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Preface 

The artificial radioelement of atomic number 43. technetium. is frequently considered 
to be a curiosity in inorganic chemistry. However, more than five decades ago, when 
sufficient quantities of the long-lived nuclide ““’l’c with a half-life of 2.13. LO’ 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 manganese and rhenium. Technetium received much attention in fundanieu- 
tal inorganic chemistry studies at research institutions and universities. At present, the 
enormous number of technetium compounds, that have been isolated and charactcr- 
ized. documents the extensive research performed in technetium chemistry. Its rapid 
expansion was primarily spurred by the world-wide intention to develop technetium 
radiopharmaceuticals of high diagnostic efficacy labeled with the y9n1Tc isomer with a 
physical half-life of six hours. Over 80% of all radiopharmaceuticals now used in 
clinics are labeled with 99”1Tc. 

This monograph reprcscnts the present status of technetium chemistry and tcchnetium 
radiopharmaceuticals. I t  is intended for use as a handbook and a text book for inorganic 
and nuclear 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 cheinistiy is focused on i n  discussions of synthesis. 
properties, and structures of individual technetium compounds. Complex compounds are 
treated in  the sequence of ’Ic oxidation states in most of part A. Part €3 is concerned with 
synthesis, composition, and structurc of 99mTc radiopharmaceLiticals currently used for 
diagnostic organ and tumor imaging. and with future prospects. including imaging o f  
hypoxic tissue, receptor binding, and dopamine transporters. Concluding tables are pro- 
vided to sununarize the chapters. Each chapter terminates with the pertinent literature. 
Acronyms and abbreviations used in both parts of lhis book are listed in the appendix. 

Since the mid 1960s. some excellent books on technetium have appeared: K. Colton 
“The Chcmistry of Rhenium and Technetium”. Interscicnce (1965). R. I). Peacock 
“The Chemistry of Technetium and Rhenium”, Elsevicr (1966), J. Steigman and 
W. C. Eckelmaii “The Chemistry o f  ‘I‘echnetium i n  ,Medicine”, Nuclear Science Series 
( 1  992), and “’Iechnetiuni and Khcnium. Their Chemistry and Applications”, Topics in 
Current Chemistry (1996)- edited by K. Yoshihara and T. Omori. The last book con- 
tains contrihutions to several aspects o f  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. ‘I’he increasing flood 
o f  publications since then, particularly on technctium complex chemistry and radio- 
pharmaccuticals. justifies this comprehensive monograph. 



I am grateful to the late Prof. Dr. W. IIerr for drawing my attention as early as the 
late 1950s to the artificial elenient technetium. I would like to express my cordial gra- 
titude on this occasion to all my former co-workers in tcchnctiuin chemistry, in partic- 
ular to Dr. L. Astheinier. Mr. K. 13. Linse. Dr. H .  J. Schenk, Ilr. TI. H. Pieper, and 
Dr. J. Hawk.  My sincere thanks are due to Prof. Dr. K. H. Lieser. Darmstadt. for his 
interest in this book. I would I'urther like to thank the staff on the Central Library of 
the Research Center in Juelich, Germany, for actively wpplying the relevant litera- 
ture. Finally. my thanks are extended to the publishers for their friendly cooperation. 
All criticisms of this book brought to m y  attention will be gratefully acknowledgcd. 

Juelich. December 1999 Klaus Schwochau 
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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. lechnetium isotopes can be produced artificially by nuclear pro- 
cesses. Long-lived isotopes are " I c  (2.6. lo6 a), "8Tc (4.2. lo6 a) and '"Tc (2.1 . lo" a). 
The spectroscopic discovery of technetium in several fixed stars provided the first 
proof of stellar synthesis of heavy nuclides. Traces of "Tc occur in the earth's crust 
where they arise mainly from spontaneous fission of *?'U. 

Among the long-lived isotopes, ""Tc is the only one which is obtained in weighable 
amounts. It is formed in high yield by the fission of 234U, and quantities of the order of 
kilograms can be isolated from nuclear reactor fission product waste solutions. 
Because of the relatively low specific activity of 17 yCi/mg (629 kBq/mg) and the 
weak /)--radiation (E,,,=0.29 MeV), the laboratory handling of "Tc needs no special 
radiation protection. 

The chemical behavior and the coordination chemistry of this second row transi- 
tion element closely resemble those of the homologous element rhenium, however, 
detailed investigations also rcvcaled many distinct differences. The critical temper- 
ature of superconductivity of technetium metal is remarkably high at 8.2 K. Spccif- 
ic catalytic properties of technetium have been demonstrated. The effectiveness of 
pertechnetate ions in inhibiting the corrosion of steel is noteworthy. Pertechnetate 
is a weakly oxidiing agent, although somewhat stronger than perrhenate. Because 
of the almost equal ionic radii of technetium and rhenium, their analogous com- 
pounds frequently exhibit isostructural lattices. Alkali pertechnetatcs are the thcr- 
mally most stable compounds of technetium; KTc04 boils without decomposition 
at -1 000 "C. 

The coordination chemistry involves the oxidation states from +7 to  -1. Coordina- 
tion numbers from 4 to 9 are known. Crystal field considerations and magnetic sus- 
ceptibility measurements show that technetium forms low-spin compounds. Dinuclear 
complexes frequently display metal to  metal bond character. There is some evidence 
that technetium complexes are thermodynamically less stable and kinetically more 
reactive than the corresponding complexes of rhenium. A multitude o f  coordination 
compounds of technetium has been synthesized and unambiguously characterized. 
Investigations of the complex chemistry have been enormously stimulated by the 
development o f  99mTc radiopharmaceuticals. 



2 Discovery 

The first conclusive experimental evidence for element 43 was given by Perrier and 
Segrk in 1937 [l]. This discovery was a consequence of the invention of the cyclotron. 
A platc of natural molybdenum irradiated over a period of some months by a strong 
deuteron beam in the Berkeley cyclotron was presented by E. 0. Lawrence of the 
University of  California to E. ScgrLi at the Koyal University of Palermo, Italy. The 
molybdenum plate showed strong radioactivity due to more than one nuclide with a 
half-life of months. In a cooperation of F.. Scgrk with C. Perrier. of thc same univcr- 
sity, a chemical investigation of the activity rulcd out any radioactive isotopes of zirco- 
nium. niobium, molybdenum or  ruthenium. and revealed that the activity arose from 
nuclides of the missing element ckamangancse o f  the atomic number 43 [2 ] .  The 
metastable isomers Y5mTc and 9 7 m T ~  had been produced by the nuclear reactions: 

j tMo(d ,  n)g"'Tc 1/12 = 61d 

and 

Using concentrated fractions of these isomers, Perrier and SegrP were able to dcm- 
onstrate by  coprecipitations. for instance with sulphides of manganese and rhenium or 
with 'I'IKc04, that the element produced bore the closest resemblance to rhenium. 
Other cxpcriments showed the radioactivity to  volatilize with rhenium in an oxygen 
tlow at 550 "C [2].  Thcy could already identify several chemical properties o f  this arli- 
ficial element (31. In 0.4 t o  5 M hydrochloric acid solution the sulphide precipitation 
was complctc in the presence of rhenium or platinum as a carrier. but in 10 M hydro- 
chloric acid only a very small fraction of the total activity precipitated, in contrast t o  
the precipitation of Re&. In considering the possibility of separating clement 43 and 
rhenium. Pcrrier and SegrP tried to determine partition coefficients of the radioactiv- 
ity bet\vccn aqueous solutions and crystals of KReO4 and CsReOJ. I h c y  found a par- 
tition coefficient of the activity for KRe04 of 2.6 and for CsRe04 of 0.75 in agreement 
with the lower solubility of CsTcOl as compared t o  KTc04 131. In 1947 the discoverers 
proposed for element 43 the name "technetium" derived from the Greek word ~ey,vq- 
7 0 0  meaning artificial. i n  recognition of the fact that technetium was the first artifi- 
cially niadc element. and they suggested the corresponding chemical symbol "Tc" 141. 
Prior to the naming, Scgrt: and Wu [S] detected a 6 h activity of element 43, obviously 
''"mTc, by cxtraction o f  O"Mo, a neutron fission product of '3'IJ. 



