the time, regardless of radioactive decay. at which
the activity of the radiopharmaceutical in the body has decreased to onc-half by biolo-
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gical climination. Naturally. r,, depends on the specific radiopharmaceutical. The so-

called effective hall-life . follows from f,,y and 1y, according to the equation
Iphys-Ibio

leff — [_pli_\:s e

Considering the exposure of the patient to radiation, f.¢ should not be any longer
than it takes to carry out the required diagnostic investigations [14]. The value of 7. is
always less than the shorter of the two half-lives f5p and . For 9mTe radiopharma-
ceuticals fyip < lphys 18 valid throughout, and the biological half-life is frequently small-
cr than desirable for the measurements.

A high organ specificity is one of the particular aims of the development of radio-
pharmaceuticals. The injected radioactivity should preferably accumulate in the organ
to be investigated, that is, a high activity ratio of the target organ to non-target areas
of the body is desired. High activity in adjacent organs and particularly in the blood
can severely obscure the target organ image. the reproduction of structural details,
and the organ function testing. In addition, a high organ specifity permits the reduc-
tion of the injected activity dose and consequently the exposure of the patient to
radiation.

A radiopharmaceutical should not change chemically in vivo during its transport to
the target organ, i.c. it should be kinetically incrt. However, the metabolization of the
labeled complex in the target organ can be of advantage, in particular, if the function-
ing of the organ should be tested. The in vivo stability prior to the accumulation in the
organ is a necessary precondition, if information concerning the relationships betwecen
molecular structure and organ distribution is to be gained [1].

5 Kits

Kits are sterile and pyrogen-frce. non-radioactive reagent mixtures which are dried by
lyophilization and stored under nitrogen in scaled glass vials. These kits contain the
substancc to be labeled, which is mostly the complexing ligand, and in addition, gener-
ally a reductant and some other preservative components which cnsurc the reliability
of the final *™Tc radiopharmaceutical formed by reaction with "TcO; of the gen-
erator cluate. The kits are commercially available and can be stored for long periods
of time. Stannous salts are the preferred reductants for kit formulations, because of
their water solubility. chemical stability under dry conditions, low toxicity, and effec-
tiveness at room temperaturc. Currently available kits contain a stannous salt as
reductant. Without the complexing ligand. the reduction of pertechnetate yields pre-
dominantly the thermodynamically stable TcO,-hydrate. Even in the presence of a lig-
and, the production of TcO,-hydrate may competc with the *™T¢ complex formation.
Thercfore TcO,-hydrate may be present as an impurity in *™Tc radiopharmaceuticals
[31].

Additional kit components are antioxidants, butfers and other additives such as so-
called catalysts, accelerators, solubilizing agents and fillers. Antioxidants, for instance
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ascorbic acid, gentisic acid, and 4-amino-benzoic acid. have been used to protect
Y9mTe radiopharmaccuticals against oxygen or oxidants in addition o stannous salts.
Frequently. the radiochemical purity of pharmacecuticals is highly pH dependent and
the *"™I'c product may vary with the pH of the solution; thus buffers can be important
components in kit formulations. However, sometimes the ligand itself act as a buffer.
Yiclds of desired complexes may be improved by adding another ligand (catalyst).
such as gluconate, dtpa or citrate, which {form weak technetium complexes and pro-
vide for ligand exchange reactions. This approach was adopted for *™Tc isonitrile
radiopharmaceuticals. Accelerators with vicinal hydroxyl groups appear to increase
the rate of complex formation and to improve the radiochemical yield. Solubilizing
agents are surfactants which help to dissolve lipophilic “™Te radiopharmaceuticals.
and the ready dissolution of the solids within the vial is of high significance for the
formation of the expected radiopharmaccutical. Rapid solubilization is also achicved
through the control of the particle size during the lyophilization process. The particle
size is controlied, if nccessary, by the presence of inert fillers, such as NaCl or manni-
tol [5.31].

6 Synthesis, structure and development

Numerous clinically approved *’™Tc radiopharmaceuticals are currently used in
nuclear medicine for studying the morphological structure of organs and testing their
physiological function. Several aspects of these radiopharmaceuticals and some future
prospects will be presented below, mainly with regard to human organs.

6.1 Brain perfusion imaging agents

Brain radiopharmaccuticals should be capable of penetrating the intact blood-brain
barrier (BBB). The barrier arises from cpithelial-like tight junctions that virtually
cement adjoining capillary endothelium together in the brain microvasculature. There
are no pores in brain capillaries [32.33]. Lipid-soluble, uncharged molecules can pass
through the BBB by passive diffusion, as long as a concentration difference exists on
both sides of the capillary wall. The lipophilicity of complexes is often quantified by
the logarithm of the octanol/water cocfficicnt. Compounds with values of log P
between 0.9 and 2.5 appear to penctrate the BBB rather easily (Fig. 6.1.B), while
more strongly lipophilic substances arc increasingly bound to blood components. Per-
centage brain cxtraction riscs almost linearly in the range of log £ valucs from -1 to
+1, remains constant over the range of log P 1.0-3.0, and then declines linearly as lipo-
philicity increases further. However, such relationships, as expected, are dependent
on the structure of the respective compounds (35,36]. The permeability of the BBB,
naturally, also increases with decreasing molar mass. For compounds with molar
masses up to 400 daltons, good agreement between lipophilicity and permeability was
observed, but above 400 daltons. the permeability was rcduced independent of the
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lipophilicity [37]. In addition, the BBB permeability may be inversely related to the
intermolecular hydrogen bond strength of a lipid-soluble compound [38].

99mTe brain radiopharmaceuticals developed to date appear to penetrate the BBB
by simple diffusion. However, non-lipid-soluble substances, such as glucose. as the
most important energy source of the brain cells, and also essential amino acids, which
cannot be synthesized by the brain, must be able to pass through the membrane of the
cndothelial cells. At least ten amino acids penetrate the membranes of the endothelial
cells by the same transport system [33]. The binding of an uncharged *™Tc complex
to a large ncutral amino acid could, by using this transport system of the endothelial
cells, accelerate the passage of *"™I'¢ into the brain [39].

In addition to the diffusion of radiopharmaceuticals through the BBB into the
brain, their retention in the brain is of great importance for scintigraphic measure-
ments. In particular, the rediffusion of radiopharmacecutical agents from the brain
should be limited, either by binding to intracellular components of the brain cells or
through metabolic trapping. Thus, the development of new *°™Te brain radiopharma-
ceuticals is focused on those compounds which not only can penetrate the BBB in the
direction of the brain, but also lose their neutral and/or lipophilic character by meta-
bolization in the brain, so that the diffusion out of the brain is hindered [25.38].
Furthermore, the distribution of the agent within the cerebral tissues should be in pro-
portion to regional blood flow, with no redistribution ot the radioactivity with time.

6.1.1 [*°"TcVO-d,I-HM-PAO|°

The title neutral complex is prepared by reduction of "™ TcQOy in saline with Sn(Il) in
the presence of the ligand dJ-HM-PAO (hexamcethyl propylene amine oxime) or,
morc preciscly,  3.6.6.9-tctramethyl-4,8-diazaundccane-2,10-dione  dioxime  [40].
According to structural investigations of [7¢TcYO-d,I-HM-PAO]° the molecular struc-
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ture of the d./-diasteroisomeric complex core is a square pyramid with the oxygen
atom at the apex (Fig. 6.2.B). Technetium in the oxidation state +35 is located 0.68 A
above the basal plane defined by the four nitrogen atoms. The oxime oxygen atoms
form a strong intramolecular hydrogen bond. The +3 charge of the TcO core is
neutralized by the two sccondary amines and the ionization of one of the oxime OH
groups. The Te=0 distance is 1.682(5) A. The Tc—Numide distances of 1.91 A are con-
siderably shorter than the Te—N, e distances of 2.07 A. The yellow complex crystal-
lizes in the orthorhombic space group FP2,2;2; with a=6.948(2), b=12.460(3).
¢=19.299(4) A and Z=4. The Tc=0 stretching vibration was found in the IR at 911
cm~!. The compound is quite lipophilic, as indicated by the rcady extraction into
dicthyl ether [40]. It has a log P of = 2 and readily penetrates the intact BBB [41].

The human brain accumulates, for instance, 3.4 to 5.7 % of the injected activily up
to at least 8 h after the injection [42]. The retention mechanism appears to be a
chemical reaction in the brain which may be associated with intracellular glutathione
[8]. Obviously, [7*"Tc¥O-d -HM-PAQ]’ is unstable [43] and converts rapidly from the
lipophilic to a hydrophilic compound that is unable to rediffuse through the BBB and
is trapped in the brain. The rate-limiting step for this conversion is probably depen-
dent on the reductant gluthathione [44-46]. More recently in vitro data have support-
ed that intracellular retention of [*™TcYO-d,-HM-PAQ]® is generally dependent on
the redox status of the tissue [47]. The in vitro stability of this agent is limited. Once
the complex is prepared by dissolution of the lyophilized kit in the saline solution of
99mTeQy, it must be injected within 30 min. The major products of the [#™Tc¥O-d.J-
HM-PAOJ® decomposition arc *™TcO; and other hydrophilic *™Tc specics [48].
Gentisic acid (2,5-dihydroxybenzoic acid), an antioxidant, was employed to stabilize
the kit. but its effect is highly pH dependent with optimum utility occurring ncar neu-
tral pH. The stabilization would allow the kit to be used for up to six hours after
rcconstitution [49]. Very recently it was reported that [*™1¢O-d./-HM-PAOJ° is
stable in basic solution, however, in an acid solution it is attacked by the hydrogen
ions forming hydrophilic complexes |50]. Preparation of [*™TcO-d..-HM-PAOJ® in
85 % cthanol was found to increase its in vitro stability. Diluting the ethanolic solu-
tion by 1 to 10 with physiological salinc provided a very stable preparation [51].
Further, it was shown that the ®*Tc complex in aqucous solutions in the reconstitu-
tion vials is sensitive to self-radiolysis ncar neutral pH producing “™TcOj as the pri-
mary hydrophilic species [52].
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Fig. 6.2.B [Tc¥0O-d,[-HIM-PAQ]" [4]]
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[#"™TcYO-d,I-HM-PAO]® was the first approved ccrebral perfusion imaging agent
for human applications [53] that distributes in the brain in proportion to rcgional
blood flow [54]. The time-activity curve demonstrates the rapid uptake of the agent
into the brain. The maximal count rate is obtained 30-40 s after the injection. By 2
min after injection the brain activity decrcases to about 90 % of the peak value and
then remains constant throughout the period of obscrvation. SPECT images demon-
strated selective uptake of the complex in arcas corresponding anatomically to corti-
cal gray matter. Activity was visualized along the convexity of frontal, temporal, par-
ictal, and occipital lobes and along the interhemispheric fissure. The basal ganglia
were also clearly delineated. The region between the basal ganglia and the convexity
had less activity and corresponded to cortical white matter and to the ventricular sys-
tem. The cerebellar hemispheres could be scen at the basc of the brain. The gray-to-
whitc matter activity ratio was 1.77 at 1 h. The total brain activity was found to
decrcase slowly from the first hour up to 5-6 h by 8.6 %. Stroke patients showed per-
fusion defccts involving the frontal, temporal, and parietal lobes with variable exten-
sion into the occipital lobe and the basal ganglia. In patients with ccrebrovascular dis-
orders, the low flow arcas were wcll detected. [*MTcO-d,/-HM-PAO]° presents con-
siderable promise for cerebral blood flow tomographic imaging using commercial sin-
gle-head rotating gamma cameras [54]. Fig. 6.3.B shows an emission tomogram of the
brain of a paticnt with focal blood hypoperfusion.

Slice 4, 40mm

CERETEC, interl. 4.
-MAR-1983 NEUROLOG.UNIV.KL GRRZ TOMOMRTIC 564

Fig. 6.3.B Emission tomogram of the brain of a patient suffering from focal blood hypoperfusion, taken
after injection of I‘)"“:Tc()fd./—lI.\d-PAO]“. The scale on the right-hand edge of the picture gives the
count rate per 10 mm” in % [1]
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The agent was subjected to various clinical trials. One of the potential clinical uses
is the investigation ot dementia. in particular to differentiate between dementia of the
Alzheimer type and multi-infarct dementia. Perfusion deficits were much more com-
mon in Alzhcimer type dementia [SS]. Reductions in uptake of the agent revealed
posterior hemisphere abnormalities in the majority of paticnts suffering from Alzhei-
mer’s discase [56]. The predictive value of bilateral temporoparictal defects for Alz-
heimer's discasc was found to be high [57]. [?"TcO-d.[-HM-PAOJ allows monitoring
ot rapid changes of regional ccrebral blood flow due to decreased ncuronal activity in
cpileptic patients [58]. For detecting abnormalities in paticnts with a remote history of
traumatic brain injury, the ["™TcO-d,l-HM-PAO]® SPECT was shown to be more sen-
sitive than X-ray computed tomography (CT) [59]. The agent was also applied to
detect, by cercbral blood flow (CBF)-SPECT, a subdural hematoma [60] or Lo pursue
the effect of radiotherapy on brain tumors [61]. Brain death was determined by
demonstrating no uptake of the agent in cither the cercbrum or the cerebellum, while
uptake was present in all patients who were not clinically brain dead. Cerebral perfu-
sion imaging with [*"TcO-d,l-HM-PAO]° appears to be a simple and reliable test to
confirm brain death [62,63].

6.1.2 [**"TcVO-L,L-ECDJ°

The title complex can be synthesized by reduction of *™TcOj in saline with Sn>* in
the presence of NN'-1,2-cthanediyl-bis(L-cysteine-diethylester) dihydrochloride [64].
The analogous compound with long-lived technetium [*#Tc¢VO-L.L-ECD]° is
obtained by ligand cxchange from [TcOCl4]™ or [TcOx(py)a]*. The lipophilic product
precipitates from the aqueous rcaction mixture as an orange solid. The X-ray struc-
turc determination revealed a distorted square pyramidal geometry of the donor
atoms with the oxygen atom at the apical position. The structure (Fig. 12.24.A) of the
core is similar to that of [TcO-d.[-HM-PAOQ|°. The Tc atom is approximately 0.73 A
above the NS, plane. One nitrogen atom is protonated displaying a Te-N bond dis-
tance of 2.168 A, while the Tc-N distance to the deprotonated nitrogen of 1.924 A is
shorter by 0.24 A. The neutral compound crystallizes in the orthorhombic space group
P2,2,2, with a=7.121(1), 5=9.670(1), c=24.530(3) A, and 7=4 [65].

The [**"TcO-L,L-ECD]° uptake in human brain is 5 to 6 % of the injected activity
dose within a few minutes [64,69,70]. After onc hour the activity decreases to 4 %
[64]. The agent cxhibits a rapid clcarance from the blood to less than 10 % after
5 min [69,70] and from the surrounding anatomical regions of the brain. The high tar-
get-o-non-target ratio renders it more attractive for SPECT than |*™TcO-d,/-HM-
PAOJ°. In monkey brain tissue [*™TcO-L.L-ECD]® was shown to be metabolized
enzymatically, while [*"TcO-D,D-ECD]° did not react. It was postulated that the
metabolite of [*™TcO-L,L-ECDJ® is thc more polar monocarboxylate, monoester
complex, resulting from hydrolysis of one of the ethylester groups [65,66]. In vitro cvi-
dence supports the hypothesis that esterase activity is the major determinant of the
overall retention of [**"TcO-L.L-ECD|° [67]. Only in primatcs and man docs the
agent show the long retention in the brain. Animal models tested. which included
mice, rats, guinca pigs, cats, dogs, swine, and ferrets, showed a rapid washout over the
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first few minutes or at most one hour [8]. The half-life of the agent in a monkey brain
was found to be greater than 24 h [68].

In normal human subjects the agent allowed an excellent delincation of the cortical
gray matter, the basal ganglia. the thalamus and cerebellar hemispheres as regions of rela-
tively increased tracer uptakc. White matter displaved substantially less uptake than gray
matter. The primary route of excretion of the tracer is through the kidneys. [*™1'cO-L.L-
ECD]’ SPECT shows particular promise for the evaluation of patients with stroke [ 70].

6.1.3 [P TcICI(DMG)2MP]°

The boronic acid adduct of technetium dimethylglyoxime [?MTcCl(dimethylglyox-
ime-(2-methyl-1-propyl)boron|® is also capable of penetrating the intact blood-brain
barrier due to its neutral and lipophilic character. The complex forms by reduction of
9mTcO, with Sn?" in the presence of dimethylglyoxime and 2-methylpropylboric
acid. In [P#Tc"CI{IDMG)2MP]° technetium has the relatively rare coordination num-
ber of 7 and is surrounded by the nitrogen atoms of three dioxime ligands and a cova-
lently bonded chlorine atom (Fig. 6.4.B). The boron atom resides in a tetrahedral
environment, bound to three dioxime oxygen atoms and the 2-methyipropyl group.
The remaining three oxygen atoms of the dioxime ligands are bound to each other
through two strong hydrogen bonds [71].

The activity of the agent in monkey brain 5 min post-injection was 2.8 % of the
injected dose. The activity cleared with a half-life of 86 min [72]. The slow cercbral clear-
ancc in human subjects may be caused by the high lipophilicity of log P = 3.8 of the agent
{73]. The testing of this complex for clinical applications in brain imaging appcars to be
completed now. Unfortunately, the studies in human subjects were disappointing [8].

6.1.4 [*™TcVO(MRP-20)[°

The ligand N-{2(1-H-pyrrolylmethyl)}N’-(4-pentene-3-one-2)cthanc-1.2-diamine,
called MRP-20, forms a neutral and lipophilic complex with the Tc*O™ core by the
loss of three protons. The compound (Fig. 6.5.B) is under investigation as a potential
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brain perfusion imaging agent. It is obtained by rcaction of MRP-20 in ethanol with
9mTeQy in saline and SnCl; as reductant. [*#Tc¢YO(MRP-20)]" was prepared by lig-
and substitution of {TcO(ethyleneglycolate),|™ with MRP-20. The lipophilicity of the
complex is quantificd by log P = 1.93. The radiochemical purity of [**"TcO(MRP-
20)]° was higher than 93 %.

The initial uptake of the agent in human subjects is shown in Fig. 6.6.B. Activity in
the brain reached a maximum of almost 6 % of the injected dose within 1 min post-
injection. The uptake level remained almost constant at 4.4 % over 24 h. The blood
clearancc was slow with 17, > 4 h. High quality brain SPECT images were obtaincd
until 7 h post-injection. There was a good differcntiation between gray and white mat-
ter. The trapping mechanism is presumed to be related to the in vitro tendency of the
complex to hydrolyze generating a cationic species. The regional cercbral distribution
is similar to that of [*"TcO-d.[-HM-PAO]°. The tracer is excreted by both urinary
and hepatobiliary excretion. [*"TcO(MRP)-20)]° appears to be still undergoing clini-
cal trials [74-76].

10 A

81

% Injected activity

0 T T T T—T"T Y Y Y 1
0 2 4 6 8 10
Time (min)

Fig. 6.6.B Dynamic planar brain time-activity curve of [ TcYO(MRP-20)F for normal human subjects
(751

6.1.5 [*"TcYONEP-DADT)]°

Another diaminodithiol complex with N-ethyl piperidinyl hexamethyl diaminodithiol
(NEP-DADT) as the complexing ligand is ["*"TcVO(NEP-DADT)|". The agent was
synthesized by reduction of Na®™1¢cQ; in saline with SnCl, - 2H,O in the presence of



B. *""I'¢ Radiopharmaceutical Applications 387

the ligand and addition of a phosphate buffer [77]. Two stereoisomeric compounds
are formed, the syn and the anti isomer. The sya isomer (Fig. 6.7.B), which has the N-
piperidinylethyl side chain located syn to the technetium oxo core. allowed obtaining
images of the brain in humans that are qualitatively related to regional brain blood
flow [78]. Studies in patients have shown that [*"TcVO(NEP-DADT)]® enters rapidly
into the brain, but also clears rapidly with 7, = 17 min |79].
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6.1.6 [*®"Tc(DTPA)J*, [**™TcYO(glucoheptonate), |-, and Na®™TcO,

The title agents can not cross the intact blood-brain barrier, but can be applied for
brain imaging when the BBB is damaged, for cxample by tumors.

[#"Tc(DTPA)J? is prepared by reduction of “"TcO; with Sn(IT) and treatment
of the solution with calcium-sodium-diethylene-triaminepentaacctate. The stable and
radiochemically purc complex is reported to have a net charge of -2 [80], the composi-
tion [*#T¢(DTPA)J?-, and an absorption maximum at 490 nm [81]. The oxidation
state of tecchnetium is believed to be +4, however, no structural characterization of the
complex was performed [82,83]. [®™Tc(DTPA)]> diffuscs rapidly into the brain, and
its uptake in the choroid plexus is negligible, thus obviating the nced for the adminis-
tration of perchlorate to block the choroid plexus. Images are obtained 1 h after injec-
tion of 10-20 mCi (370-740 MBq). The agent is readily filtered by the kidneys, thus
necessitating the injection of a larger amount of radioactivity [84].

[?9mTcYO(glucoheptonate),|” is obtained by reaction of a mixturc of calcium gluco-
heptonate and SnCl, with #™TcO, . The molecular structure of the complex follows
from NMR and IR spectra and shows a TcYO3* core and two five-membered gluco-
heptonate rings that are bidentately bound through oxygen atoms (Fig. 6.8.B) to the
Tc center. The net charge of the agent is -1 in aqueous solution. A 1072 M solution of
[*?6TcO(glucoheptonate),] in saline was chemically stable for morc than 200 days at
room temperature. The VIS/UV spectrum shows absorption bands at 502 and 270-
280 nm. The presence of a Te=0 core is indicated by vibration frequencies observed in
the IR at 930 and 970 cm' ! and in the Raman spectrum at 975 cm™' [85]. As in the
case of [*™Tc(DTPA)]*, the blood flow in the carotid and cercbral arterics can be
immediately visualized and then followed by a pool study. Epileptic seizurcs often
cause increascd blood flow in the region of discharge, which may appear as an area of
increased radioactivity. In cascs of head trauma, the dynamic phasc of the scintigraphy
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may help distinguish between subdural and epidural hematomas [4]. [*™TcO(gluco-
heptonate).]” was claimed to be a superior agent for detecting primary and metastatic
lesions in the brain. It is also used for the detection of infarct or ischemic lesions.
Usually 10-20 mCi (370-740 MBq) of the agent is administered and imaging is per-
formed 1-3 h after injection [84].

Na”"TcQ, may also be applied to brain imaging. Again 10-20 mCi (370-
740 MBq) of Na”™TcQy in physiological saline is injected. Images are taken 30-
180 min post-injection. The brain flow study in patients reveals the symmetry of blood
flow in the two cercbral hemispheres. Increased perfusion would indicate vascularity
in the lesion, as in some tumors, whereas decreased perfusion may indicate an infarct.
‘The choroid plexus accumulates *™TcOj and appears as a hot spot on the brain
image. Its uptake is blocked with 200-300 mg of KClO,, which is administered orally
and saturates the binding sites [84].

6.2 Myocardial perfusion imaging agents

A strategy for the development of *"Te myocardial perfusion imaging agents is based
on the assumption that unipositive cationic complexes tend to accumulate in the myo-
cardium [86]. This assumption is supported by the known concentration of alkali met-
al ions, such as K*, Rb™, and Cs* and particularly TI7, which is still used as °'T1* in
competition with ™T¢ radiopharmaceuticals for heart perfusion imaging. However,
the nuclear properties of 22!T1 (decay by electron capture with ¢/, = 73.5 h, maximum
7 energy 167 keV, but only 8.8 % decay probability) and the necessity of using accel-
erators for its production are disadvantageous when comparcd to *™Tc. It is also
known that NH;" derivatives accumulate in the heart muscle [87]. Whether, in addi-
tion to K' and TIl', also other cations concentrate in the heart muscle cells via Na™/
K *-adenosinetriphosphatase (Na"/K™-ATPasc pump) has yet to be proven [88]. How-
ever, it must be emphasized that the cationic character of the **™Tc myocardial perfu-
sion imaging agents is obviously not an absolute precondition as demonstrated below,

The lipophilicity of the diagnostic agent is also of importance for its uptake in
the myocardium. Agent-dependent parabola-like functions between the accumula-
tion in the myocardium and log P were observed [88]. A reason for the decreasc in
the accumulation at high lipophilicity values of log P > 5 should again be the bind-
ing of the agent to blood protein. The hcart muscle distribution of the desired
radiopharmaceutical should be directly related to the regional myocardial blood
flow. which requires a high extraction and a slow washout rate of the agent [9,88].
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In addition, a rapid clearance from the background activity in the blood. lungs, and
liver is needed.

6.2.1 [P™Tc!(MIBI)g|*

The cation [*™Tc!(methoxyisobutylisonitrile)s]™ or more precisely hexakis(2-mcth-
oxy-2-methylpropyl-1-isonitrile-technetium(I). has received worldwide approval as a
myocardial perfusion agent and is the most widely used [5]. The complex is synthe-
sized by reduction of *"TcO, with Na,$,0; in the presence of the isonitrile ligand
[89] or in a kit by reaction of tctrakis(2-methoxy-2-methylpropyl-1-isonitrile)-cop-
per(l) tetrafluoroborate with SnCl, - 2H,0 and **™IcOQy [90]. The structure of the
precursor of [?"Te!(MIBI),] . the hexakis(tert-butyl-isonitrile) technetium(1) cation,
was determined by single crystal X-ray structure analysis. The coordination geometry
of Tc in the complex cation is slightly distorted octahedral [91].

The uptake of [*™Tc!(MIBI)g]~ (Fig. 6.9.B) in thc human heart is about 1.5 % of
the injected activity, and decrcases to 1 % after 4 h. The background activity in the
blood, lungs, liver, and splecn is sufficiently low [92]. The presence of the methoxy
groups on the periphery of the cation provides for optimal lipophilicity and allows for
in vivo hydrolysis of the cthers to the respective alcohols which may increase the
clearance rates from blood and liver [5]. The complex cation seems not to be taken up
in the mvocardium by the Na=/K-ATPase pump but is retained in cellular membranes
including mitochondrial membranes [93,94]. As for "' Tl, the distribution of [*™T¢!
(MIBI)¢] reflects the myocardial blood flow, but unlikc 2°'T1 there is no evidence of
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significant myocardial redistribution following injection. Since it does not redistribute,
two separate injections are needed in order to differentiate transient ischemic defects
from fixed myocardial defects [95].

6.2.2 [P*"Tc"(teboroxime)]°

The neutral and lipophilic compound is a seven-coordinate complex of Te(1IT) with tris-
(cyclohexane-dione-dioxime)-methylboron (CDO-MeB) and a chloride as ligands. It is
prepared by template synthesis, reacting “mTcO, with 3 cquivalents of 1,2-cyclohexane-
dione dioxime, methylboronic acid, and SnCl, in hydrochloric acid solution {96]. The
complex contains three vicinal cyclohexanedionedioxime ligands bonded to the Te(I1)
center in a nearly trigonal arrangement by six nitrogen atoms. the boronic acid derivative
that caps the complex by attachment to threc oxime oxygens and the chloride. The angle
between two of the dioximes is opened by the chloride to greater than 120°, The chloride
prevents the formation of a bis-capped complex. The three dioxime oxygens on the
uncapped end are intramolecularly hvdrogen bonded to two bridging protons {97] (Fig.
6.10.B). The chloride ligand is labile under physiological conditions and undergoes
chloro/hydroxy exchange |98] with a half-life of 13 min. This exchange does not influcnce
the efficacy of [**™Tc-(teboroxime)|° as a myocardial perfusion imaging agent [6].

The complex displays a high myocardial uptake in man of 4-6 % five minutes after
a resting injection, compared o 4.2 % for 2'T1" and 1-3 % for [*™Tc(MIBI)] " [99).
The blood clearance is fast, more than 90 % of the injected dose clcared within threc
minutes [73]. However, the activity is washed out from the myocardium considerably
more rapidly than that of [**™Tc(MIBI)¢]". The washout from the myocardium is
biphasic with a fast component with a 2 min hall-life with ca. 65 % of activity, and a
slow component with a 78 min half-life. The hepatic accumulation may interfere with
the visualization of some myocardial segments [100]. The agent is also taken up by the
skeletal muscles. [??™Tc(teboroxime)]® has provided good planar and SPECT images
in humans, but requires rapid SPECT techniques. After cxtensive clinical trials the
agent was approved for myocardial perfusion imaging [73].

Fig. 6.10.B | I'c"'-teboroxime]” [S]

6.2.3 [?""TcVO,(tetrofosmin),]*

"This cationic myocardial perfusion imaging agent was developed more recently. Tetrofos-
min is the cther functionalized diphosphine ligand 1,2-bis{bis(2-ethoxyethyl)phosphino)
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ethane. The lipophilic complex was synthesized by reduction of *™TcQ; with SnCl, in
the presence of tetrofosmin. The structure of the analogous ***1'c compound was deter-
mincd by X-ray structure analysis. The rrans-TcYOs core is lincar, as expected. The four
phosphorus atoms of the two bidentate diphosphine ligands form a planar array perpendi-
cular to the frans-oxo core resulting in a distorted octahedral geometry (Fig. 12.38.A) of
the complex. The main deviation from octahedral geometry arises from the steric require-
ments of the five-membered rings. The P-Tc—P angles are 81.4(2)°, The Tc—P bond dis-
tances are 2.47 A and the Te=0distance 1.74 A [101].

[?VmTcYO,(tetrofosmin),]* exhibits a good heart uptake in humans of 1.2 % of the
injected activity which only decreases to 1 % 2 h after injection. The clearance was
shown to be excellent from blood with <5 % after 10 min and from liver with <4.5 %
after 60 min. At rest there was only moderate uptake by the lungs from 0.7-3.0 %
initially that rapidly cleared to almost undetcctable levels within 4 h. The cationic
agent is the first example of a ®™TcVO,' entity to have shown substantial myocardial
uptake and retention in combination with fast non-target clearance. The eight cthox-
yethyl groups of the ligands apparently contribute to reduce the non-target back-
ground activity. There is no evidence for in vivo reduction of *™Tc(V) to lower oxida-
tion states [101-103]. [**™TcO,(tetrofosmin),|* was evaluated in clinical trials. SPECT
imaging was performed 45-60 min post-injection demonstrating the agent to be highly
sensitive and specific for the detection of coronary artery discase [104].