2.1 References 
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3 Natural occurrence 

3.1 Primordial technetium 

In 1869 ,MendelCev [ I ]  predicted the existence of  an elcinent of atomic weight 100 
occupying the vacant space between molybdenum and ruthenium in his Periodic Sys- 
tem. He named this element provisionally "ekamangancse" corresponding to its posi- 
tion below manganese. In 1913 and 1914 Moselcy (2,3] found the atomic number of 
elements in the Periodic System t o  be directly 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(Pin) and 75(Kc). These indications of MendelCev 
and Moseley stimulated numerous attempts to demonstrate the Occurrence of element 
43 14.51 and the other elenxiits lacking in nature. 

In this context the systematic investigations of Noddack and I'acke (61 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 (Be2Y1Fe(Si04)202}, and columbite 
((Fe.Mn)(Nb03)z). l l i c  wavelengths of the X-ray lines interpreted as Kzl .Kx2.  and 
KP, showed good agreement with the calculated wavelengths. Noddack, Tacke, and 
Berg named the alleged element 43 "masurium", commemorating the former East 
Prussian district of Masuria. Whereas I. Noddack (nCe 1. Tacke) and W. Noddack [S] 
succeeded in isolating about 2 mg of rhenium, they could not concentrate and isolate 
element 43. Because no  further evidence for the existence o f  masurium in the earth's 
crust was submitted. their claim to discovery n a s  finally not accepted. 

In 1934 Mattauch's rule on the stability of atomic nuclei was published 191. Mat- 
tauch pointed out that /i-stable isobar pairs d o  not exist when they  differ only by 
one atomic nuniber 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 [l.O], thus the search for element 43 continued. Herr 
[ 111 exposed concentrates o f  rhenium-rich inolybdenites (MoS?). from which Mo 
was separated, to an intense neutron bombardment and observed a 6 h activity of 
y9mTc. This activity supposedly resulted from the reaction "'Tc(n,;l) 99'nT~ indicat- 
ing the occurrence of "'Tc in these ores. However, taking into account neutron 
reactions with possible contaminations ("'"Mo, "9'l'c, 9yRu, "'U) of the conccntratcs, 
the occurrence of '"c could not be demonstrated conclusively. Similar investiga- 
tions were carried out by Alperovitch and Miller [12] who claimed the detection of 
"'"Tc in columbites. yttrotantalites ((Y,Ce)('la,NbTi)206J and a thortveitite 
( (Y ,SC)~(S~~O, ) ] .  Anders (Alperovitch) c t  at. [13j extended the search for "'Tc by 
neutron activation analysis mainly of the same minerals, but of different locality 



and stated strong evidence for the existence of "Tc in nature. In the same year 
Boyd and Larsoii [I41 published a report on the occurrcncc of technetium in the 
earth's crust after a thorough search in a variety of Icrrestrial substances including 
molybdenite and yttrotantalitc. 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 traces of technetium in the samples analyzed. In addition, Herr et al. 
[lS] could not dctcct in Precambrian columbite, gadolinite, and tantalite any 
enrichment of the isotopcs "'Mo, 98Mo and "'Ru as potential decay products of 
'~'Tc and"Tc, respectively. Boyd et al. [ 161 produced the long-lived isotopes 97T~ ,  
"'Tc. and ""Tc by bombarding molybdenum metal with 22 MeV protons for 270 
days and identified some amounts by mass spectrometry for the first time. The 
half-life of these isotopes was found to be considerably less than lo8 a [14. 171. 
thus excluding the presence of primordial technetium in the earth's crust given the 
formation of the earth approximately 4.5.10' a ago. 

3.2 Non-primordial technetium 

Nevertheless, the earth's crust contains technetium. ""Tc is predominantly formed by 
spontaneous fission o f  'jXLJ and is also produced by neutron induced fission of 235(J. 
The first isolation of naturally occuring technetium was reported by Kenna and Kur- 
oda [18. 191. w h o  scparatcd about pg 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 ar t% C1. less 
than 0.00004 wt% Ru. and 0.000002 wt% Re. Three technetium fractions were iso- 
lated from 2.0, 1.3 and 2.0 kg o f  pitchblende, respectively. The samples were dissolved 
in dilute nitric acid. Lead was precipitated as the sulphatc and H2S was passed 
through the filtrate. Thc 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 passcd through a cation 
exchange column. Copper and molybdenum were removed from the evaporated solu- 
tion by precipitation with z-benzoin-oxime. Pertechnetatc 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 carrier was added to the technetium fraction. the acid- 
ity adjusted to 2 N, and sulphides were precipitated 1201. 

The activity of the precipitate was counted with a low-background p--countcr, with 
a background of about 0.7 counts per min. The observed 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, respectively. The avcrage half-thickness value o f  7 k 1 mg/cm' aluminum was in 
agreement with the acccpted half-thickness value of 7.2 nig/cm2 Al for "Tc. The 
atomic ratio ""Tc/'"U in pitchblende was found to be fairly conformable with the 



"YMo/2.- "L ratio. indicating that the '?" in pitchblende was predominantly produced 

by the spontaneous fission of 238U [19]. 
Some billion ycars ago natural nuclear reactors must have opcratcd and generated 

"Tc as a high yield fission product by induced fission of 23sU with slow neutrons. The 
relics of a natural reactor were discovered in 1972 at the Oklo uranium mines in the 
Republic of Gabon. Africa. 'Ihe Oklo phenomenon occurred 1.72 billion years ago 
and produced a grcatcr 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. lo2' n .  cm and a 235U/2-i8U atomic ratio down to 0.00310. 
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'%, o f  235U should have been converted to 
"Tc, corresponding to about 0.2 mg of ""Tc per kg of a uranium ore containing 37 
wt% uranium. However, since the half-life ol"")Tc is 2.13. los a, the isotope complete- 
ly decayed to ""Ku. 'The considerably highcr abundance of "Ru in Oklo uranium ores 
was proved by Frejacqucs 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], Moorc 1241 looked for technetium lines in the 
spectrum of the sun. The evidence for the presence of Tc'(l'cI1) rested chiefly on the 
one unblended solar linc at 3195.230 A. Later. this suggestion was shown to be erro- 
neous [25, 26. 271. However. in 1952 Mcrrill [2S, 291 detected neutral 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 Geininorum. R-Andromeda, and AA 
Cygni. Stellar spectra o f  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 Tcl-lines in the N-type stars TX Piscium and U Hydrae. 
Moreover, also M-type stars showed TcT-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-life of 2.6. lo6 a of 97Tc and 2.1 . lo5 a of 9yTc, the isotopes which have been 
discussed to he produced in stars 1321, the existence of technetium at the surface of 
stars is one of the strongest supports for the idea of nucleosynthesis o f  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 /3 -decay [34]. 
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4 Artificial occurrence 

Among the long-lived technetium isotopes only the j? -emitter 99Tc with a half-life ol' 
2.13. lo5 a is obtained in weighable amounts, either by neutron irradiation of highly 
purified natural molyhdcnum or by induced fission of 235U with thcrmal neutrons. 
Because o f  the high fission yield of 6.13 atom%, appreciable quantities o f  '"Tc can be 
isolated from uranium fission product mixtures. Nuclear reactors with a power of 3500 
MWth produce about 100 g of 99Tc per day or 6 TBq (- 10 kg) "?c/GW,I, per year. 

The total stratospheric fallout o f  ""Tc from nuclear weapons testing was estimated 
at 140 THq 11, 21. The fission of 2isU and 23')Pu in nuclear weapons test explosions 
produce ""l'c, which is oxidized t o  Tc207 in the presence of atmospheric oxygen at the 
high temperatures prevalent during the explosions. "I'c207 rcacts 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 131. The 
Chernobyl accident in 1986 liberated about 0.75 TBq of y9Tc 121. 

Releases of "Tc from nuclear power plants are low during normal operation. 
About 1 MBq ""Tc per year is released from a 1000 MW, reactor. With an operational 
experience of 6000 reactor years and a mean reactor capacity of 700 MW, the total 
calculated release of "'kIc is only 4.2 GBq 121. 

= 6.0 11) is used a s  an organ imaging radioisotope i n  
radiopharinaceuticals in nuclear medicine. 9yn'Te is produced in commercial genera- 
tors and decays by ;,-emission to the 9yYC'c ground state. Pcr medical investigation 20 
to 1000 MBq 99mTc is applied. This radionuclide has shown the greatest increase in 
usage during the past two decades. However, thc activity of """c formcd by decay of 
'"j"'7.c is negligible as calculated from the ratio of the decay constants i(99Vc)/ 

The most important source of artificially occurring 999Tc is the nuclcar fuel cycle. 
The total clectricity generated 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 ""'I'c liberated by repro- 
cessing was discharged before the end of 1980, an activity of about 525 TBq was 
released. After 1980 rcprocessing was improved to reduce emissions. It is estimated 
that the 'J"PTc discharge is only about 10 % of that, released up until 1980, i. c. 68 TBq 
corresponding to 343 GW, years up to 1983 and 234 TBq corresponding to 1187 CiW, 
years [S] until the end of 1993. The total global discharge of "Tc by the nuclear fuel 
cycle would be on the order of 1130 1'Bq up till the end of 1993. Summarizing thc 
radioactivity of the relevant artificial 9 9 W ~  sources over the world would result al 
present in  around 1.3. 10' 'I'Bq, equivalent to more than 2 t of' "~Tc. 

The short-lived '"~n17'c 

x(y9m~r~)=3.2 10 9. 



4.1 Technetium in the nuclear fuel cycle 

The description of technetium production i n  the nuclear fuel cycle and technetium 
release 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 t o  be 30 
years. The difference in the amounts of 9'"l'c formed in spent fuel in the pressurized 
water reactor (PWK) and the boiling water reactor (HWR) appears to  be negligible. 
35 metric tons o f  uranium are assumed to be the annual feed of new fuel. The 235U 
enrichment in the fresh fuel is supposed to be 3.2 wtYo. in the spent fuel 0.84 \ ~ t % .  

Technetium isotopes of mass numbers greater than 99 have half-lifes of less than 20 
min and thus have decayed during storing of the fuel elements for 1 SO days after dis- 
charge from the reactor. As compared to 991'c the production of  the long-lived iso- 
topes 07Tc and "Tc by thermal neutron fissioii can be ncglected. ""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 '331J(4.8) and 23"Pu(5.9), and 
fast neutron fission of "'Pu(S.9). '""1(6.3), and *"*Th(2.7). All o f  these sources may 
contribute to the accumulated inventory of "Tc. The specific radioactivity of " lc  nor- 
malized to fuel with a burnup of 33.000 ,VWd (therm) per ton of uranium is calculated 
to be about 14.5 Ci/t [6] corresponding to 0.85 kg of "'Tcit o f  uranium. 

The reprocessing procedure for recovering uranium from spent fuel elements is a 
chemical technique known as the Purex (plutonium and uranium recovery by extrac- 
tion) process [7]. l h e  fuel elements arc cut into siiiall pieces for dissolution in 7.5 M 
FINO-,. The dissolution is normally incomplete. An amount of small metallic particles 
containing Mo. Ru, Kh, Pd, and 'I'c is not dissolved 181 and discharged as highly active 
waste [9]. Technetium. assumed to bc produced during fission in its elemental state, is 
converted to TcO;. The aqueous nitric acid liquid containing the dissolved burned-up 
fuel is processed through a series of solvent extractions 161. 

The solvent extraction o f  T ~ O J  by tributyl phosphate (TBP) in n-dodecane was 
studied over a wide range of concentrations of TBP, TINO.;, NH4N03,  arid uranium, 
and as a function of temperature 17. 101. The extraction was found to proceed via the 
compound Hl'c04.3TBP [lo]. Increasing TBP concentration from 10 to 80 vol% 
results in a rise o f  the TcO, distribution coefficient D,I,c of almost three orders o f  
magnitude. For any given THP concentration DTC increases with increasing nitric acid 
concentration until a maximum is reached at 0.6 M HN03.  There is almost no extrac- 
tion of TcO; in the absence of HN03. The reason for the increase of 1 1 ~ ~  up to 0.6 M 
H N 0 3  appears to be the reduced dissociation of HTc04. Above 1.0 M HN03 DTc 
decreases rapidly due to competition of a complex formation of HN03 with TBP. 
When, by addition o f  U02(N03)2  the aqueous phase is 0.1 M in 1JO~(N'O3)2, DIC is 
substantially increased by some orders of magnitude at HNO-, concentrations lower 
than 0.1 M. Apparently, the extracted compound formed is CJ02(N03)(Tc04) .2TRP 
17, 9, 101. In the temperature range from 25 lo 60 "C D.,, was found to decrease stea- 
dily as the temperature is increased (Fig. 4.l.A). 

After extraction of pcrtechnetate 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. 111. Hecause of restrictions o n  impurities of recycled uranium, i t  is required that the 
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Pig. 4.1.A DT, as a function of  H N 0 3  co~i~entrat ioi i  and temperature at a ' I B P  concentration of 30 
vol'k in rz-dodecanc 171. 

concentration of "Tc in uranium is only about 4 ppm. The assumption of 4 ppm ""Tc 
in uranium implies that in 35 t of recovered uranium 0.14 kg of 99?'c returns to the fuel 
for any year, while around 30 kg of y9?'c 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 released during the dis- 
solution of spent fuel elements in 7.5 M HNO?, volatile compounds formed would 
predominantly be Te207 and HTc04. However. these and other volatile products 
would be almost quantitatively stripped by gas scrubbers containing oxidiing agents 
dissolved in alkaline water and would form non-volatile pertechnetate. It can be 
expected that the g9Tc cycled through the uranium reprocessing plant remains almost 
completely in the process streams and does not escape. A confinement factor of lo" 
was selected 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 model reactor, yields a source term for repro- 
cessing of only 0.3 mg of y'I'c released to the atmosphere. 