6.2.4 [P”"Tc"M (furifosmin)]*

After a systematic development of cationic Te(111) complexes [103,106] which accumu-
late in the human myocardium without in vivo reduction to neutral, washed out T'e(11)
specics. the complex cation ["*™Tc"furifosmin|" was attained. It contains the tetraden-
tate Schiff-base ligand 1.2-bis-{dihydro-2.2,5.5-tetramethyl-3(2H)-furanato-4-methylene-
amino}cthane in the cquatorial plane and the two monodentate. tertiary phosphine lig-
ands tris(3-methoxy-1-propyl)phosphine in the two axial positions (Fig. 6.11.B).
[*™Le(furifosmin)]" is prepared by addition of " TcO, to a lyophilized kit consisting of
the ligands, sodium ascorbate, sodium carbonate, and y-cyclodextrin. The phosphine acts
both as a ligand and as a reducing agent. Cyclodextrin stabilizes the lyophilized formula-
tion [107]. The radiochemical purity of the agent was higher than 95 %. It clears rapidly
from the blood and shows a fast heart uptake of 2 % of the injected dose at rest and 2.6 %
at stress in human volunteers. There was no significant mvocardial washout over 5 h. The
bulk of the agent is rapidly cleared through the hepatobiliary system. 30 % through the
renal system. [**™Te(furifosmin)]* is reported to be a myocardial perfusion tracer with
optimal imaging propertics. It scems to be still evaluated in cardiac patients [ 108].
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6.2.5 [*™Tc-pyrophosphate]

This agent is clinically uscd to some extent for imaging myocardial infarcts. It is prepared
by reaction of Na,P,0; with *™TcO, in the presence of SnCl,. The composition of the
compound appears to be unknown. The agent accumulates in infarcted heart muscle.
probably by binding to calcium deposits. 12 to 24 h after the onsct of infarction is needed
for infarcts to accumulate a significant activity of [*™Tc-(pyrophosphate)]. The uptake of
the myocardium is inversely proportional to the regional blood flow [6,113].

6.3 Thyroid imaging with Na®*™TcO,

Na”™TcQy, is used predominantly for thyroid imaging. Similarly to iodide, pcrhaps
due to similar ion size and charge, *™1cOy is taken up by the thyroid. but unlike
iodinc it is not incorporated by thyroglobulin. **™TcOj can be replaced and washed
out from the thyroid by ClO;. The accumulation of *™TcQ; in the thyroid of man
amounts to about 3-4 % of the injected radioactivity 10-20 min post-injection and
decrcases to 1-2 % after 6 h [109]. The agent is primarily uscd for studying the mor-
phologic structure of the thyroid. Flow studics indicate the vascularity of lesions [14].

6.4 Lung imaging with 9™Tc-MAA and [**"Tc¢(DTPA)}*-

99mTc-labeled macroaggregated human scrum albumin (*™Tc-MAA) for lung imag-
ing and cvaluation of pulmonary perfusion is prepared by reduction of *™TcO, with
SnCl, in the presence of a human serum albumin solution. The labeling proceeds at
pH 5.5, the isoelectric point of the albumin. in a yield of over 95 %. It does not yet
appear to be known in which oxidation state and how *™Tc¢ is bound. Presumably, the
binding of technetium in a lower oxidation state occurs through reduced disulphide
groups of the albumin [6]. The accumulation of **™Tc-MAA in the lung takes place
becausc particles with a size exceeding 10 ym are trapped in the capillaries of the
lungs. The particle size, rather than the molecular structure, defines here the cfficacy
of the agent. About 10° *"™Tc-MAA particles are administered per injection, but the
numbecr of lung capillaries occluded by this procedure is negligible relative to the total
number of lung capillaries of 2.8 101, The effective half-life of “*™Tc-MAA particles
in the lung is 2-3 h. For lung ventilation examinations an aerosol of [**™Tc¢(DTPA)J*
is reccommendcd. Its biological half-life is about 45 min [14].

6.5 Hepatobiliary imaging agents

Hepatobiliary ™ T¢ radiopharmaceuticals arc expected to demonstrate a highly spe-
cific liver uptake and biliary excretion. Other organs such as the kidneys should not
interfere with the imaging of the liver and the biliary tract. The agents should show a
rapid hepatocyte transit, clearing the radioactivity in the hepatocytes quickly into the
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biliary system and should be competitive against ecndogenous compounds such as bili-
rubin. They are used for assessing discases that affect hepatocyte function. the patency
of intrahepatic ducts, the functional status of the cystic duct and gall bladder, and the
patencies of downstrcam portions of the biliary tract [110].

6.5.1 [T (HIDA),]-

Anionic complexes of ?™Tc(Ill) with iminodiacctic acid derivatives [*™Tc'!
(HIDA),] (Hepatobiliary IDA) arc obtained by reduction of *™1'cO; with SnCl» in
the presence of excess iminodiacetic acid. The coordination of the Te(IH) center (Fig.
6.12.B) is achieved by two tridentate ligands chelating technetium through the car-
boxyl-oxygen atoms and the imino-nitrogen atoms in an octahedral arrangement. The
proposed negative charge is in agreement with clectrophoretic data [111]. The molec-
ular structure was confirmed by FAB mass spectrometry [112]. Among the numerous
[P T (HIDA)> |~ complexes synthesized with different iminodiacetic acid deriva-
tives, ["™I'c(mebrofenin),]™ and [*"Te(disofenin),] appear to be the best agents for
hepatobiliary imaging. They provide superior images when the bilirubin level is lower
than 20-30 mg/100 ml [113]. The formulas of the chelating mebrofenin and disofenin
ligands are shown in Fig. 6.13.B. Both agents display high hepatic specificity, low renal
extraction, rapid hepatoccllular transit and are resistent to competition for hepatobili-
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ary excretion from bilirubin. The lipophilic properties of the agents provide increased
plasma protein binding and decreased renal clearance [113,114].

6.5.2 [*"Tc-PMT]

99mPe-N-pyridoxyl-5-methyltryptophan, [*’MTc-PMT], was prepared by reacting
mrcQ, saline solution with Sn(IT) and N-pyridoxyl-3-methyltryptophan [115]
(Fig. 6.14.B). The composition of the [**T¢-PMT] complex is not completely
established, but there is some cvidence that the ligand/Tc ratio is 2/1 and the net
charge is zcro. Dianionic ligands would then require the oxidation state of +4 for
Tc in a neutral complex [116]. In rats the agent showed rapid blood clearance. fast
hepatobiliary transit, low urinary excretion, and no intestinal reabsorption. Over
90 % of the radioactivity arrived in the intestine through the liver at 30 min post-
injection, while only 2 % of the dose escaped through the kidneys. In rabbits the
gall bladder was clearly visualized within 5 min post-injection [115]. A comparative
evaluation of [?™Tc(mebrofenin),]~ and [*"Tc-PMT] in rats revealed that
[*"Tc-PMT] was kinetically supcrior. with higher clearance and lower hepatocyte
transit time, but slightly inferior in specificity [117]. The agent was approved for
application in patients and also used for studying hepatic tumors by delayed imag-
ing [118].

N Fig. 6.14.B N-Pyridoxyl-5-methvltryptophan (PMT) [115]

6.5.3 2" Tc-sulphur colloid and *™Tc-albumin colloid

Both particulates accumulate in the reticuloendothelial system of the liver in a par-
ticle size of about 100 nm. The same particle size is used for spleen imaging. while
smaller particles (<20 nm) arc taken up by the bone marrow. *™Tc-sulphur colloid
is prepared by reaction of *™TcO, with $,0% in acidic solution that is heated to
nearly 100 °C for 5-10 min. The pH of the mixture is adjusted to 6-7. *™TcO; is
almost completely converted. The reaction product is probably a sulphur colloid
tagged with 99™T¢,S; [6,119]. 80-85 % of the colloid is accumulated in the liver. 5-
10 % in the splecn. and the rest in the bone marrow. The effective half-life of
99mTe sulphur colloid is almost cqual to the physical half-life of ™Tc, because the
agent is permancntly deposited in the liver. *™Te-albumin colloid is obtained by
adding *"™TcOj to a mixture of human serum albumin colloid and SnCl,. This
agent was observed to clear from the blood into the liver faster than ™ Tc-sulphur
colloid [120].
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6.6 Renal imaging agents

?mTe radiopharmaceuticals for renal imaging are, in genceral, hydrophilic complexes
of relatively low molecular weight. The clinically approved, commercially available,
and frequently uscd functional imaging agents are [*™IcYO(MAG:;)|” and
[ Tc(IDTPA)>~. Approved and marketed agents for evaluation of kidney morphol-
ogy are [?*™Tc-DMSA] and [*™T'c(glucoheptonate),] .

6.6.1 [**"TcYOMAG3)]-

9mTcO-mercaptoacetyltriglycine (Fig. 12.28A) was developed more than ten years
ago and evaluated as a renal tubular function agent [121]. To prepare the compound,
2mycO, in generator saline and benzoyl-mercaptoacetyltriglycine are reduced by
SnCl, upon heating at 95 °C with the concomitant elimination of the benzoyl protect-
ing group. The radiochcmical purity is 96.6 %. The placement of a substituent con-
taining a carboxylate group was dcemed useful in providing efficicnt renal secretion.
Since [*™TcO(MAG3;)] has no chiral centers, no isomer problems arc associated
with its preparation and purification. Upon coordination to Tc(V), the thiolate sul-
phur and each of the three amide nitrogens of MAGj; lose their protons to yicld a
monoanionic complex. Te(V) resides above the basal planc in a distorted square pyra-
midal environment. Tt is surrounded by three nitrogen atoms and one sulphur atom in
the basal plane and one oxygen atom at the apex. The structure agrees with that found
for the analogous complex anion of Re(V) [122,123]. A morec convenient preparation
of [P TcO(MAG;)]~ without heating the reaction mixture has been described. The
procedure involves the reduction of *™TcOj in saline with Sn(1I) in alkaline solution
in the presence of S-unprotected mercaptoacetyltriglycine and the co-ligand tartrate,
followed by ncutralization with a phophate buffer. A radiochemical purity of the
agent of more than 98 % was achicved [124,125].

Studies of [**™TcYO(MAG;)| in normal subjects and in patients indicatc that the
complex is an excellent renal tubular agent, but its plasma clearance rate was [ound to
be only 50-60 % that of orthoiodohippurate (OIH). Approximately 3 % of the
injected radioactivity was taken up by liver, gall bladder and gastrointestinal tract
[126]. In all subjects the quality of the images obtained with [*"TcO(MAGs;)] was
clearly superior to the images achieved with OIH [127-130]. [**™"TcVO(MAG3;)] is
protein-bound to almost 90 %, is transported by the proximal renal tubules, and is not
retained in the parenchyma of normal kidneys [131].

6.6.2 [**"Tc(DTPA) >

This complcx was already described as a brain imaging agent in Sect. 6.1.6. Tt is
approved for asscssing the glomerular filtration rate and provides a clearance meas-
urcment with only 3-5 % below the true glomerular filtration rate obtained with inu-
lin, a fructose polymer [132]. [**"Tc(DTPA)]? shows a rapid plasma clearance with a
half-life of about 70 min. Urinary e¢xcretion amounts to about 90 % in 24 h and its
plasma protein binding is 5-10 % in 60 min. The dynamic renal flow study provides
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information about blood perfusion in the kidneys [14]. The agent is approved for kid-
ney imaging.

6.6.3 [**"Tc-DMSA] and [**™TcVYO(glucoheptonate),]-

The chelate of ®™Tc with 2,3-dimercaptosuccinic acid, [?”™Tc-DMSA]. and the
[""TcYO(glucoheptonate), |~ agent provide information (Fig. 6.15.B) on the morphol-
ogy of the kidneys. [*"™T'c-DMSA] is prepared by reduction of *TcQ, with cxcess
SnCl, and coordination of *™I'¢ at pH 2.5-3.5, with DMSA. Composition and struc-
ture of this agent are not unambiguously defined. The oxidation state of “*#Tc in the
purple complex is suggested to be +3 [133~135]. Approximately 50 % of the injected
dose of [ Tc-DMSA] accumulates in the cortical tubules within 1 h and remains in
the renal cortex up to 24 h post-injection. 4-8 % of the injected radioactivity is
excreted in the urine within 1 h via glomerular filtration and tubular sccretion and up
to 30 % after 14 h [131]. The complex is excreted unaltered into the urine. Plasma
clearance with normal renal function was 34 ml/min and urinary clearance 12 ml/min
[136].

Preparation, composition, and structural formula of [**™TcYO(glucoheptonate);] ~
arc reported in Sect. 6.1.6 under the aspect of brain perfusion imaging agents. 'The
renal imaging agent is cleared by glomerular filtration with a small component of tu-
bular extraction. Its plasma clearance half-time is only a few minutes [113]. 3045 %
of the injected dose 1s excreted into the urine within 1 h. and this fact is used to deline-
ate the pelvocalyceal system. Since 5-15 % of the dosc remains bound to the renal
tubular cells, excellent cortical images can be obtained 1-2 h post-injection [131].
Urinary excretion is about 70 % in 24 h after administration [113].

[?"'c-DMSA] and [*™TcVO(glucoheptonate)»|~ are not [requently used in clinics
for imaging kidney morphology, since ultrasound, magnetic rcsonance, and X-ray
computer tomography provide higher resolution and more precise information.

Fig. 6.15.B Scintiphotograph of normal kidneys (posterior view) obtained with [""Te-DMSA] [#4]
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6.6.4 [*"TcvO-L,L-EC]*-

This new renal imaging agent was preparcd by reaction of “™TcO, saline with SnCl,
in the presence of the ligand L,I.-ethylencdicysteine at room temperature. The anionic
complex is the diacid derivative of the brain perfusion imaging agent [*™TcYO-L.L-
ECDI" described in Sect. 6.1.2. [?"TcVO-1.,L-ECJ*~ is obtained in high radiochemical
purity [137]. Its proposed molecular structure is shown in Fig. 6.16.B. The mcan 1 h
plasma clearance of the agent in normal volunteers was 460 ml/min per 1.73 m?2, The
urinary excretion 30 min post-injection was 67 % of the injected dose and at 60 min
post-injection it was 80 %. The agent has a very low plasma protein binding of 31 %.
[7*"TeVO-L.L-ECJ~ merits further clinical evaluation for renal function studies in
humans [138-140a].

Q
““IITC
V7S
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Fig. 6.16.B Proposed structural formula of {T¢YO-L,L-ECT [138)

6.7 Bone imaging agents

Complexes of *™I'c with the diphosphonate ligands (Fig. 6.17.B) are clinically approved
and widely used bone imaging radiopharmaceuticals. They are prepared by reduction of
9mTcQ, saline with Sn®" or [BH,4] in the presence of a diphosphonate ligand added in
excess. Neither the composition of the ™ I'c-diphosphonate complexes nor their struc-
tures have not been established to date. Obviously, the preparation performed with one
pure ligand results in a mixture of many different complexes. Anion-exchange HPLC sep-
aration of [*"Tc-HEDP] revealed as many as 13 components. The scparated species
exhibited average charges ranging from -1.5 to -8.0. Approximate chromatographic par-
tial molar volumes between 500-1600 ml/mole indicate the possibility of dimeric or poly-
meric complexes. Size-exclusion chromatography and mass spectrometry support a poly-
nuclear structure [141.142]. The distribution of the components in such mixtures depends
strongly on the mode of preparation and the reaction time [143]. The most important vari-
ablcs affecting the relative abundance of the various components arc the pH and the lig-
and concentration [144,145]. In spite of the failure to isolate any **Te-diphosphonate com-
plexin a reproducible stoichiometric composition, much effort has been devoted to deter-
mine the oxidation state of Tc in reaction products with different diphosphonate ligands.
In [**Tc-HEDP] the oxidation state +4 was suggested by evaluating spectrophotometric
and potentiometric measurements [ 146]. while polarographic studies revealed the reduc-
tion of *¢TcO, in complexing MDP or HEDP to Te(I11), Te(1V), and Te(V), depending
on the pH [147]. More recently. potentiometric titrations yielded similar results for [*°#Te-
HEDP] [148]. At about neutral pH, Tc(1V) was found for |*#Tc-MDP] and Te(11I) for
[*#Tc-DPD] [149].
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Fig. 6.17.B Diphosphonate ligands for “*™Tc bone imaging agents

Some time ago, a [**Tc-MPD| complex, prepared by reaction of [TcBre|* with
cxcess MDP and isolated as brown crystals, was structurally characterized by X-ray
diffraction analysis. The solid state structure of the compound was reported to consist
of infinite polymeric chains. Each MDP ligand bridges two symmetry related Tc atoms
and each Tc atom is bound to two symmetry related MDP ligands (Fig. 6.18.B). The
MDP:Tc ratio within the polymer is 1:1. The polymeric repeat unit is completed by an
oxygen atom, presumably in the form of a hydroxyl ion, which bridges two symmetry
related Tc¢ atoms. The assumed Te(1V) oxidation state cannot be cstablished defi-
nitely. Each Tc center has approximately octahedral coordination geometry. The
bridging oxygen to technetium bond distance is 1.94(2) A on average [150]. EXAFS
analysis of an HPLC-purified [??¢Tc-MDP] complex in aqueous solution provided cvi-
dence that the separated fraction was a mixture of several oligomers. The oligomeric-
polymeric nature of the dissolved compound was based on the suggested Te—-Tc inter-
action [152]. Raman spectra of mixturcs of |**¢Tc-HEDP] complexes in aqueous solu-



B. %" T¢ Radiopharmaceutical Applications 399

Fig. 6.18.B Portion of the structure of {[Tc¢!Y(OH) (MDP)] }, showing one Tc center bridging two
MDP ligands [150].

tion indicated the presence of Tc—oxo cores by frequencies observed at 970 and
878 cm ! that were assigned to Tc=0 and 0=Tc=0 vibrations, respcctively [151].

A comparative evaluation of bone imaging agents in a whole-body retention of nor-
mal volunteers revealed the skeletal uptake in the order [*™Tc-HMDP] > [*"Tc-
MDP] > [#™T¢c-HEDP]. The superior [*™Tc-HMDP] bone specifity clearly demon-
strates that slight alterations of the complex compositions yield a significant effect
[153]. These results arc in agreement with studics on the uptake of the agents in osteo-
genic animal models and form a working rationale for the clinically observed high
contrasts obtained with [**"Tc-HMDP] between normal bonc and soft tissue and
between normal and abnormal bone [154]. The binding of **™Tc-diphosphonate com-
plexcs 1o calcium at the surface of bone appears to be an important step in the in vivo
action of skeletal imaging agents [155]. The bone imaging agents are bonc seekers
becausc the coordinated phosphonate ligands still have considerable affinity for cal-
cium [150]. in particular for sites of actively growing bone, i.c. areas ol ostcoblastic
activity [S]. The diphosphonate ligands may be considered as doubly bidentate or
bidentate-tridentate [6] ligands, with the ability to complex not only technetium, but
also calcium. OH substituents in [**™T¢-HMDP] and [**™Tc-HEDP] or carboxyl
groups in [**™T¢c-DPD] provide additional binding sitcs.

The [*™Tc-diphosphonate] agents are administered to diagnosc fracture, bone
tumor, metastatic lesion, sarcoma. arthritis, ostcomyelitis, and other bone diseases
that result in the occurrence of growing bone with readily accessible coordination of
calcium in the hydroxyapatite bone structure [132]. The bone scanning is performed
2-3 h post-injection to reduce the background radioactivity in the body. In 24 h 75 to
85 % of the activity is excreted in the urine [84].

Very recently another bone imaging agent [*™1'c-ABP], prepared by reduction of
2mTcQ, with SnF, in the presence of 1-hydroxy-4-amino-butylidene-1,1-diphospho-
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nate (alendronate) has been reported to be a better bone scanning radiopharmaceuti-
cal than |**"Tc-MDP], because of its shorter mean residence time, lower protein bind-
ing, and more rapid renal clearance. ‘the agent exhibits a radiochemical purity of
> 98 % up to 5 h after preparation. Composition and structure of [?"™Tc-ABP] are
still unknown [156].

6.8 99mTc-labeled red blood cells **mT¢c-RBCs) and white blood cells
(?2mTe-WBCs)

The cfficacy of ?™T¢c-RBCs is based on its ability to distribute within the intravascular
pool of the body and to leave this compartment slowly. *™Tc-RBCs is a major
diagnostic agent in cardiovascular nuclear medicine and is also used for blood pool
imaging of other organs. It is administered for the investigation of the ventricular
functioning of the heart, for measuring the cardiac output or for the detection of gas-
trointestinal hemorrhages |6,157]. Recent applications include diagnosis of deep vein
thrombosis and hepatic hemangiomas [159]. For spleen imaging the labeled red blood
cells are denatured by heating at 50 °C for 20 min prior to injection.

The *’™Tc labeling of the red blood cells is based on the reduction of *™TcO, by
Sn?" inside the cells and binding of the reduced **™Te species predominantly to the fi-
chain of the globin moiety of hemoglobin [158]. Both *™TcO, and Sn*" are able to
diffuse into the red blood cclls.

Three different procedures are currently used for the labeling of RBCs with “mTe,
the in vitro method, the in vivo method, and the modified in vivo method. For in vitro
labeling, blood drawn from the subject is heparinized and incubated with stannous
citrate. Excess extracellular Sn(I1) is oxidized with dilute NaOCl to Sn(IV) in order to
prevent reduction of the subsequently added *9™TcQj, before it has diffused into the
RBCs. '™Tc-RBCs are then obtained by incubating ™ TcO, for 15 min. The labeling
yicld is better than 97 %. The labeled RBCs are reinjected into the patient for diag-
nostic imaging. The blood radioactivity levels remained essentially unchanged over
3 h post-injection [6,113.159].

In the in vivo method a solution of stannous pyrophosphate containing 10 to 20 ug
Sn(IT) per kg is injected intravenously. After waiting about 30 min for biological clear-
ance of extraccllular stannous pyrophosphate, 20-30 mCi (0.74-1.11 GBq) *™TcO, is
injected, tagging the RBCs immediately with an efficiency of 80-90 %. After equili-
bration of *™Tc-RBCs with the blood pool, imaging can be cxccuted [113]. In the
modified mcthod for the in vivo labeling of RBCs the patients receive approximately
500 pg Sn(1l) as stannous pyrophosphate intravenously. 20 min later, 3 ml of blood
with in vivo tinned red blood cells are withdrawn into a syringe containing 20 mCi
(0.74 GBq) of ¥™TcQ; . After 10 min of incubation. the labeled RBCs are reinjected
into the paticnt. ™TcO, is thus prevented from distributing to extravascular com-
partments. 90 % of the injected *™Tc is bound to the RBCs [161].

White blood cells (WBCs), in particular polymorphonuclear leucocytes and mono-
cytes, accumulate in high concentrations at sites of infection. Radiolabeled leucocytes
or granulocytes now are widely cstablished as a means of localizing various forms of
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inflammatory discasc and infections. Discases in which radiolabeled leucocytes made
a significant contribution to clinical management include inflammatory bowel disease,
postoperative sepsis, intra-abdominal and soft tissue sepsis. and acute and chronic
osteomyelitis [162].

PmrIe phagoceytic labeling of leucocytes proceeded for instance with a commercial
PmTe-albumin colloid kit. The leucocytes were separated from 40 ml heparinized
blood. The preparation appeared to be stable for 2-3 h after labeling. Imaging time
was 30 min to 4 h post-administration. About 20 % of the labcled colloid remained
unbound to the WBCs. The preparation contained approximately equal activities of
granulocytes and monocytes [163].

Receently, cfforts for imaging infcctions are more devoted to the application of
99mTe-hexamethyl propylenc amine oxime, [*™TcYO-d,l-HM-PAO]?, labeled leuco-
cytes. The labeling is performed by mixing leucocytes, obtained from 50-100 ml blood
and suspended in plasma/ACD (acid-citrate-dextrose) with [*™TcO-dl-HM-PAO]°,
freshly prepared from a commercial kit. After incubating the mixture 10 min at room
temperature, the preparation is washed with and resuspended in plasma and injected.
The lipophilic “™Tc-complex can penetrate the blood cell membranes. The labeling
cfficicney is 50-60 %, while 80 % of the cell-bound activity is found on granulocytes.
The white blood cell labeling efficicney is reported to be increased to 85 % when only
onc-fifth of the lyophilized HM-PAO kit was used [160]. The label stability in vitro is
90 % for 1 hin plasma [159.164]. The clinical value of [**"1cO-d,/-HM-PAO]° labeled
leucocytes is now clearly established, although some areas of application, such as
chronic osteomyelitis and occult fever, require further evaluation |162].

6.9 Tumor imaging agents

Benign or malignant tumors cxhibit characteristics, such as cnhanced metabolic activ-
ity and blood flow, high vascular permeability and the formation of tumor-associated
antigens. Tumor imaging can be accomplished by evaluating any of these characteris-
tics {113].

6.9.1 [**"TcVO(DMSA),]-

While the composition and structure of the renal agent [*™Ic-DMSA] are not
defined (only the oxidation state of technetium was suggested to be +3), the tumor
imaging agent [*™TcVO(DMSA),]~ was recently identified by the chemical character-
ization of the analogous compound of long-lived **¢Tc. [BuyN][**"I'cO(DMSA),] was
obtained in orange-red crystals when TcOj was reduced with S,03 in the presence
of DMSA in alkaline solution and the reaction solution was trcated with excess
[BuyN|Br. Elemental analysis confirmed the composition of the complex salt. In the
IR an absorption at 958 cm™' was assigned to a terminal Tc=0 bond. The 'H NMR
was consistent with the presence of three stercoisomers (Fig. 6.19.B) the syn-endo.
syn-exo, and anti-configuration. The clectronic spectrum showed a peak in the visible
at 418 nm. The preparation of the corresponding complex of *™T'c under alkaline
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Fig. 6.19.B Stercoisomers of [TcYO(DMSA),] [165)

conditions [166] yiclded a compound that was distinct from the [*"Tc-DMSA]
renal agent. In addition, HPLC confirmed the occurrence of three isomers in
["9¢TcVO(DMSA),] as well as in [ TcVO(DMSA),]~ [165]. The X-ray structure
analysis of [*TcYO (DMSA),] is still not available, but the syn-endo isomer of the
analogous rhenium complex [ReYO(DMSA),]~ has been structurally characterized.
Also this rhenium compound was shown to localize in certain human tumors. The
complcx anion adopts an approximately squarc pyramidal configuration [167] with
the terminal oxygen in the apical position. The geometry of the coordination is shown
in Fig. 6.20.B.

The tumor imaging agent was designed in Japan in the early cighties [168,169] and
used for the detection of medullary thyroid carcinomas and head and neck tumors in
patients [170,171]. Planar and SPECT imaging were applicd to rapidly assess head

O(6)

Fig. 6.20.B Structure of the syn-endo-isomer of [Re"O(DMSA),| [167].
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and neck squamous carcinomas in patients with high sensitivity and specificity [172].
The usefuiness of this agent for detecting medullary thyroid carcinoma and its soft tis-
suc mctastases was again demonstrated recently. The scintigraphic studies were car-
ricd out two hours after intravenous injection. The sensitivity for the detection of
bone and soft tissue metastases was 92 and 100 %, respectively [173].

6.9.2 [P"T(MIBI)gl*, [**Tc YO, (tetrofosmin), |*, and
[**"TcVO-d,I-HM-PAO|°

The myocardial perfusion imaging agents [**™Tc!'(MIBI)g]~ and [*™I'cVOs(tetrofos-
min),]' recently found increasing application in tumor detection. Malignant breast
tumors and axillary node metastases were detected with high sensitivity and specifi-
city. 20 mCi (740 MBq) of the tetrofosmin agent was administered intravenously. Im-
aging began 10 min post-injection. Both agents exhibited high diagnostic accuracy
and are promising breast tumor radiopharmaceuticals. However, thc sensitivity in
detection appearcd to be low for lesions smaller than 10 mm [174-178). [*™Tc!
(MIBI)e] was also used for the localization of parathyroid enlargement. The agent
showed higher parathyroid to thyroid uptake and accumulation in a thyroid adenoma
[179]. The sensitivity for the detection of hyperparathyroidism was 95 % and images
of superior quality were obtained. The MIBI agent scems to be the radiopharmaceuti-
cal of choice for parathyroid scintigraphy [180,181]. It was more sensitive in detecting
adenomas than hyperplasia [182]. The uptake of [#™TcYO,(tetrofosmin), |~ in malig-
nant lung tumors was demonstrated recently [183]. After intravenous injection of 20
mCi (740 MBq) of this agent. 89 % of the primary lung cancers in paticnts were visua-
lized by SPECT, showing the tetrofosmin agent to be highly effective in the delinea-
tion of lung cancer [184]. The neutral brain perfusion imaging agent [**™1cVO-d,I-
HM-PAOJ°® appceared to be a useful radiopharmaceutical for the localization of both
the primary focus and metastatic lesions of malignant melanoma in patients by
SPECT [185].

6.9.3 ?"mTc-labeled monoclonal antibodies

The immunoscintigraphy of tumors, using **™Tc-labeled monoclonal antibodies, has
been developed since the beginning of the eightics. Antibodies can accumulate speci-
fically in tumor tissuc by binding to tumor markers, such as proteins, glvcoproteins,
glycolipids, or polysaccharides that are formed by tumor cells. However, unspecific
binding to normal tissuc cannot be excluded. With *™Tec-labeled monoclonal antibo-
dics it was possible to gain high contrast images. Scveral techniques for labeling
monoclonal antibodies with *™Tc are used at present.

The labeling can be performed directly [186] by incubation of the antibody protein
with “"TcO, and SnCl,. *™Tc is probably reduced to the oxidation state +5 and is
bound to thiol (HS ) groups formed by rcductive partial cleavage of the disulphide
bridges in the antibody. Unfortunately, the capacity of binding sites of strong bonding
was only 16-24 % [189]. Incubation of the antibody overnight with 12 mM SnCl, (pre-
tinning method) [191] and subsequent labeling with **™T¢ appears to increase the sites
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of strong bonding. On the other hand the disulphide bonds are essential for maintain-
ing the structural integrity of the immunoglobulin moleculc which, however. scems to
be preserved if less than 4 % of the disulphide bonds are reduced. 100 pg of an anti-
body could be labeled with 20 mCi (740 MBq) of ?*™ T, if less than 1 % of its disul-
phide bridges are cleaved by reduction {187].

Another direct method for the labeling of monoclonal antibodies is the reduction
of the antibody by a thiol rcagent such as 2-mercaptocthanol or 2-aminocthanethiol-
hydrochloride, the subsequent purification of the reduced antibody by column chro-
matography and the labeling of the HS-groups. gencerated in the antibody. with *™T¢
by transcomplexation of the *™Te from a weaker complexing ligand such as pyropho-
sphate, phosphonates or iminodiacetic acid derivatives (Fig. 6.21.B). The labeling
vield was better than 95 %. This is one of the most frequently used techniques [188-
191]. Monoclonal antibodies have also been effectively reduced with dithiothreitol,
dithiocerythritol, and ascorbic acid [187]. Labeling cfficiencies of > 97 % were
achieved when after prercduction of the antibody with 2-mercaptocthanol, the
mTeQy reduction was performed with an aliquot of a stannous kit containing gluco-
heptonate [192]. Recently, direct Y™ Tc-labeling of prereduced human immunoglobu-
lin succeeded in using an insoluble macromolecular Sn(IT) complex containing amino-
phosphonic acid groups [193]. Water-soluble phosphincs are alternative reducing
agents 1o generate high affinity binding sites, i.c. thiol groups, in monoclonal antibo-
dies for binding reduced *™Tc [194].