For operation of the model reactor. the input of uranium to the model plant con- 
verting IJ02 to UF6 is assumed t o  be 182 t of natural uranium which is processed to 
about 270 t of IJF6. 13.2 wt% of 270 t of (IF6 is from uranium recycled back to the 
system. As mentioned above. 0.14 kg of "lc per reactor year is returned with uranium 
to the fuel cycle, where it reacts with fluorine to give 'I'cF6. An estimate of the source 
term for ""Tc released to the atmosphere and to water can be formed by assuming 
that TcF6 is released to each 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 UF6 minus 182 t of uranium, i. e. 
88 t. Releases of fluoride to water account for 0.22 t and to the atmosphere for 0.1 1 t 
per model reactor year. Consequently, it may be assumed that the fraction 0.22/S8 of 



0.14 kg o')'lc. i .  c. 0.35 g is released to water and 0.1 1/88 of 0.14 kg ""l'c. i. e. 0.175 g. to 
the atmosphere 161. 

Significant amounts of ""Tc are known to accumulate in the cascades o f  the gaseous 
diffusion enrichment plants as TcF,. Emission of ""l'c to the atmosphere result from 
its presence in the effluent o f  the cascades, but the major source are liquids used for 
equipment decontaminations. The relatively light TcF6 moves toward the product end 
of the diffusion cascade rather than to the tails end. I t  can be separatcd from the [JF, 
stream by using more or less efficient magnesium fluoride traps. ""Tc may be removed 
from aqueous 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. SO wt% of the '19Tc entering 
the model enrichment plant may follow the 2-i5L! enriched UF,, that is 70 g. while 40 
wt% are assumed to rcmain with tails. 10 wtYo of "'Tc (14 g) may escape to the envi- 
ronment. According t o  somc data concerning release of '"Tc to water and air during 
gaseous diffusion enrichment of uranium in the LJnited States [6], the mean 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 wt(Y0, i. e. 0.35 g enter the atmosphere in 
the model enrichment plant. 

The [IF(, enriched to 3.2 wt% 23sU constitutes the feed material to the model fuel 
fabrication plant. UF(, still contains around 70 g of ""Tc. 52 t IJF, per model reactor 
year are convertcd to 40 t of UO2 by hydrolysis of UF6, precipitation of (NH4)21J207, 
calcination to 1 1 0 3 .  and hydrogen reduction to U02 .  During thcse chcmical processes 
TcF, may be partially converted to l'c207 and vaporized at elevated temperature. 1'0 
calculate an upper limit for ""Tc release, it may be assumed that SO wt%, i. e. 35 g of 
"Tc, is carried through the process and remains with the L J 0 2  probably in the form of 
Tc02.  An estimate of source terms for the environment can be made by assuming that 
TcF, is released to water and to the atmosphere in the same fraction as UF, (61. Thus, 
per ycar, 99.9 '%, of thc remaining SO wt% of '"'Tc, i .  e. 34.96 g, may enter the liquid 
waste stream and only 0.1 wt'l/,. i.  e. 35 mg, the atmosphere in the model fuel fabrica- 
tion plant. 

Fission products including "l'c are separated from uranium during reprocessing 
and retained in liquid tanks for solidification by calcination or glassification [ 121. We 
will consider the olassification process as a model (61. It is assumed that the model 
reactor creates 2 m' of solidified high-level waste per year, and that there arc n o  liquid 
wastes 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 
release about 0.3 mg of  "Tc to the atmosphere by solidification, assuming again a 
conlinemcnt factor of 1 OS as for reprocessing [6]. The solidified high-level waste con- 
taining "Tc will be transferred to a geologic repository. If it is assumed that n o  breach 
of the containnient occurs, the amount of "Tc released t o  the atmosphere per ycar 
during thc waste storage appears to be negligible. 

Significant source terms assessed for "Tc releases to the environment during the 
different processes o f  the nuclear fuel cycle are summarized in Table 4.1.A [6]. The 
amounts expected to be released per year were calculated on the basis of the model 
reactor dcfined at the beginning o f  Section 4.1. The total release via effluent water 
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appears to be two orders of magnitudc higher than thc rclease t o  the atmosphere. 
Among the processes releasing ""c 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 TcO; [ 131. 

Table 4.1.A Assessment of annual "'Tc releases t o  the environment dui-ing nuclear fuel cycle processes. 
The asscssnient is hased 011 the model reactor defined in the text [6]. 

Process Relcase of '91c [gla(MHqla)] 

Almosphere Water 

Reprocessing 3'  10 'yO.180) 

I'roduction of GF, 1.75.10 I (  110) 

Enrichment 3.5 ' 10 .'(220) 

Fuel fabrication 3.5 ' 10-2(22) 

Iliph-level waste solidification 3 .  to 4 ( 0 . 1 ~ )  

0 

3.5' lOP(220) 

13.65(85X6) 

34.96(21990) 

0 

After glassification of the high-level radioactive waste. technetium appears to occur 
mainly in the chemical form of TcO? 171. 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 aqueous 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, TcOl will be oxidized to easily soluble TcO,. This oxidation is expected to 
be enhanced radiolytically, particularly in salines [15,16]. 
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Fig. 4.2.A Dissolution of TcO? under anaerobic and aerobic conditions (3 mg 'TcO,. 100 ml 0.1 M 
NaNO3, 20 'C. pH 5.7 [ 141. 



4.2 Technetium in the environment 

We discussed the sources of artificial occurrence of "gTc at the beginning of this chap- 
ter and demonstrated that the nuclear fuel cycle is the prcdoniinant 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 991nT'c decaying to ground state "'l'c. The nat- 
ural occurrence o f  ""lc formed in the earth's crust by spontaneous fission of '."U and 
neutron-induced fission of 275U in uranium ores are negligible. 

Taking into account the kind of sources and the chemistry of technetium, '"Tc will be 
released to the environment a s  pertechnetate. Its behavior in the environment attracted 
much attention during the last two dccades due to the long physical half-life of  9"1c and 
the solubility and mobility o f  TcO, in aquatic systems. Considerable effort has been 
made to understand the long-term biogeochemical behavior of 9"cl'c, its transfer in food 
chains and the mechanisms controlling its mobility in diverse environments [17]. 

4.2.1 Retention in soils, sediments, and rocks 

The pcrtechnctate ion will not likely be sorbed in significant amounts by soils and sus- 
pended bottom sediments of predominantly negative charge. but will be highly mobile 
in soils and waters and thus available for uptake in biota. The 9'"rc level in soil down 
to a depth of 25 cm was estimated in 1979 t o  be IO-"' gig o f  soil [ 181. This concentra- 
tion was calculated from the known relative fission yield and the measured levels of 
yOSr and I3'Cs in soil, assuming that thew fission products from nuclear bomb tests 
have nearly the same retention rates in soil. 

Early sorption studies encompassed 22 soil types collectcd in Oregon, Washington, 
and Minnesota and used a batch equilibration technique. Distribution cocfficients Kd 
for 9.in'T~O; were dctcrmincd; this is defincd as thc ratio at equilibrium o f  the quan- 
tity of pertechnetate sorbed per gram of soil to solute per rnl of solution. The Kd val- 
ues for 95"'Tc04 ranged from 0.007 to 2.8, demonstrating the potential for accumula- 
tion in certain soils [ 191. The sorption was directly correlated with increased organic 
carbon contcnt and inversely correlated with incrcased pH. It appears that the posi- 
tive charge on soil organic colloids is an important factor governing technetium rcten- 
tion. As pH decreases, positive charge may be expected to increase with decreased 
ionization of acidic groups and increased protonation of basic groups. i n  addition. Kd 
values were correlated with cation exchange capacity [ 191. 