The indirect labeling of antibodies is based on bifunctional ligands that complex %™ T
and also bind to the antibody. In the preconjugation labeling procedure, a strong *™Tc
chelate is preformed and subsequently bound to the immunoglobulin through reactive
functional groups of the chelate. For instance, the diaminodithiol ligand system is well
known to form strong tetradentate complexes with TeYO*, Antibodies and their frag-
ments were labeled by conjugating the tetrafluorophenyl active cster of 2°™Tc-4,5-
bis(thioacctamido)pentanoate to the protein amine groups (Fig. 6.22.B). High stability
and retcntion of immunoreactivity were demonstrated for 2™ Tc-labeled antibodies and
their fragments. Together with rapid clearance of antibody fragments and lack of normal
tissue accumulation, optimal imaging was reported to be achieved. However, the overall
labeling cfficiency was only 35 to 50 % and the total time for the procedure about 3 h
[195]. Nevertheless, some advantages arc the stable labeling of the antibody and the

detined chemical structure of the **™T¢ chelate.,
2-Mercapto- 99m -
Elhanol TcO4
SH Purification Glucoheptonate S-99"e-S
Memylene S-S
Diphosphonate

Fig. 6.21.B Dircct labeling of monoclonal antibodies [ 18%,189]
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Fig. 6.22.B Synthesis of *™T'¢-N5S,-antibody by formation of *™I'c-4.5-bis(thicacetamido)pentanoate,
which is converted to an active ester by water-soluble carbodiimide and finally conjugated to antibody
(Ab) via acylation of amino groups [195]

Another recently proposed indirect labeling procedure, a so-called pretargeting
method, uscs the high affinity of biotin (M=244 g -molc™!) to the glycoprotein avidin (M =
68000 g-mole™). Avidin has four binding sites that arc highly specific for biotin. Biotin is
labeled with ?"Tc by binding the *™Tc chelating ligand of propylene-amine-oxime
{pnao) to biotin (Fig. 6.23.B). The tumor-specific monoclonal antibody is bonded to avi-
din, and this non-radioactive conjugate is injected into the patient for accumulation in the
tumor, allowing a period of some days. Subscquently the *™T¢ labeled biotin derivative is
injected and binds rapidly and irreversibly to tumor-localized avidin [196]. The affinity of
avidin and biotin for each other is 57 orders of magnitude higher than those of antibodies
for tumors [197]. Long incubations of labeled monoclonal antibodics in the blood can be
avoided by this pretargeting method.

Since the preconjugation labeling methods are relatively time consuming, proce-
dures were developed for binding the bifunctional ligand at first to the antibody and
thereafter labeling the purified conjugate with “™Tc (postconjugation labeling). For
instance, a bis(aminoethanethiol) ligand with an activated N-hydroxysuccinimide
cster (Fig. 6.24.B) for protein conjugation was conjugated to monoclonal antibodics at
pH 8.5 with about 40 % vield. Subscquently. *™TcO, was reduced with Sn(II) and
complexed with the bis(aminocthanethiol) ligand at ambient temperature. The stabil-
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Fig. 6.24.B N-hydroxysuccinimide c¢ster of 6-(4-(4”-carboxyphenoxy)butyl)-2,10-dimercapto-2,10-
dimethyl-4.8-diazaundecane for conjugation to monoclonal antibodics and subscquent bis(aminocthan-
¢thiol) complexation of *™Te [198]

ity of the *™Tc labeled antibody was reported to be excellent and the labeling effi-
ciency > 90 % [198].

Numerous clinical tumor studies using **™Tc labcled monoclonal antibodies have been
recently performed. Melanoma., colon, breast, lung, head and neck, ovary, and lymphoma
tumors were successfully detected with varying sensitivity depending both on the size of
the lesion and its location [189]. The novel pretargeting immunodetection method suc-
ceeded in localizing cercbral gliomas in patients. The tumors were dctected in 15/18
glioma patients with a mean tumor to non-tumor ratio of 6.2. 0.2 mg pnao-biotin was
labeled with 15-20 mCi (555-740 MBq) ?*™Tc. #®Te-pnao-biotin was rapidly cleared
from the blood and was primarily excreted through the biliary system. Brain tomographic
images were obtained 1-2 h post-injection of “™Te-pnao-biotin [199].

6.10 Some future prospects

6.10.1 Brain

9mTc is not a physiological nuclide as, for instance, ' *C, which is accepted by the body and
metabolized in biomolecules [200]. However, specially designed ""™Te labeled biomol-
ecules can be taken up by the body as analogue tracers. “*™Tc brain imaging agents devel-
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oped up to now cross the blood-brain-barricr by diffusion, depending on the concentra-
tion difference between the two sides of the capillary wall. But carrier systems in the
endothelial cells of the BBB are capable of transporting selected substances, such as glu-
cosc or large neutral amino acids, through the barrier without the normal passive diftusion
(Sect. 6.1). On this basis, novel brain imaging agents could be designed for potentially
accclerating the passage of "™ I'c into the brain [39]. In a first recent approach, L-phenyl-
alanine, which is known to penetrate the BBB by the endothelial carricr for large, neutral
amino acids, was bound to a tripodal ligand forming a small. neutral diaminodithiolate
complex with TeYO3* (Fig. 6.25.B). 'The Tc complex was shown to be sterically less
demanding than the bis(2-chlorocthyl)amino substituent in melphalan, an antitumor
drug which is also transported through the BBB by the carrier for large, neutral amino
acids. The accumulation of the “’™Tc-labeled compound in brains of mice was established,
but till now the biodistribution mcasurements were not fully conclusive [201]. Recently,
the complexing of *7T¢/?”™1'c by a functionalized D-glucose. i.e. 2-amino-2-deoxy-D-glu-
cose-oxime, was successful. Significant accumulations in the brain or in the myocardium
were, however, not observed [202].
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Fig. 6.25.B a) Tripodand Tc-complex
bound to I .-phenylalanine [201]
a b b) Melphalan

6.10.2 Myocardiom

Some promising myocardial perfusion imaging agents werc developed in the last dec-
ade. Reactions of *""TcO), with both 2-phenylene-bis(dimethylarsine) (diars) and var-
ious thiols (RSH) yiclded a series of monocationic [*™Te!!(diars),(SR).]' complexcs.
The analogous complex cations of long-lived *’#T¢ werc identified by FAB mass spce-
troscopy. All the [P™TcH!(diars),(SR)>]' cations, which are in vivo non-reducible.
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were shown to accumulate rapidly in the myocardium of rats with an uptake of 1.5-
2.0 % of the injected dose/g at 30 min, without the rapid myocardial washout ob-
served for the in vivo reducible dihalo analogues [Tc"(dmpe).X,]". The blood clear-
ance of the diarsinedithiol complexes was very rapid with 0.3 % of the injected dose/g
at 30 min post-injection. A [fast liver clearance of [*™Tc(diars)>(SR),]* was ob-
served for the RS ligands 2-methoxyethanethiolate and I-mcthoxy-2-(methoxy-
methylene)pentane-5-thiolate, which can be attributed to the ether functionalities of
these thiolato ligands. The judicious choice of R groups in this scries of complexes
may finally Icad to clinically interesting myocardial imaging agents {203,204].

Bis(dithiocarbamato)nitrido®™Tc(V) complexes of the gencral  formula
[?"TcVN(R'R?NCS;),|°. with R! and R? indicating variable lateral groups, were re-
ported to be a new class of neutral myocardial imaging agents. The preparation
involves the initial reaction of *™TcO, with S-methyl.N-methyl-dithiocarbazate
(H,NN(CH3)CSSCHa) in the presence of tertiary phosphines or Sn®' as reductants,
followed by the addition of the sodium salt of the monoanionic ligand R'R*NCS, .
H>NN(CH3)CSSCH; behaves as an cfficient donor of nitride (N*7) to produce the
[*mTcV=N]? core. The complex ["*TeN{Et(EtO)NCS-},]° was obtained in pale yel-
low crystals. The coordination geometry is distorted square pyramidal with four sul-
phur atoms in the basal plane and the Tc=N group in the apical position. 'The analo-
gous ?"T¢ compound revealed, in comparison to other derivatives. the most favor-
able biodistribution and best quality of myocardial images in dogs and monkcys. No
decomposition of the compound occurred over 6 h. About 4 % of the injected activity
was observed in the myocardium of monkeys, however, along with significant activity
uptake in the liver. Slow washout from the heart was reported, in spitc of the neutral
character of the complex. Irials in human subjects may be promising |205-208]. Also,
the neutral complex |?™TeN{Me(CH,COOMe)NCS»},]° has been recently reported
to show high brain uptake in primates [209].

Substantial myocardial uptake of a series of cationic bis(arene)”™Tc(I) complexes
in rats has been described. The compound may be prepared in a sealed vial by reac-
tion of NalcQO, with zinc dust in a cyclohexane-arene mixture that is purged with
HCI. Complex ions containing benzene rings substituted with about four to six carbon
atoms revealed significant uptake in the myocardium of up to 3.8 % dose/g 5 min
post-injection. In addition, exccllent heart/blood ratios were observed, heart/liver
ratios exceeded in certain cases a value of 5.0, and heart/lung ratios approached 3.0 as
an upper limit. For the complex cations |bis(1.3,5-trimethylbenzene)”*™Ic]' and
[bis(1.2.3.5-tctramethylbenzene )?”™Tc]~ the activity in the heart rcached its maximum
within 45 min and cleared slowly to about 50 % after 24 h. Preliminary rcsults in
human volunteers also indicate the low plasma binding, but some lower target/non-
target ratios. However, the preparation of the complexes needs to be simplified in
order for them to be adopted in clinical use [210,211].

6.10.3 Hypoxic tissuc

Since the beginning of the 1990s, much effort has been devoted to develop *™Tc

radiopharmaceuticals for the detection of hypoxic tissue in the myocardium, brain,
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and tumors. Tissue hypoxia are important in cvaluating scveral discasc states. Appro-
priate imaging agents could be clinically useful, for instance. in the identification of
tissuc at risk in myocardial ischemia. in the designing of strategies for revival of jeo-
pardized tissue after stroke or in carly assessment of tumors that may be resistant to
radiotherapy and/or chemothcrapy because of their hypoxic status [212]. Nitroimida-
zole can be selectively trapped with rcactive metabolites in hypoxic cells by enzymatic
reduction of the nitro group in the abscnce of adequate supplics of oxygen. The redox
potential of the nitroimidazole derivative appears to be a measure of the intensity of
the reduction and the trapping.

The *21cVO-propylene-amine-oxime (TcYO-pnao) complex was bound through a
methylene group to 2-nitroimidazole (Fig. 6.26.B). ["*TcYO[pnao-1-(2-nitroimida-
zole)}]° was prepared in red crystals by reacting the ligand pnao-1-(2-nitroimidazole)
with *"I'cO; and Sn®* in saline. The compound was characterized spectroscopically
and by single crystal X-ray analysis. The Tc=0 stretch at 918 cm™! falls within the
range observed for Te=0 aminc oxime compounds. The complex has square pyramidal
geometry with the oxygen in the apical position. The plane of the nitroimidazole ring
is approximately perpendicular to the plane given by the four coordinated nitrogen
atoms of the complex; the nitro group has a trans position with respect to the Te=0
group. 'The two amines and one oxime of the complex are deprotonated. There is no
evidence of interaction between the nitroimidazole and the technetium core. The
redox potential of [*?#TcYO{pnao-1-(2-nitroimidazole)}]® in CHCN at E= -1.45 V vs
Ag/AgNO; can be assigned to the reversible reduction of the nitro group [212,213].

The imaging agent [*’™TcVYO(pnao-1-(2-nitroimidazole)}]° of analogous composi-
tion was prepared by a similar route using the generator cluant containing up to
100 mCi (3.7-10° MBq) of *™TcQ, . The radiochemical purity of the labeled com-
pound was better than 90 % [214]. Animal studies demonstrated that the agent is
selectively rctained in hypoxic myocardium and marks the ischemic border zone
[215]. It is clecared quickly from the normoxic heart [216]. The ischemic/non-ischemic
radioactivity ratio was about 3/1 at 30 min post-injection [215]. [*™TcYO{pnao-1-
(2-nitroimidazole)}]° (BMS-181321) appears o be a sensitive marker of hypoxic myo-
cardium [217], where its binding is cssentially irreversible [218]. The clinical applic-
ability of the agent in the imaging of myocardial hypoperfusion has been suggested
[219], however, an unfavorable heart-to-liver ratio was observed with in vivo planar
imaging of a caninc model, which may limit its use in clinical myocardial imaging
[220]. Further animal studics showed the agent to be also sclectively retained in
acutely ischemic brain, but not in the ischemic infarct. It is therefore a marker of
ischemic tissuc at risk of infarction and may contribute to the clinical management of
acute stroke [221]. In addition, BMS-181321 was recently reported to be taken up in
solid mice tumors with a tumor-to-muscle activity ratio of 3.5-4.0 at 4-8 h after injcc-
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6\ ’0' Y Fig. 6.26.B 'The hypoxic cell imaging agent [Tc¥O{pnao-1-(2-nitroi-
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tion. The agent could potentially be useful in clinics to investigate the status of
hypoxia in solid tumors [222]. Nitroimidazoles and the imaging of hypoxia was cxcel-
lently reviewed some years ago [223].

When “™TcO; is reduced with Sn(IT) and complexed with the ligand 4.9-diaza-
3.3.10.10-tetramcthyldodecanc-2,11-dione-dioxime (Fig. 6.27.B) a *"Tc compound
was obtained which possesses intrinsic bioreductive properties and is reduced in
hypoxic tissue to trapped species without having bound before nitroimidazole to the
ligand. The complex is reported to show high retention in carcinomas with hypoxic
fraction in mice and significant tumor-to-background ratios at 4 h post-injection [225].
Also, increased myocardial accumulation and retention in normal-flow-hypoxic and
low-flow-ischemic viable myocardial modecls (isolated perfused rat hearts) were ob-
served. After 60 min of clearance a low-flow-ischemic/control heart activity ratio of
13.6:1 was achieved [224]. The complex is superior to carbon-142-deoxyglucose in
detecting damaged but viable myocardium [224a].

5

NH HN
N N

Fig. 6.27.B 4,9-Diaza-3.3,10,10-tetramethyldodecane-2,11-dio-
OH HO ne-dioxime [224]

6.10.4 Rcceptor binding

‘The physiological function of organs, the testing of which is the predominant aim of
the application of radiopharmaceuticals, is often controlled by receptors. They are
found as glycoproteins on the cell surface or as soluble protcins inside a cell and bind
the associated ligands through complementary structures. Receptors exhibit high lig-
and affinity, specificity, stereoselectivity, and saturability. Radiopharmaccuticals
bound to receptors permit insight into special physiological processes; in particular,
changes in receptor concentration arc thought to be related to certain discasc states
of an organ [226,227]. Many receptor-specific radiopharmaceuticals with nuclides such
as '1C, 18F, 7°Br, 7’Br or !**] arc known, but only a few receptor-binding *™Tc imaging
agents.

9mTc-galactosyl-neoglycoalbumin (*™Tc-NGA) is a labeled ligand analogous to
the hepatocyte-specific receptor, i.c. the hepatic binding protein (HBP) [228,229]. The
ligand (NGA) was synthesized by coupling 2-imino-2-cthyloxymethyl-1-thiogalactose
(IME-thiogalactose) to human scrum albumin (HSA) [232]:
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‘The “™Tc labeling of the ligand was performed by controlled potential electrolytic
reduction of ¥*™TcQ; [230,231] with yiclds ranging from 92 10 99 %. *"Tc-NGA
remained stable for at least 4 h [232]. This receptor-binding radiopharmaccutical pro-
vides the assessment of liver function and is a quantitative probe for the HBP recep-
tor. Clinical tests after injection of 5 mCi (185 MBq) "™I'c-NGA indicated that with
liver diseases, such as hepatoma, liver metastases, and cirrhosis. the hepatic binding
protein (HBP) concentration appears to be a measure of functional hepatocyte mass
[233-238]. In patients with advanced breast cancer, “™Tc-NGA was cxclusively
trapped by the liver. The images revealed cold spots in arcas of liver metastases for-
mation. This receptor radiopharmaceutical is promising to be clinically useful for both
quantification of liver function and assessment of liver morphology [239].

To develop a *™Tc radiopharmaceutical useful for the diagnostic imaging of steroid
receptor-positive breast tumors. an analogue of mefipristone was modified to incorpo-
rate an N>S, chelate system in the 118-position and labeled with **™Tc after reduction
of ™TcO, in saline with SnC), in the presence of glucohcptonate (Fig. 6.28.B). The
insertion of the Tc=O core into the N»S» ligand can result in the formation of four
diastereomeric products, which are denoted as the syn and anti diastereomeric pairs,
syn and anti being defined by the orientation of the steroid substituent and the Te-oxo
group rclative to the N,S, plane. The syn diastereomeric pair was obtained in higher
yicld (43 %) than the anti pair. The specific-to-non-specific binding ratio of the *°™Tc
linked syn system in vifro was 75/25. In vivo, the progestin conjugate showed proges-
teronc receptor-mediated uptake in rat uterus, but also high uptake in non-target tis-
sues. Modified systems of ?™Tc progestin conjugates with improved target uptake
efficiency and sclectivity may be candidates for future studies aimed at the goal of
obtaining images of progesteronc receptor-positive breast tumors [240-244].

CH,

Fig. 6.28.B An analogue of mefipristone, modified 1o incorporatc an
N,S, chelate system in the 11-position and labeled with ¥ Te [240.242]
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Venous or arterial thrombus formations are potentially life-threatening events. The
diagnosis, treatment, and prevention of thrombocmbolic diseases has gained consider-
able attention recently. A thrombus is an intravascular deposit mainly comprising
fibrin, aggregates of platelets, and red blood cells. Platelet aggregation is mediated by
fibrinogen, which binds via the Arg-Gly-Asp (RGD) tripeptide sequence to the plate-
let glycoprotein GPlIb/l1a receptor expressed on activated platelets. Small molecule
antagonists of the {ibrinogen receptor GPIIb/ITla represent a class of potential anti-
thrombotics. *™T¢ labeled fibrinogen receptor antagonists, which bind to the GPILIb/
I11a receptor on activated platelets, are potential radiopharmaceuticals for the detec-
tion of thrombi. The cyclic Arg-Gly-Asp GPIIb/I1Ia receptor antagonists. conjugated
to 4,5-bis(S-1-cthoxvethyl-mercaptoacetamido)pentanoic acid, were labcled with
PMTe using the cxchange labeling with [*™TcYO(glucoheptonate),|~. A promising
compound for diagnosing the presence of thrombi by imaging, demonstrated in a
canine deep vein thrombosis model, is given in Fig. 6.29.B. By 50 min post-injection
the thrombus/blood and thrombus/muscle ratios were 6-8:1 [245,246]. In addition, a
hydrazinonicotinamide functionalized GPIIb/Illa receptor antagonist was labeled
with ¥*™T¢ using tricine and a water solublc phosphine as coligands [245a].

Not long ago. an g-melanotropin peptide analogue, cyclized through *™Tc coordi-
nation, was synthesized while retaining high affinity for recceptors present on mela-
noma cells. /n vivo the complex revealed sclective accumulation in a murinc mela-
noma tumor [246a].
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0 ’;‘9;9)“ o7 Fig. 6.29.B **"Tc labeled analogue of the GPIIb/Illa
/TC\ receptor antagonist as potential thrombus imaging
S S agent [245]

6.10.5 Dopamine transporter

Recently, the development of 9*MTc-labeled tropane derivatives used as dopamine
transporter imaging agents has been reported. The dopamine transporter is a protein
complex located presynaptically at dopaminergic nerve terminals [247]. Tt is depleted
in Parkinson'’s discase, and the cxtent of depletion correlates with the loss of dopa-
mine [248]. Among a series of tropane derivatives [249,250] labeled with *™Tc¢, two
compounds descrve more attention.
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The tropane derivative TRODAT-1 was labeled with " Tc and yielded *™Tc-
TRODAT-1 (Fig. 6.30a.B). The agent was obtained in a good yvicld of 80 % and
high radiochemical purity of more than 95 %. The bis(amino-ethancthiol) ligand is
attached at the 2 position of the tropanc core structure. *"™Tc-TRODAT-1 dis-
played an initial uptake in rat brain of 0.4 % at 2 min post-injection, the striatal/
cerebellar ratio recached 2.8 at 60 min and a maximum of 4.07 at 4 h after injection.
It is sclectively localized in the striatum region consistent with a profile of specific
binding to dopamine transporters [247.251]. In non-human primates a maximal tar-
get/non-target ratio of 3.5 between striatum and cerebellum was obtained [251a].
A dose of 11.2 mCi (414 MBq) of *"Tc-TRODAT-1 was injected intravenously
into a normal human volunteer. The agent quickly penctrated the blood-brain-bar-
rier. At 120-140 min post-injection, SPECT images gave the best contrast between
the basal ganglia wherc dopamine transporters arc located and the occipital arca
devoid of dopamine transporters [252]. ®"Tc-TRODAT-1 forms diastercomers
that display different binding affinities and distinct localization in the striatum
region [252a].

Another *™Tc labeled imaging agent that targets the dopamine transporter is the
so-called Technepine. The compound is also based on the tropane skeleton and the
square pyramidal diamide-dithiolate complex of the *™TcO™ core (Fig. 6.30b.B).
SPECT images in rhesus monkeys were obtained over 3 h. The striatum was localized
by co-registration of the SPECT images with magctic resonance imaging. The selectiv-
ity of Technepine was confirmed by comparing the striatum versus cercbellum radio-
active labeling, which was found to be 2:1 in a female monkey and 3:1 in a male mon-
key |248,253].

The development of ?"T¢ labeled dopamine transporters has been cxcellently
reviewed very recently [254].

\_/

Fig. 6.30.B The dopamine transporter imaging agents "™ Tc-TRODAT-1 (a) [251] and Technepine (b)
[248.253]
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7 Summary of

7 Summary of ?*"Tc¢ radiopharmaceuticals

A summary of *"Tc radiopharmaceuticals is given in Table 7.1.B.

Table 7.1.B *""1'c Radiopharmaceuticals for imaging and functional studies of organs.

Organ Radio- ‘Tradename Producer Dosage Application
pharmaceutical (incomplete list) [mCi (MBq)]
Brain TN O-dd- Ceretec Amersham 10-20 Regional blood
HIM-PAQ]® International (370-740) pertusion, cerebral
stroke. ischemia,
dementia. tumors,
trauma. hematoma
[Q‘)""l‘cv()AL,l,-F,CD]” Neurolite DuPont 10 20 Regional blood
(370 740 perfusion, cerchbral
stroke, focal
epilepsy
[ 1M CUDMG)2MP]* Neurovue Bristol-Myers Squibb 25 Regional perfusion
(925)
[>T O(MRP-20))° Medgenix, Belgium -
" TcYONEP-DADT)]” — -
™ Ee(IYTPA)]™ ‘Teceren Hoechst 10-15 Blood perfusion,
(370 355) tumor localization
[TV O(gluco- Glucosan DuPont 20 (740) Blood perfusion.
heptonate),] brain lesions
Na”"TeO; - — 10-20 Blood perfusion.
(370-740) lesions
Myocardium [T (MIBI), ]’ Cardiolite DuPont 10-30 Blood perfusion.
(370-1110) ischemia, infarction
[Qu’“'l'cl”(lcbornximc)jc Cardivtec Bristol-Myers Squibb 15 (555) Blood perfusion,
) coronary diseases
7 1eY Oy (tetrofos- Myoview Amersham 5-24 Blood perfusion,
min),|* International (185 888) ischemia. infarction
T (furifosmin)]”  Technescan  Mallinckrodt 14 Blood perfusion
(518)
["™'c-Pyrophosphate] Tecephos Hoechst 15 20 Acute myocardial
(555-740) infarcts
Thyroid Na”"™TcO, - 0.5-2 Morphology.
(18.5-74) vascularity, function
Lungs P MAA Tecepart Behring 1-16 Blood perfusion,
(37-600) shunt diagnosis,
angio- and
phleboscintigraphy
(7" T(DTPA)]) Teceten Bchring 5.4 Ventilation
acrosvl (200)
Liver, "™ reM(disofenin)] Hepatolite DuPont 3(111) Liver and gall
gall bladder | - — bladder function
S Te-PMT] Nihon Medi-Physics
meosulphur colloid Tesuloid Bristol-Myers Squibb 1. 3 (37-111)  Liver and spleen
99m e-albumin colloid — Microlite DuPont 5 morphology. tumors
(183) and abscesses
Kidneys [ 1eYOMAG))] MAG3 Mallinckrodt 520 Tubuli function,
(185-740) flow studies
" Te(D1PAY DTPA Amersham 5-12 Glomerular
Buchler (185-444) filtration rate. renal
perfusion
[ Te-DMSA] DMSA Amersham 1-2 Morphology.
Buchler (37-74) function diagnosis
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Table 7.1.B Continued.

Organ Radio- Tradename Producer Dosage Application
pharmaceutical (incomplete list) [mCi (MBq) |
7™ O(gluco- Gluceptate Mallinckrodt 10 15 Morphology. renal
heptonate)a|” (370-555) perfusion
1MoL EC) - - Renal function
Skelcton [ Te-HIMDP) Osteoscan Mallinckrodt 1020 Bone fracture,
HDP (370-740) tumor, metastatic
["‘gm']‘cAMDP] Tecebon Hoechst 10-15 lesion, sarcoma.
(370-355) arthritis,
[qq‘“'l’cAl)PDl Teceos Behring 10-15 osteomyelitis
(370 555) and
[ Te-HEDP| - : other bone
[“™Tc-ABPJ — 20 diseases
(740)
Red blood (""" Tc-RBCS| Ultra Tag Mallinckrodt 15-20 Ventricular func-
cells (555-740) tioning, cardiac out-

put, gastrointestinal
hemorrhages, vein
thrombosis. internal
bleeding, hepatic

hemangiomas
White blood  {#™Tc-WBC(s) - - Inflammatory bowel
cells discase, tissue sepsis,
ostcomyelitis
Tumors [P TVO(DMS A Amersham 10 Medullary thyroid
International (370) carcinoma, head
and neck tumors
(T (MBI, Cardiolite DuPont 315 Hyperparathyroid-
(111-555) isin, breast tumors,
axillary node
metastases
TN 0, Myoview Amersham 20 Breast and lung
(tetrofosmin)»|* International (740) tumors
[TV O-d.-HM-PAQ]® Ceretec Amersham 20 Malignant
International (740) melanoma, primary
focus and metastatic
lesions
M Te-Mab Scintimum Behring 18.9-29.7 Colorectal cancer,
BW 431/26 CEA (700- 1100) gastric cancer
Pm e Mab Scintimum Behring 27 Mammary and
BW 250/183 Granulozyt (1000) prostatic carcinoma,

lvmphoma, small
cell lung cancer
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ABP:
abtH(H,)
acacH
(acac)enH,

acdH

Acm

ADP

acc

amt 1H
amIZH
14ane-N-S,

apH
apaH;

appH
apsHjz

1-hydroxy-4-amino-butylidene-1,1-diphosphonate
2-aminobenzencthiol

acetylacctone
N,N’-ethylene-bis(acetylacetoneimine)

H3C CHs
W

|
N oM
OH

l

Z
H3C CHs

2-amino-1-cyclopentene- I -dithiocarboxylic acid

HN
2

SH

(acetylamino)methyl

adenosine diphosphate
N-(2-aminocthyl)carbamic acid
2-(methylamino)thiazole
2-(4-methoxyphenylamino)thiazole
1,4-dithia-8,11-diazacyclotetradecane

)
N s
N
L
2-aminophenol

N,N’-3-azapentane-1,5-diyl-bis{3-(1-iminocthyl)-6-methyl-2H-
pyran-2.4-dione}

Me Me
N
(03 = N/'-./\H /\\N_ (o]
H H <
0 o o o
Me Me

2-aminophenyldiphenyiphosphine
N,N'-3-azapentane-1.5-diyl-bis(salicylidencimine)

H /(CHz)z\N/(CN,)z\ _H

=y

OH HO
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apy

Ar

Ar’

atpH
(BAT-TE)H;

BBB
bdi
bdtH,
bemH

bgoH

bloH
blsH
BM.
BPA

(BP-BAT-TM)H; :

BPHA
bpm
bptz

bpy
(brac),enH,

4-aminopyridine

2,6-diisopropylphenyl

2,6-dimcthylphenyl

2-aminothiophenol
ethane-1,2-bis(N-1-amino-3-ethyl-butyl-3-thiol)

/N

HN NH

o C

blood-brain barrier
butane-2,3-dione-imine-oxime
1.2-benzenedithiol
benzylidine-2-thioaniline

N
H HS

2-benzimidazol-2'-yl-methanol

S
N
©§N>— i
OH

2-benzimidazol-2’-yl-ethanol

2-benzimidazol-2"-yl-ethanethiol

Bohr magneton

N’-benzylpiperazinyl

biphenyl-2,2’-bis(N-1-amino-2-methyl-propane-2-thiol)
~

Z
HN NH
Lo W
N-benzoyl-N-phenyl hydroxylamine

2.2’-bipyrimidine
3,6-bis(2’-pyridyl)-1,2,4,5-tetrazine

N N—N
2.2’-bipyridine
N.N’-cthylene-bis(3-bromoacetylacetone imine)



btH

Bu

Bu'
(buac),enH,
butriH3
bztH

catH,

CBF

(CDO-MeB)H;

cep

CFA.E.
CFSE.
CNmzxyl

Cp

Cp*
15-Crown-5
csaH

Cy

cysH
(cys-OEt)H
dataHy
dbCZ‘ltHz
DBDSH,

dbmH
dctH
dddH;
dedtH,
depc
diars
diglyme
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benzencthiol

n-butyl

iso-butyl

N,N’-ethylenc-bis(tert-butylacetyl-acetone iminc)

1,2,4-butanetriol

benzylthiol

1,2-dihydroxybenzene

cercbral blood flow

tris(cyclohexanedionedioxime)mcthylboron

tris(2-cyanoethyl)phosphine

) CH,—CH,—CX

NC~CH,—CH,~ P )
CH,—CH,—CN

crystal ficld activation encrgy

crystal field stabilization cnergy
2,6-dimcthylphenylisocyanide
cyclopentadienyl
pentamethylcyclopentadienyl
1,4.7.10,13-pentaoxacyclopentadecanc
cysteamine

cyclohexyl

L-cysteine

L-cysteinecthylester
cyclohexancdiaminctetraacctic acid
3,5-di-tert-butylcatechol
N.N’-bis(mercaptoacetyl)butane-1.4-diaminc

dibenzoylmethane
N,N’-bis(4-chlorophenyl)triazenide
3,6-dimethyl-3.6-diazaoctanc-1,8-dithiol