Recently, distribution coefficients Kd for oSmTc in Canadian Shield lake sediments 
were determined undcr oxic and anoxic conditions in a laboratory study. Untreated 
Winnipeg River water was used. For the oxic trcatment, sedimcnt and water were 
shaken for 24 h. spiked with 932 Bq of 9 S m T ~  and then shaken for another 48 h. The 
aiioxic treatment involved purging with N2 gas. The pH of the  solution under oxic con- 
ditions was 6.7, under anoxic conditions 5.8. Under oxic conditions and the presence 
of 1. 10 or 50 wt% organic sediment, a mcan of 98.5, 89.7 and 48.1 %, respectively, of 
''5111Tc remained in solution, corresponding to distribution cocfficicnts of 4.3, 6.9, and 



13.0 1. kg I for the organic sediment. Lnder anoxic conditions the mean values were 
96.7. 0.8. and 6.2 "/o o f  """Tc in solutions. corresponding t o  K d  values of 14. 9200, and 
210 1 . kg-', respectively. Consequently, considerable quantities o f  technetium may be 
sorbed to the sediment under the anoxic conditions expected for Canadian Shield 
lake sediments [ 2 0 ] .  

Investigations on the sorption of "TcO; by soils revealed that about Y8 % ol' the 
added pertechnetate was sorbed within a period of 2 to 5 weeks at 25 "C by N of 11 
soils with a wide range o f  physical and chemical properties such as tcxturc. pH. 
organic matter, free iron oxide content and cation exchange capacity. The slow 
kinetics obscrved and the insignificant reduction of ""lc sorption by addition of excess 
of C1 or HlPO; 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 lIzOz digestion of the soils suggested a role for the living and/or non-living 
organic fraction of the soil. Sterilization o f  the previously sorbing soils by steam elimi- 
nated the sorption ability. indicating a microbial role in the sorption process (211. 

Concentrations of 99'l'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 ""lc concentrations ranged from 
0.02-0.11 Bq per kg soil. The activity ratios of 90Tc/137Cs varied from 2.0.10 to 
5.2. lo-'. The theoretical activity ratio is about 3.0. 10 '. The mechanism of " 'Tc  accu- 
mulation in paddy fields may be explained by the rcduction of TcO; under the reduc- 
ing conditions of paddy field soil [22]. 

The soil chromatographic movement of "Tc through 41 selected Minnesota soils 
was studied to determine the short-term dynamic behavior of technetium under aero- 
bic conditions over a wide range of physical and chcmical soil properties. Under aero- 
bic conditions "Tc OCCUI-s as TcO;. Its movement was characterized by the chromato- 
graphic parameter K f .  Reduccd Kf values were statistically related to elevated levels 
o f  soil organic matter. Coinplexation of "Tc by organic matter appeared to be weak. 
Pertechnetate exhibited greater retention than %- which may be attributed t o  a 
weak binding of  TcO; by organic matter (231. 

?lie sorption of 05mTc04 on diverse soils under strictly aerobic conditions was 
extended to samples collected throughout the llnited States at locations in the states 
of Washington. Orcgon. Colorado, Illinois. and Minnesota under arid, semi-arid and 
humid climates and under sagebrush, grassland, pasture land. agricultural and forest 
vegetation. Soils dcveloped primarily under grassland-shrub vegetation and arid to 
scmi-arid conditions sorbed less than 5.7 '%, 95"1T~ from solutions after 48 h equilibra- 
tion. In contrast. soils dcveloped in forests and marshlands under humid and sub- 
humid conditions exhibited up to  31 % sorption of '""'lc 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 pI3 values 
than the grassland-shrub soils. In all soils at the 48 h equilibration time, sorption was 
strongly correlated t o  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]. 



The sorption of "Tc under aerobic and anaerobic conditions was determined for 34 
soils that wcrc selected from across central Canada to represent a broad range of 
chemical and textural characteristics. The aerobic Kd values were 0.0 and 0.5 likg for 
mineral and organic soils, respectively, the anaerobic K d  values were 18 and 68 I/kg, 
respectively. The K J  values are given by 

Kd ~ ('o,lcrtz/rtr/iorz ~_. ~ of ~~ 72. vorhcd 01110 soi/ solids (L(q.kg dry soil) 
~oncrr7rrctriotr of ~i it7 soil so/iuiofi i BG-I I \ 

The anaerobic K,, values tended to increase with clay content and pTI and appeared 
to be higher for the more humified organic soils (251. 

Organic matter is obviously a geochemical sink for technetium in soils and scdi- 
ments. Complcxcs o f  technetium with humic acids were shown to be quite stable and 
charactcrizcd by rather slow ligand exchange rates [26]. Soil organic matter will stabi- 
lize reduced pertechnetate in chclating complexes, possibly in a variety o f  combina- 
tions of coordinating functional groups such as amine. carboxyl, carbonyl, inercapto 
and hydroxyl. L,ocal reducing conditions in soils can be generated by microbial 
grokvth. 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 wcll characterized humic acid indi- 
cated the formation of technetium humate as a brownish-black precipitate after addi- 
tion of Sn(11) as a reductant to a solution o f  pertechnetate and humic acid at pH 4 in 
0.1 M NaCI04. A +3 valence state o f  technetium in the technetium humate complex 
was derived from the reduction process [28]. 

The distribution coefficients Kd [ cm'ig] for the sorption of ""'Tc by peat and the 
rates of sorption and desorption wcrc determined as a function of the conccntration 
of CaCI? as a supporting electrolyte, the concentration of dissolved oxygen. and the 
pH of the solution. The Kd values o f  Tc, added as "5m'l'c0,, increased if the coneentra- 
tion of dissolved oxygen or that o f  CaC12 decreased. The influence of p H  was negligi- 
ble. The half-times for the rates of sorption and desorption were in the range o f  20-60 
min and 500-900 min. respectivcly [29]. 

Diffusion of "Tc and other fission products such as 134Cs and lszEu as wcll as the 
actinides 237Np. *"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 
'I'cO; did not interact with thc sediment to any large degree. Deeper laying scdimeiits 
were depleted of oxygen and showed negative redox potentials. In this case the appar- 
ent diffusivity of "Tc D,=5. 10 ni2. ss1 was low compared to compacted clay with 
D,=8.10 

The biosorption of '"c by natural bottom scdimcnts of the eutrophic Lakc Reloye. 
one of the Kosino Lakes near Moscow, was also studied. 'Jhe initial coiiccntration of 
"Tc in samples of the lake water was 25 mgil. ' I l e  bottom sediments sorbed 98 % of 
'"c within 4.5 months at room temperature. The samples of the sediments and the 
benthonic water were withdrawn at a depth of 9 m. Thc ratio between the volumes of 
suspended particles of the sediment and water was 1 3 .  The p H  7 of the lake water 
was practically unchanged by addition of "Tc as NaTc04. The sorption o f  "'Tc is 
explained by sulfate reducing bacteria generating H2S, which reduces TcO, [3 I ] .  

m2.s-', indicating a reduction of TcO; [30]. 



lnvcstigations on the transfer of ""'l'c04 from surface water to organic-rich bottoni 
sediments in the frcshivater Perch Lake, located on the Canadian Shield. revealcd 
very low transfer rates of only 1.4 to 3.3 % of radioactivity per day. The same range o f  
transfer rates was found for l r s 1  .and 13'1- [32]. 