429

2.2’-dimethyl-1,1-{(N,N’-H,)ethylene-diamino}dipropane-2-thiol

bis(1,2-dicthylphosphino)ethanc
1,2-phenylenc-bis-(dimethylarsine)
diethyleneglycoldimethylether
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dioxocyclamH, . 1,48.11-tetraazacyclotetradecanc-5,7-dione

o] 0
H

o

HvH

dithiadod : 5.8-dithiadodecane
dithiaoct . 3.6-dithiaoctane
dmapy . 4-(dimethylamino)pyridine
dmbtH : 2,6-dimethylbenzenethiol
dme :1,2-dimethoxycthane
(DMG)2MPH, : dimethylglyoxime-(2-methyl-1-propyl)boron
dmitH, : isotrithionedithiol
HS J[j>=s
HS~ *
dmpe : bis(1.2-dimethylphosphino)ethanc
DMSAH, : 2,3-dimercaptosuccinic acid
DMSEH, : 2,3-dimercaptosuccinic acid dimethylester
dpaH : N.N’-diphenylacetamidine
DPD : 2.3-dicarboxypropanc-1,1-diphosphonate
dpfH . diphenylformamidine
dpk . bis(2-pyridyl)ketone
dpmH : dipivaloylmcthane
dpp : 2.3-bis(2-pyridyl)pyrazinc

1O

Q
s

dppH . 1,2-dimethyl-3-hydroxy-4-pyridinone
dppb . 1.2-bis(diphenylphosphino)benzene
dppbtH . 2-(diphenylphosphino)benzenethiol
dppdH; . N.N’-bis{2-(diphenylphosphino)phenyl}-propane-1,3-diamine
Ph Ph Ph Ph
VARV
o, O
S

dppe : 1.2-bis(diphenylphosphino)ethane



dppv
dpq

dta-morphH;

dtcbH(I1,)

defTl
duH

Eq
ecbapH-

eddaH,
elez
e:lez
edtaH,
Eh
egHz
emaH,
epaH;
EtydadtH,
EtzdlCH
EtlebH

Etglll
EXAFS
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cis-bis(1,2-diphenylphosphino)ethylene
2.3-bis(2-pyridyl)quinoxaline

ge
Q0
e

N.N-bis(2,2-dimcthyl-2-mercapto-cthyl)(2-morpholinc-4-yl-
cthyl)amince
S-methyl-3-(2’-hydroxybenzylidene) dithiocarbazate

H H
S

l ‘ Y
- 7
c=N—N—c{
SCH,
OH

N,N’-di-4-tolylformamidine

N.N’-di-4-tolyltriazenide

activation encrgy
N-{2-ethoxycarbonyl-3-oxo-but-(1)-enc(1)yl}-2-aminophenol

COOE!

~

cub
OH

cthylenediamincdiacetic acid

ethane-1.2-dithiol

ethene-1,2-dithiol

ethylenediaminctetraacetic acid

redox potential vs normal hydrogen electrode

1.2-cthanediol

N,N’-ethylene-bis(2-mercaptoacetamide)

N,N’-ethylene-bis(2-phcnoxyacetamide)

3,10-diethyl-5.8-diazadodecane-3,10-dithiol

diethyldithiocarbamic acid

N-(N,N-dicthylthiocarbamoyl)benzamidine

Et\N .
RN

c
|
N

lo]

w:

H,

N,N’-diethylthiourca
extended X-ray absorption fine structure
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FAB-MS
furifosmin

glucaH,
hasz

hbaH
hbdnpH,

hbdez
hbhH,
HB(pz);~
hbtH
hbtaH2
HEDP
hedtaHs
Hep

Hex
hfaH
HMDP
HM-PAO
hmpoH

hpaH,

fast atom bombardment mass spectrometry
1.2-bis{dihydro-2,2,5.5-tetramethyl-3(2H)-furanato-4-methyl-
encamino} ethane, bis{tris(3-methoxy-1-propyl)phosphine}
N-salicylidene-D-glucosamine
S-methyl--N-(2-hydroxyphenylethylidenc)dithiocarbazatc

CHy NH—C

2’-hydroxybenzylidine-aniline
N,N’-bis(2-hydroxybenzyl)-1,3-diamino-2-(4-nitrobenzyl)
propanc

NO,

& D

N,N’-bis(2-hydroxybenzyl)-1.3-diaminopropane
2’-hydroxybenzylidine-2-hydroxyaniline
hydro-tris(1-pyrazolyl)borate
2-(2-hydroxyphenyl)benzothiazol
2’-hydroxybenzylidine-2-thioaniline
1-hydroxyethylidene diphosphonate
N-(2-hydroxymethyl)-ethylencdiamine-N,N’,N’-triacetic acid
n-heptyl

n-hexyl

hexafluoroacetylacetone

hydroxymethylene diphosphonate
hexamethyl-propyvleneamineoxime
3-hydroxy-2-methyl-4H-pyran-4-one

o
N
o

4’-hydroxypentyl-2’-idine-2-hydroxyaniline

@OH HO\C/CH,
1
CH
N=C
AN

CH,



hptH,
HR-ICP-MS
im

IT
L.L-ECDH;
LPAS

lut

mactH,

(MAG);H,
(MAG),H,

mapH,
MDP
mdtcH

mephH,
MequinH
MesalH
Mestu
MIBI
mnsH,
mntH,
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4’-hydroxypentyl-2’-idine-2-thioaniline

high resolution inductively coupled plasma mass spectrometry
imidazole

1someric transition
N,N’-1,2-ethanediyl-bis(L-cystcinediethylester)

laser induced photoacoustic spectroscopy
3.5-dimethyvlpyridine
N.N’-ethylene-bis(methyl-2-amino-cyclopentanc-1-dithiocar-
boxylate)

CHS SCHy

mercaptoacetylglycylglycylglycine
2-mercaptoacetyl diglycine
0 0
4 4
HS NH NH-CH2-COOH
2.3-bis(mercaptoacctamido)propanoic acid

methylene diphosphonate
morpholine-4-dithiocarbamic acid

Hy M,
Cc———cC
s/ AN
O\ /N*IC—- -SH
-’ |
Hy  He

2-mercaptophenol
2-methyl-8-hydroxyquinoline
N-methylsalicylidencimine
N,N’-dimethylthiourca
hexakis(2-methoxy-2-methylpropyl-1-isonitrile)
1,2-dicyanoethenediselenol
1,2-dicyanoethcnedithiol
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MPH,

morphtcbH

mde3

(MRP-20)H;

9N3
NADP*

(NEP-DADT)H; :

Net-tmdadtHs
NHE
NMe-tmdadti;
NP3

nPe
ntaH3
ocpH;
ophsalltl,

OXH2
pacH

meso-porphyrin 1X dimethylester

1 3 [
CH,y B
CH, o,
i i
CH,y CHy
1
CO4CH, €0, CH,

N-(N’-morpholinylthiocarbonyl)benzamidine

O
N\C/N\C)Q
I {
S

N{mercaptoacetyl)-N'-{4-(pentenc-3-one-2)jcthane-1.2-diamine
TN

O NH HN

f
N-{2(1H-pyrolylmethyl)}N’-(4-pentenc-3-one-2)ethane-1,2-dia-
mine
1,4,7-triazacyclononane
nicotinamide adenine dinucleotide phosphate
N-ethyl-piperidinyl-hexamethyl-diaminodithiol
4-N-ethyl-2 9-dimethyl-4,7-diaza- 2,9-decanedithiol
normal hydrogen electrode
4-N-methyl-2,9-dimethyl-4,7-diaza- 2,9-decanedithiol
2-diphenylphosphino-N,N’-bis(2-diphenylphosphino-
ethyl)ethancamine
ncopentyl
nitrolotriacetic acid
octaethylporphyrin
N-(2-hydroxyphenyl)salicylidencimine

oxalic acid
S-methyl--N-(isopropylidene }dithiocarbazate

SH 0



pbtH
pedH;

Pen
penamincHjs
pent(ao).H

Ph
phen
phsalH
PICH;
pico
PMT
pn
pnaoH;
PP;

ppme

ppoo

PPP
pppa
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2-(diphenylphosphino)benzenethiol
N-{2(1H-pyrolylmethyl)}-N"-(4-pentene-3-one-2)-ethane-1,2-
diamine

7N
NH HN N
5»&« 0=
n-pentyl
D-penicillamine-N,S.O-D-penicillamine-N.S

3.3,11,11-tetramethyl-4,10-diazatridecane-2,12-dionedioxime

(CHg
/ N\

N N
SN
N N
I l
HO Or

phenyl

1,10-phenanthroline

N-phenylsalicylidencimine
N-[2-{(2-mercaptoacetyl)amino}-ethyl]-2-pyridine-carboxamide
4-mcthylpyridine

N-pyridoxyl-5-methyltryptophan

1,3-propanediaminc
3,3,9,9-tetramethyl-4,8-diazaundecane-2,10-dionedioxime
tris-2-diphenylphosphinocthylphosphine
1,1,1-tris(diphenylphosphinomcthyl)-ethane

Ph,
cH, PPh,
PPh,

1.8-bis(diphenylphosphino)-3,6-dioxaoctane

C.)
PPh, PhP
4-phenylpiperidinyl
bis(diphenylphosphinoethyl)propylamine
/NN
P N P

Phel Phy

]
CaHy
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pPpp7

Pr!
psi
psig

ptfaH

Py
pybta

Pyr*
quinH
quinim-naphH

RIMS
RH*'CI

983

1484

1654
1684-(OH),
18S6
(sacac),enH,
salH
salabtH,

salbdH>»
salcysHj

4-phenyl-3,6-bis(2’-pyridyl)pyridazine

CeHy

isopropyl

pounds per squarc inch, 14.22 psi = 1 bar

pounds per square inch gauge (pressure measurced with respect
to that of the atmospherc)

pivaloyltrifluoroacetonc

pyridine
bis(2-pyridylmethyl)-2-benzylthio-2,2-dimethylethylamine

S8z
S0 Yo
SN N SN
23,4 5-tetramethylpyrroly!

8-hydroxyquinoline
1-(8-quinolyliminomethyl)-2-naphthol

" H
H H
| H
" c..NN‘
H‘ Y
OH g
H

lascr resonance ionization mass spectroscopy
rhodamine-B hydrochloride
1,4.7-trithiacyclononane
1,4,8,11-tetrathiacyclotetradecanc
1,5.9,13-tetrathiacyclohcxadecane
1,5,9,13-tetrathiacyclohexadecane-3,11-diol
1,4,7,10,13,16-hexathiacyclooctadccane
N,N’-cthylene-bis(acetylacetoncthioimine)
salicylaldchyde
N-salicylidene-2-aminothiophenol

=P

SH OH

N.N’-butane-1,4-divl-bis(salicylidencimine)
N-salicylidenccystein
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N,N’-cthylene-bis(salicylideneiminc)

&

N,N’-2-hydroxypropane-1.3-bis(salicylideneimine)
N,N’-propane-1,3-bis(salicylideneimine)

single photon emission computed tomography
N-(2-mercaptophenyl)salicylideneiminc

2-mercaptopyridine

1,5,8,12-tetraazadodecane

monothiodibenzoylmethane

tri-n-butyl phosphate

4-tert-butylpyridine
S-methyl-3-(2’-hydroxy-1"-naphthylmethylene)dithiocarbazate

H H
SeM
C=N—N—C
N
<
OH

1,4,7-triazacyclononanc-N,N’N"-triacetic acid

3 4-toluenedithiol

2,2:6’.2"-terpyridine

1,4.8.11-tetraazaundecane
1,2-bis{bis(2-ethoxyethyl)phosphino}ethane trifluoroacctylace-
tonc

trifluoroacetylacetone
tris(hydroxymethyl)(trimethylammonium)methane cation
2-(2’-hydroxyphenyl)-2-thiazoline

~

N

OH

2.4,6-tri-iso-propylbenzenethiol
triisooctylamine
2,3,5,6-tetramethylbenzenethiol
trimethylphosphite
N,N,N’,N’-tetramcthylthiourca
tri-n-octylamine
meso-tetraphenylporphine
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tppz

tren-py;

ttod
tu

C. Acronyms and abbreviations

5.6-tetrakis(2-pyridy!)pyrazine
SNI j%

tris{4-(2-pyridyl)-3-aza-3-butenyl} amine

N\
NZC
N N N
, c:N/\ N % \

1.5,11,14-tctrathiaoctadecanc
thiourca
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A

absorption speetra, hexahalogeno-
technctate (IV) 248

algac  27ff

analytical chemistry 55

animals 24

antibodics 403

arc emission spectra 58

arene complexes, Te(l) 327

atmosphere 18

atomic absorption spectrophotometry 58

avidin 405

B

Baltic Sca 17

benzenethiolato complexes, Te(VI) 163
jB-Diketonato complexes, Tc(111) 264
B-particles 55

binary compounds 104

biochemical cffects 24

biotin 405

blood-brain-barrier 380, 385, 387, 407. 413
boiling point 47

bonding strength 49

bone imaging agents 397

bone marrow 394

borides 104

brain 377, 382,384, 406. 414

brain perfusion imaging agents 380
branching ratio 375

breast 403, 406, 411

Bremsstrahlung 57

bridged compounds 217

bromide 122

C

calcination 13
Canada 15

Carbide 105

carbonyl complexes, Te(I) 328

— Te(lI) 286

carbonyl substitution 332

carboxylato complexes, Te(TII) 264

catecholato complexes. Te(VI) 160

cerebrovascular disorders 383

chalcogenide clusters 294

chelating complexes 17

chlorides 120

chlorophyll 22

chromatography 79, 82, 375

chronoamperometry 45

colon 406

confinement factor 12,13

coulometry 45,65

cross section 56

crustaceans 30

crystal ficld stabilization 49

crystallographic data, Te(TV) hexahalogeno
complex salts 246

cyvano complexes, Te(I) 315

- Te(lll) 259

cyclic voltammetry 46

cyclopentadienyl complexes. Te(I11) 286

cytological cffects 23

D

decay constant 375
dementia 384
development, radiopharmaccuticals 380
diarsine complexes. Te(VI) 163
diazenc complexes, Te(V) 242
diazenido complexes, Te(V) 242
diazenido groups 267
Dinuclear complexe 288, 292

- Te(ll) 309
Dinuclear p-oxo complexes, Te(I1I) 288
Dinuclear oxo complexes, Te(V) 215
Dioxines 267
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distillation

Index

66

distribution cocfficient
76.77.78
dithiocarbamato complexes, Tc(111) 275
Dopamine 412
dry distillation 67
dvimanganese 6

E

cffective half-life 379

cge

26

ekamanganesc 6

electrochemistry 44
electrodeposition 55
electronic configuration 43
emission. aqueous 13 ff
— atmospheric 13 ff
- solid 14
cmission tomogram 383
emission tomography 376
entropy of fusion 47