The retention and migration of ""Tc 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. 99?'c was considered to be almost 
not sorbed by deep geologic media, apparently on the basis o f  experimental data 
obtained with TcO; under oxidizing conditions. However. mobile TcO; can be 
reduced to less soluble conipounds in the presence of igneous rocks like basalt or 
granite 1331. Already under the reduction potential expected for groundwater not in 
contact with the atmosphere. TcO; is no longer a stable species. Kather. insoluble 
hydrated forms of T c 0 2  [34] will occur. Iron(l1)-containing minerals, e. g. magnetite, 
seem 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 ""Tc 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 1331. 

TcO; shows only minor interaction with inorganic solids. In aerated aqueous 
solutions the sorption behavior of TcO, resembles that of ClO;. Sorption ratios 
R, = fi /,, 111 with the initial counting rate of the spiked groundwater lo. the count- 
ing rate at the end of the experiment ZI,, 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 
o f  TcOy 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 TcOz is the stable species, high sorption 
ratios of the order of lo3 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 niV. The difference between the sorption 
ratios under reducing and under oxidizing conditions was about 4 orders of magni- 
tude [MI. 

4.2.2 Occurrence in rainwater, freshwater, and the atmosphere 

""Tc was detected early in surface waters and rain samples. In surface water samples 
at Argonne, Wisconsin, radiochemical determination since 1945 yielded values rang- 
ing from 0.018-1.82 Rqll [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 Rq/l 1381. The activities of y9Tc determined in these studies arc 
low and appear negligible. because they do  not represent major environmental con- 
tamination. To measure 99Tc in fallout. a neutron activation analysis procedure using 
the reaction 9'I'c(n,~)'ooTc was developed [39]. The estimated detection limits with 
sample irradiations at a thermal neutron flux of about 5.101-' n .cm '.s were 
5.10 l 2  g "Tc (3.1 . 10F3 Hq) in filter paper samples [40]. 

to 6.3.10 



9"?'c and "OSr concentrations were determined from a composite rain sample col- 
lected in 1975 in Commerce, lexns.  The concentrations wcrc 0.75. lo4 and 1 3 3 .  10 
Bq/l, respectively, indicating that the "9Tc/y0Sr activity I-atio o f  4 .  lo-' increased since 
1961, when the ratio was 1.8.10-'. All observed "9Tc/'%r values were larger than the 
anticipated values from the neutron-induced fission of 235CJ or 2?9Pu, which points to 
sources of 9"I'c other than fallout, c. g. release of O"7'c t o  the environment by nuclear 
fuel reprocessing [4 I] .  

Water samples taken during 1985 and 1986 from the Khone river exhibited ""Tc 
radioactivities ranging from 0.1-2.1 mBqil [42]. "I'c in rain and dry fallout wcrc col- 
lccted monthly in the summer of 1993 at Nakaminato. Japan in containers of distilled 
water with a collection area of 0.21 m'. After concentration "1-c was mcasurcd by 
ICP-MS. Values of 0.23 and 0.36 mSq.  m-2 of y9Tc wcrc observed 1431. 

There are only a few reports concerning "Tc concentrations in the atmosphere. Early 
mcasuremcnts of ""Tc in the surface air of Sevillc, Spain, whcrc no nuclear installations 
existed, were donc. Filter samples taken from 1965 to  1967 were analyzed. The average 
radioactivity of ""Tc per 1000 m3 of air yielded 1.23 mBq in 1965. 0.71 mBq in 1966 and 
0.78 mBq in 1967 1441. In 1988 a compilation of "9Tc radioactivity data and 9yl'c/'37Cs 
activity ratios determined in rainwater and air was reported (Table 4.2.A). 

Table 4.2.A "Tc ;ictivily concentrations and '""l'c/'"Cs activity ratios determined for rainwatcr and air 
samples. ( 1 1 )  = nurnhcr of samples [JS]. 

Year of Country 
collection 

9'Tc 99=c/137cS 

Activity ratio. 1u3 

[mBq IF'(n)l [pBq m? (n)l Rainwater Air 
Kainwater Air 

1961 

1962 

1965 

1066 

1967 

1971 

1981 

1985 (Nov) 

1986 (Jan) 

1986 (Mar) 

1986 (Mac) 

1986 (Jun) 

Arkansas, IJSA 

Arkansas, IJSA 

Spain 

Spain 

Tcxas LSA. Spain 

'l'cxas USA 

Swcden 

Monaco 

Monaco 

Monaco 

Monaco 

Monaco 

6h I33(1) 

1330 f 180( 1) 

230 i 50( 13) 

75 f 25 

20 + S(1) 

20 L 10( 1) 

90 * S(1) 

20000 x 2500( 1) 

- 

1.3 + 0.5(4) 

0.7 i 0.6(5) 

0.48 * 0.07(8) 

< 0.2 

0.7 ~t 0.2(6) 

- 

- 

3.6 i 0.8(1) 

1.1 i 0.5 

1.5 L 0.2 

3 8 - 1 3  

25 2 9 
- 

19+5 

15+8 

2.3 + 0.2 

0.23 0.06 
- 

- 

4 

5 
10 

12.5 15.0 

- 

- 

20 * h 

4.2.3 Accumulation in plants, microorganisms, and animals 

Readily soluble pcrtcchnctate ions in soil may compete with nutrient ions for uptake 
by plant roots possibly leading to accumulation in foodstuffs. 



Soybean (C;fycirze n7ax.) and wheat (Trzcicu/7i aestivi//77) plants were grown in silt 
loam amended with 09Tc0, ranging from 0.001-5 pg (0.63-3145 Hq) ""Tc per gram 
of soil. At the 0.001 and 0.01 pgig levels soybean plants were similar in appearance 
to the controls. However, at the 0.1 pg/g level, growth did not occur beyond cotyle- 
don expansion. At the 5 pg/g level growth ceased 3 days after emergence. Oc'Ic was 
mobilc in the soybean plant Lvith the highcst concentrations in the cotyledon, fol- 
lowed by the leaves. stem. and bud. Marked enrichment in '"Tc concentration up 
to 380 pgig in the aerial portion of the plant occurred with increased soil conccn- 
tration up to 5 p g i g  1461. Observation of mitotic figures did not reveal any chronio- 
some aberrations. micronuclei or chromosome bridges. It is quite probable that the 
growth effects are due t o  chemical toxicity, possibly due to nutrient competition 
and/or substitution in uptake or  metabolism. However, a radiation effect cannot 
completely be excluded [47]. 

'Ibxicity symptoms in wheat were also observed at the 0.1 pg ig  level. The plants 
were stunted and there was a necrosis of the  blade tips and margins. Growth did 
not occur ;it the  1.0 yg/g level. Wheat exhibitcd the highest ""Tc concentrations in 
the blade [46]. The plant affinity for TcO, applied to soil is high and generally 
exceeds that reported for other non-nutrient nuclides arising from the nuclear fuel 
cycle [4Y]. 

The accumulation of 9"Tc by tumbleweed and cheatgrass on arid soils was mea- 
sured. The initial soil concentration 01 lo-'' g '"c/g added to the soil as pertechnetate 
a a s  traced by ySmTc. 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 planls (I ' is i tm ,sn~ivunz) were grown in diluted Hoagland nutrient solutions at pH 
5.5 contaminated with different levels of "9TcO;. N o  symptoms of toxicity were observed 
in the radioactivity range 63-63'10' Rqil. only some delay in thc maturation of fruits with 
increasing concentration o f  9"Tc was established. The observation confirms the highcr 
resistance of Pisrin7 sativiirri to "'Tc in comparison to other species like soybean [4h]. 9"Tc 
is translocated to aerial parts. Leaves constitute the predominant repository of ""Tc in the 
pea plant. Concentration factors (radioactivity per g fresh weightiradioactivity per ml of 
thc nutrient solution) reached values ot' 10' for leaves [SO). The translocation of 'qc  from 
soil to leaves of Pisrim sutiviini is reduced in soils rich in organic matter, indicating some 
TcO, modification in soils with time [51 1. 

In  order to quantify the interception and retention o f  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 ""'TcO; was applied to 
plots ot' bare soil and plots with standing vegetation. Vegetation standing during 
application obtained IJ5"'Tc from both direct foliar interception and root uptake. 
The concentrations of C)5mTc in emerging vegetation decreased with time by an 
effective first-order rate constant of 0.01.6 days,-' equivalent t o  an environmental 
half-life of 43 days. The retention of y5"'Tc by vegetation receiving direct contami- 
nation varied with half-lives ranging from 15.9 to 18.7 days. The results indicate 
that y - in l '~c  is removed from vegetation. regardless of whether the 'Tc content in 
vegetation is from direct deposition onto plant surfaces or root uptake from soil 
[52). 



' lhe uptake o f  ""TcO, by mature Swiss chard plants from sandy and peaty soils 
revealed that ""Tc is predominantly translocatcd to the shoots. I n  sand, whcre the 
sorption capacity o f  thc soil is negligible, ""Tc uptakc was four orders o f  magnitude 
higher than from peat [S.?]. 

The sorption of '"'TcO; by roots o f  hydroponically grown soybean seedlings (G/y-  
cine mnx.) was shown to be linear from 10 M pertechnetate solutions for at least 6 h 
and t o  exhibit characteristics of carrier-mediated transport commonly associated with 
thc sorption of nutrient ions in highcr plants. Analyses of "'I-cO, uptake in the pres- 
ence o f  individual nutrient anions rcvealcd the sorption t o  be competitively inhibited 
by sulphatc. phosphate. sclenatc. and molybdate indicating thc use of common trans- 
port mechanisms [S4]. 

To assess thc relative extent o f  99Tc sorption and its mobility, plants were grown for 
40 days in hydroponics amended with 10 M "TcO, . LJptakc ratcs in roots and leaf 
concentrations after 48 ti were determined (Table 4.3.h). 

Tahle 4.3.A Comparison of '''I I'c uptake ratcs and leaf concentrations in dittercnt plant spccies [S]. 
~ ~~ 

Plant Plant Plant leaf 
u take rate (4 11) 

[pg a h- P -  g I dry wvt root] concentration 
lpg - 6' dry MI 

Spanish bunch onion (Alliiirn c e p )  0.57 7.7 

Yellow bulb onion ( M i c i r r i  f / n v i ~ m )  1.1 13 

Leek (Alliiinr />orriim) 0.40 S.9 

Kadish (Ktrp/?mir> seitir.irs) 4.4 62 

Mustard (Urussicn jurzctw) 3.7 79 

Soybean (G'/ycb7e nzcrs.) 2. I 130 

Alfalfa (Medicago sarivn) 2.9 94 

Pea (Pi.wni snrivrtni) 0.98 46 

Ixttuce (Lnc/riccr snriivz) 1.4 12 

Cabbage (Brtrssicn olernwn) 2.3 28 

Carrot (Unrici/s s a l i )  0) 0.87 2.3 

Garden hunch onion (Arririm c e p )  0.80 4. I 

Garlic (Alliiiriz snrivunr) 0.16 4.6 

Sorption rates for the 13 plants studied ranged from 0.16 to 4.4 pg 'Vc h 'g-' dry wt 
root. Leaf concentrations ranged from 4.1 to 130 pg " c .  g-' dry weight after 48 h. I h e  
five Allirm species exhibited both the lowest sorption rates and the lowest leaf concentra- 
tions. Obviously. there are substantial differences in sorption rates and leaf concentrations 
among plant species. Frequently, greater than 90 % of the 94Tc contained in the tissue is 
soluble in water. If the soluble fractions are further fractionated by ultrafiltration, it 
appears that the majority of "'Tc accumulated in tissues is in a form other than 'l'c0; . ?he 
data suggest that 9ylc accumulated by plants is prcdominantly incorporated into soluble 
plant macromolecules or complexed by plant mctabolites 1551. 



When NHi')''Tc0.t was administered in subtoxic levels to spinach plants (Sp i iv -  
c w  o1emc.e~) growing in nutrient solutions, i t  was shown that "'Ic is transported in 
the plants as ""'I'cO;, that free ""'L'cO; is prcscnt in growing Icaves. that uptakc 
and incorporation arc directly proportional to thc pertechnetatc concentration of 
10-''-10 M in the nutrient solution and that ratcs of uptake and mctabolization 
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,. Accumulatcd 
TcO, is continuously metabolized as shown by a dccrease of the 'IcO, fraction as 
a function of time [MI. 

In the leaves ""Tc is almost exclusively concentrated in the chlorophyll containing 
cells. In addition, fixation occurs in those cells and organs of nitrogen reducing organ- 
isms containing nitrogenase. Such observations support the idea of reduction o f  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 1571. 

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 measured with gel filtration Chromatography. Iso- 
lated thylakoids showed reduction of ""TcO; in the light. suggesting direct interfer- 
ence of "TcO, with the electron transport chain. "TcO, is reported to be mainly 
reduced t o  an extractable Tc(V) compound. The stable complexes i r z  vivo are sup- 
posed to originate through ligand exchange with strong complexing agents such as 
thiol compounds. The normal electron acceptors 0 2  and NADP- (nicotinamide- 
adenine dinucleotide phosphate) inhibit rcduction of "TcO, [%I. 

Corn plants (Zea rnriys) were grown under greenhouse conditions in a nutrient so- 
lution containing 2.2-2.3 MBq '"'"'1c0;/1. After six weeks almost 40 % o f  the y5mT~.  
biologically incorporated into corn leavcs via root uptake, was present in  plant tissue 
in forms that are not readily extractable. The bound forms o f  technetium in the leaves 
appear to be mostly complexes with proteins and polysaccharides of the plant cell 
walls [SC,]. 

The uptake of '"Ic by trees such as red maple (Awr rubrum), yellow poplar (Lirio- 
deiidron tulip(fira) and elm (Ulrnus spp.). intercepting contaminated groundwater 
from a radioactive waste storage site. was studied in a forest ecosystem. Although 
technetium was accumulated progessivcly over the growing season in Icaves, avcrage 
concentrations in wood and twigs were 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 leaf fall [60]. Chromatography of the ethanol- 
water extract from the wood of maple tree (Awl-  sp.) and the alkaline extract from 
leaves demonstrated "'*Tc to be complexcd in molecules of a molecular weight > 1000. 
In the lea[ '"TcO, is converted to less soluble forms apparently associated with struc- 
tural components of Icai'cell walls [61j. 