F

fishes 24
~ blenny 31
~ place 30
~ scabass 31

~ Serranus cabrilla 31

~ thornback ray 30
fluorides
force constants
formation constants

freshwater

G

gall bladder
gas phase separation 67

114

18

49

414

49

11, 15.70, 72,73, 75,

gas proportional counting 56
gastrointestinal

Y-y cascade

57

400

glassification 13
glycoprotcins

goats

24

410

granulocytes 400
gravimetry 62

H

halides 113, 123

halogen containing complexes 152

halogeno complexes, Te(11) 299

halogeno-phosphine complexes, T'c(1I1) 261

head 402, 406

health danger 40

heart 26, 400

heat capaity 47

heat of sublimation 47

hepatic hemangiomas 400

hepatobiliary imaging agents 392

hexafluoro complexes, Te(VI) 162

hexahalogeno Tc(1V) complexes 245

hexathiocyanato Te(IV) complexes 245

high-resolution inductively coupled plasma
mass spectrometry (HR-ICP-MS) 60

humans 31

hydrazido complexes, Te(V) 242

hydrides 104

hydridotechnetate 145

hypoxic tissue 408

I

igncous rocks 18

Imaging 376

Imido complexes, Te(V) 239

- Te(VI) 153

- Te(VID) 149

immunoglobulin 404

inductively coupled plasma mass spectrometry
(ICP-MS) 60

inductively coupled plasma optical emission
spectrometry (ICP-OIiS) 58

infarct 392

infections 401

inflammatory bowel discase 401

insccts 24

intake limits 41

Intermetallic compounds 97

invertebrates 30

ion cxchange 56



ion exchange chromatography 79

IR spectrophotometry 62

isomers 35

isonitrile complexes, Te(I) 315
Te(IIT) 259

isothiocyanato complexes. Tc(I1) 299

- Te(1ll) 259

isotopes 35

isotopic exchange 50

itrogen heterocycles 303

Japan 16

K

kidney 26,395,414
kit 382,401

kit 389
Kits 379
L

laboratory handling 40
lanthanide contraction 43
Ieucocytes 400

licensing limits 41
lipophilicity 380, 388
liquid scintillation 56
liver 26,292,411, 414
lung  403. 406, 414

lung imaging 392
lymphoma 406

M

magnesium fluoride 39

magnetic data, Te(I'V)hexahalogeno complex

salts 246
manganese 43
mass spectrometry 59
masurium 6
Mattauch’s rule 6

maximum permitted air concentrations
maximum permitted body burdens 41
U-carboxylato complexes, Tc(I1I) 288
Melanoma 406
melting point 47, 95
metallothioneins 174
microorganisms 24, 27
milk 25
molybdenum 10, 36, 374
monoclonal antibodies 403
u-Oxo compounds 215
u-oxopyridinato-bridged complexes,
Tc(ITI) 288
multiple Te-Te bonds 292
muscle 26
Mussels. abatome 30
— oyster 30
myocardial 403
myocardial perfusion imaging
agentss 388
myocardium 407, 414

N

Na®*TcO, 387,392

neck 402, 406

neutron activation analysis 56

nitride 106

nitrido complexes, Tc(VI) 154

nitridocyanotechnetate complexes,
Te(V) 220

nitridohalogeno complexes, Te(V) 220

441

41

nitridothiocyanato-complexes, Tc(V) 220

nitrile complexes, Te(11I) 259

nitrogen heerocycles 267

nitrogen ligands 267, 321

nitrosyl complexes, Te(I) 323
— Te(ll) 306

NMR chemical shifts 316

nonabromoditechnetate(1V) Te(1V)

complexes 245

nuclear fuel cvcle  10ff, 37

nuclear power [0, 15

nuclear weapons testing 15
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(0]

organ imaging 10, 376

ostcomyelitis 401

ovary 406

Oxalato complexes, Tc(Il) 301

oxide bromides 122

oxide chlorides 120

oxide fluorides 114

oxide halides 104, 113. 123

oxide iodide 122

oxides 107

Oxocyano complexes, Tc(VI) 168
Oxopentahalogeno complexes, Te(V) 165
Oxotechnetates 127

Oxotetrahalogeno complexes, Te(VI) 165
Oxothiocyanato complexes, Te(VI) 168

perrhenate 80
pertechnetate 15, 20,24.61.79
- extraction of 67.78

— extraction of, by alkyl- and arylammonium

salts 75
— cxtraction of, by ketones 72
- extraction of, by organo-nitrogen com-
pounts 73
— cxtraction of, by tetraphenylarsonium
salts 76
— cxtraction of, by tri-n-butyl phosphate
(TBP) 70
— reduction of 377,379
pertechnetates 129
pertechnetic acid 127
pertechnetic acid salts 127
phagocyte 401
phosphides 106
phosphine, Tc(IT) 299
phosphine complexes, Te(T) 319
phosphine ligand complexes, Tc(IV) 256
phosphinethiolato complexcs. Te(111) 275
phosphinite complexes, Te(T) 319
phosphite complexes, Te(I) 319
phosphonite, Te(II) 299
phosphonite complexes, Te(I) 319
phytoplankton 29
pitchblende 7

planar scintigraphy 376

plants 56

- allium 2]

- cheatgrass 20
corn 22

— leaves 21

- lichen 23

~ peaplants 20
- red maple 22

- roots 21
— sovbean 20
- spinach 22

- swiss chard 21
— tumblewced 20
- wheat 20

— yellow poplar 22
platinum 37

pleen 394
polarography 44, 63
polychactes 30
polynuclear complexes, Te(1) 309
pretargeting 405
progestin 411
proteins 410

Purex 38

Purex process 11
pyridine 37

Q

Quaternary oxides 139

R

racemization 50

radioactive fallout 10, 1S, 16
radiometry 55
radiopharmaceuticals 15, 373 ff, 377
~ development 380

— structure 380

- synthesis 380

rainwater 18

Raman spectra 110

reactivity 49

Receptor binding 410

red blood cells 415

red blood cells ("”™1'c-RBCs) 400



redox potential 43, 305

renal imaging agents 395

resistivity - 96

resonance ionization mass spectrometry
(RIMS) 60

reticuloendothelial 394

rhenium 4, 6,43, 49, 402

Russia 17

ruthenium 36

Ruthenium 374

S

Schiff bases 267
seawater 26ff 55
scawced 74

sclenides 113
scparation methods 66
sepsis 401

Skeleton 415

skin 26
snails 24
soil 36

— scdiment, rock retention 15
solvent extraction 67.78, 375
spark cmission spectra 58
spectfic heat 96
SPECT 376.383
spectrometry 58
spectrophotometry 60
spleen 400
squamous carcinomas 403
stability 49
Standard clectrode potentials 378
Stannous salts 379
steam distillation 39
stratospheric fallout 10
stripping voltammetry 65
structural data, (Te=N)*"-core

complexes 238

— Tc(I) complexes 346

— Te(Il) complexes 313

— Te(Ill)-complexes 261
Te(III) complexes 296
— Tc(IV) complexes 256, 258
— (TcOs)*-core complexes 214
— (TcQ)*"-core complexes 205
- Te(O) complexes 352

443

— Te(V) andidiazene complexes 244

- Te(V) diazenido complexes 244

-- Te(V) dinuclear oxo complexes 220

- Te(V) hydrazido complexes 244

- Te(VI) complexes 161, 164

- Te(VID) complexes 151

- Te(V)-imido complexes 244
structure, radiopharmaceuticals 380
sublimation 375
sulphides 112
sulphur ligands complexes, Te(11l) 275
superconducting compounds 100
superconducting temperature 96
swine 26
Synthesis. radiopharmaccuticals 380

T

Te(1) complexes, structural data 346
Te(1I) complexes, structural data 313
Tc(IIT) complexes, structural data 261, 296
Tc(IV) complexes. absorption spectra 248
— cystallographic data. magnetic data 246
structural data 256, 258
{Te(u-0)(O:N,)}-core complexes 251
{Te(u-0)(Os3N)>-core complexes 251
{Te(u-O)(Oy4)}z-core complexes 251
TeN(:Brs)-core complexes 234
Tc(N,Br,y)-core complexes 254
Tc(N,Cly)-core complexes 254
(TeN)™ -core complexes 220
Tc(N3O3)-core complexes 254
Te(N4Cly)-core complexes 254
(TeNY*-corc complexes 148
TeN(As;Bry)-core complexes 234
TeN(AsCly)-core complexes 234
(TeN)-core complexes, structural data
TeN(N,P,Cl)-core complexes 230
TeN(NaS»)-core complexes 230
TeN(N;Br,)-core complexes 226
TcN(N,Br)-core complexes 226
TeN(N,4Cl)-core complexes 226
TeN(Ny)-core complexes 226
TeN(N,4O)-core complexes 226
TeN(NO,P)-core complexes 230
TeN(NS.CLP)-core complexes 230
TeN(NSO,)-core complexes 230
TeN(N.S,0,P)-corc complexes 230

3%}
o
oo
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TeN(O5S5)-core complexes 222
TcN(O),)-core complexes 222
TcN(P>Clp)-core complexes 234
TeN(P,S5)-core complexes 234
TcN(P;Br»)-core complexes 234
TeN(PiClo)-core complexes 234
TeN(P4Cl)-core complexes 234
TeN(PBry)-core complexes 234
TeN(PCl3)-core complexes 234
TcN(PS,y)-core complexes 234
TeN(S4Cl-corc complexes 222
TeN(S4)-core complexes 222
TcN(Se)s-core complexes 222
Tc(0O,Cly)-corc complexes 251
(TcO,(CN),)* 214
(TcQ,)"-core complexes, structural
data 214
TcO»(N2Oy)-core complexes 212
TcO,(N,S;)-core complexes 212
TcQ,(Ny)-core complexes 209
TcO»(NO,S)-core complexes 212
TcO,(NO3)-core complexes 212
TcQ,(P2N,)-core complexes 212
TcO,(P;)-core complexes 212
TcQ,(P4)-core complexes 212
(TcOj;)*-core complexes 146
(TcO)? -core complexes 165

TcO) "-core complexes, structural data 2035

Tc(O4Brsy)-corc complexes 251
Tc(O4Cly)-core complexes 251
Tc(Q)g)-core complexes 251
Tc(O) complexes, structural data 352
TcO(N;Br;)-core complexes 191
TcO(N,Cl)-core complexes 191
TcO(N,0O,Br)-core complexes 192
TcO(N,0,Cl)-core complexes 175,192
TcO(N,0;)-core complexes 175
TcO(N,Os)-corc complexes 175
TcO(N,OBr;)-core complexes 192
TcO(N,OCl,)-core complexes 192
TcO(N,OP)-core complexes 203
TcO(N,0S,)-core complexes 197
TcO(N,0S)-corec complexes 197
TcO(N,S;Cl)-core complexes 197
TcO(N-S5)-core complexes 181
TcO(N,SCl)-core complexes 197
TcO(N;Brp)-core complexes 191
TcO(N;Cly)-core complexes 191
TcO(N;0,)-core complexes 175

TcO(N:O)-core complexes 175
TcO(N;S)-core complexes 181
TcO(Ny)-core complexes 175
TcO(NyNI)-core complexes 175
TcO(NO,Cl)-core complexes 192
TcO(NO,S)-core complexes 197
TcO(NO,)-core complexes 175
TcO(NOBr;3)-core complexes 192
TcO(NOCHR)-corc complexes 192
TcO(NOS,)-core complexes 197
TcO(NOSCl)-core complexes 197
TcO(NP;Cly)-corc complexes 203
TcO(NS3)-core complexes 181
TcO(0,Cl3)-core complexes 169
TcO(0,8,)-core complexes 171
TcO(Q,)-core complexes 169
TcO(Os)-core complexes 169
TcO(0S;)-core complexes 171
TcO(P,0,Cl)-core complexes 203
TcO(P,03)-core complexes 203
TcO(P;S,Cl)-core complexes 203
TcO(S;Se;)-core complexes 171
TcO(S4)-core complexes 171
TcO(Se)4-core complexes 171
TcP)P,Cl)-core complexes 169
(1cS)?'-core complexes 108
Tc(Sg)-core complexes 254
Te(Sg)-core complexes 254
TcS(N3CLy)-core complexes 208
Tc(SNCly)-core complexes 254
TcS(S,)-core complexes 208
{Tc(S4))2-core complexes 254
Tc(V) Dinuclear oxo complexes, structural
data 220
#mTc-albumin colloid 394
[*"Te-DMSA] 396
[P Te(DTPA)> 387,392,395
99mTe-galactosyl-neoglycoalbumin - 410
[PmTeMICHDMG)2MP]° 385
[**™Tc"(furifosmin)]* 391
[P™Tc M (HIDA)Y,] 393
[*™TcM(teboroxime)]” 390
[P T (MIBL)g]™ 389, 403
PMTe-MAA 392
[#™Tc-PMT] 394
[®™Tc-pyrophosphate| 392
%mTc-sulphur colloid 394
[#™IcY=-d,l-HM-PAO]® 403
[?*"TcYOs(tetrofosmin),]~ 390, 403



"M TeNO-d.-HM-PAQ]" 381
[""TeVO(DMSA)] - 401
[P TeYO(glucoheptonate)- |
[P TeVO-LL-ECF 397
[ TeVO-LL-ECD] 384
[ TcYOMAG,)] 395
[TV OMRP-20)] 385
(" TVONEP-DADT)]C 386
Technepine 413
Technetium. artificial occurrence 10
— atmospheric occurrence 18
biomass accumulation 19
- chemistry of 43
— complex compount extraction 77
discovery of 4
- extraction of 67 ff
- instars &
in the environment 15
— isolation 36
- isomers 35
isotopes 35
- laboratory handling 40
- natural occurrence 6
non-primordial 7
- primordial 6
- production 36
— propertics, nuclear 39
— rclease of 14
- uscs of, as a catalyst 87
— uses of, as a corrosion inhibitor 91
- uses of, as an oxidizing agent 91
— uses of, as a radiation source 87
Technetium (I) complexes 315, 352
Technetium (I1) complexes 298
Technetium (IT1) complexes 259
Technetium (IV) complexes 244
Technetium metal. preparation of 94
— properties of  95{f
Technetium (O) complexes 348
‘Technetiumrainwater, freshwater occurrence
soil, sediment, rock occurence 14
Technetium (V). diazene complexes. structural
data 242
- diazenido complexes, structural data 242
- hydrazido complexes, structural data 242
- imido complexes 239
- imido complexes. structural data 242
Technetium (V1) complexes 145, 152. 162
- structural data 161, 164

387. 396

445

Technetium (VII) complexes. structural
data 151

Y9 Techpetium, gencration of 374

Tellurides 113

‘Ternary oxides 139

Tetraoxotechnetate (V1) 136

thermal conductivity 96

thermal diffusivity 96

thermodynamic data 47

thiocarbamato complexes, Te(11) 301
— Te(VI) 163

thioether complexes, Tc(1l) 301

thiolato complexes. Te(11) 301

- Te(Ill) 275

- (Te(VD) 160

thionitrosyl compicxes, Te(I) 323

- Te(Il) 306

thioureato complexes, Tc(TIT) 275

thrombosis 400

thrombus 412

thyroid 26, 377. 402, 414

thyroid imaging 392

tin 377

titration 65

tranium 374

irans-dioxotetracyanotechnetate(V) 214

trans-(TcO,) -core complexes 209

tropane 412

tumor imaging agents 401

fumors 415

U

United States 16
uranium 7,10, 11, 37
urine 56

A%

volatilization 66

w

water 56
- freshwater 18
- rainwater 18
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- sca water 26
white blood cells 415
white blood cells (M Te-WBCs) 400
wool 26

X
xanthato complexes. Te(Ill) 275

X-ray density 95
X-ray fluorescence spectrometry 39
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