Gross subcellular distributions of 09TcOj and 35SO:- were shown to be similar in 
soybean seedlings. I n  vifro assay of chloroplast-based ?'SO: reduction and incorpora- 
tion systems showed ""TcO, to be reduced and incorporated into amino-nitrogen con- 
taining products 1621. 



To investigate cytological effects of '9'1c, soybean seedlings were exposed to 
"TcO, at various concentrations in dilute culture solutions. Reduced primary leaf 
midrib length was observcd with 67 h exposures t o  >6 pM 'i'kl'c. After 43 h or  longer 
exposure, cellular effects were observed consistently by a light microscope. Already at 
lower ""Tc levels. abnormal cells were interspersed among cells o f  normal appearance. 
Abnormal cells displayed blockshaped nuclei that frequently demonstrated incipient 
plasmolysis. At levels of 2 13.2 pM ""TcO, , ccllular damage was extensive. Cells were 
rcduced in  size and were highly plasmolyzed, cell walls were distorted and intercellu- 
lar spaces were reduced or became non-existent. Mitotic activity was observed at 
'I'cO; concentrations 9.9 pM. ' h e  cellular effects are attributed to the alteration of 
membrane permeability characteristics [63]. 

Experiments on the transfer of 95mLcOi from soil to rice and wheat plants were carried 
out. The soil/plant transfer factors of 'jmTc for rice plants were 5 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 leaf 
blade. The level of0'"lTe i n  the soil solution collected from thc flooded soil used for rice 
plants was found to decrease rapidly with time. For wheat plants grown in non-flooded 
soil, the decrease of the 95'1'Tc level in the soil solution was rather slow. Obviously, 
""TcO; was readily transformed under the reducing conditions in the flooded soil to 
insoluble forms o f y 5 m I ~ ,  which could explain the low transfer factor for rice plants 1641. 

Similar experiments for evaluating transfer factors of 9 5 m T ~  from soil to vegetables 
resulted in the following average values based on Bq of dry weight of gram of soil and 
vegetable (1ablc 4.4.A). 

Table 4.4.A Transfer factors of "5"'T~ from soil to cdiblc parts of vcgetablcs [ 6S ] .  

1.3 + 1.6 

0.8 r 0.8 

17 i 8 

11 *9.5 

1.9 * 0.2 

0.5 z 0.4 

0.0s f 0.01 

0.3 f 0.1 

Transfer factors for leaf vegetables such as spinach or komatsuna are considerably 
higher than those of edible parts o f  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 "'l'c fallout in carpets of lichen col- 
lected during the period 1 c)S6-1c)81 in Finland. Sweden, Iceland, Norway, Spitsbcrgen, 
and Yugoslavia were investigated. 9"Tc showed a shortcr mean residence time in the 
lichen carpet than 13'Cs. The maximum concentration of "Tc o f  ca 60 mBq per kg of dry 
weight lichen occurred in 1967 in Sweden at  the sampling site in the Lake Kogen district 
[66]. 



The biochemical elfects of ''7'c0, were studied in microorganisms like non-sul- 
phur purple bacteria, blue-green algae. protozoa, diatoms, heterotrophic bacteria, red 
algae and green algae. Sensitivity t o  pertechnetate. as measured by growth. ranged 
from marked inhibition at 1 pg ""Tc/ml for the non-sulphur purple bacteria to no 
effect at 600 yg ""Tc/ml for green algae. The blue-green alga (Agrnenelhirn quarlrupli- 
crrtiirn) bound ""'Ic from the medium containing 1 .S mM '"TcO, to a level of 3 pg/mg 
dry weight cells in the light. but littlc or nonc in the dark. TcO; in the nicdiuni caused 
a rapid hut temporary increase in ATP levels of Agtnenellutn qrrac(riip1ir:rrtirrn and the 
protozoan Trirrrkyrnriza pyi-ifiwniis. Kcspiralion of Iktrahymeno pyriforniis and Hrrcil- 
lris suhtilis and photosynthesis of Agnienelliitn qzirirlriipliciilirnz wcre immediately slo- 
wed by  the uptake of yyTcO; [67]. 

Hioaccumulation and chemical modification of TcO, , traced with ''i'nTcO, , by 
aerobically and anaerobically grown soil bacteria and by pure cultures of sulphate- 
reducing bacteria (Dc.sulfovi/wio sp . )  were investigated. Aerobically grown bacteria 
did not accumulate Tc nor modify its chemical form. Anaerobically 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 
cultures of anaerobic bacteria. Sulphate-reducing bacteria efficiently removed Tc 
from solution and promoted its association with organics. LJp to 70 YO of the total Tc 
in the growth medium was bioaccumulated and/or precipitated [6S]. 

For measuring the bioaccuniulation of 95'nT~ in fishes and snails a small expcrinien- 
tal frcshwater pond was spiked with 95m'r~. The concentration factors based on the 
calculated body burden (fresh wt) for carps (Caprinus carpio), mosquitofishes (C;mn- 
hzrsin rrffirzis). and snails (Hcfisoma s p . )  were 11, 75, and 121, respectively. ?'he effec- 
tive biological half-lives were 2.5.4.3 and 21.3 d. respectively [69]. 

For two freshwater species, the crayfish (1'rrcifastacu.s leniusculro) and the snail (Jiiga 
silicrrla) wholc-body concentration ratios of 1.6 and 4 1, respectively, wcre obtained when 
y5mT~0 ,  was used as a tracer. 'lissue distribution data showed that 79-100 '/O of the cray- 
fish body burden was in the exoskeleton and digestive gland, whercas the soft tissues of 
the snails contained 82-06 YO of the whole-body activity [70]. 

y5"'TcO; was accumulated rapidly from a frcshwater pond by periphyton, zoo- 
plankton. and algae. Aquatic insects such as adult backswimmers (Notonectidae). dra- 
gonfly nymphs (I,ihe/lrilidae) and others (Coleopierri. Diptera, Heniipterrr, Odonata. 
Trichoptera) concentrated 951nTc by factors o f  3-8. based on wet weight. Macrophytes, 
e. g. Elorlea ctrnntlerzsi.~, very rapidly reached tissue concentrations o f  9 5 m T ~  equivalent 
to the water concentrations and continued to accumulate until the conccntration fac- 
tor was equal to the upper range of those reported for  terrestrial plants. A comparison 
(Table 4.5.A) of concentration factors for freshwater and marine organisms shows 
that, with the exception o f  brown algae and lobsters, the bioaccuniulation of techne- 
tium by similar organisms is in relatively good agreement despite marked differences 
in environmental and experimental conditions [71]. 

Experiments with goats showed that 95""r~ given orally as pertechnetate is readily 
sorbed from the gastrointestinal tract. Within 1 h after administration thc concentra- 
tion was about 0.1 YO o f  the administered activity (5 MRq) per liter of blood plasma. 



Table 4.5.A Comparison of technetium concentration factors (CIJ for freshwater and marine organisms 
[71]. Scc literature cited in 1711 

Freshwater CF Marine CF 

Pet-iphyton 
Slide samples 

Algae 
Grezn algae 

Macrophytes 
Elodcu cnllnrlrn.\is 

Zooplankton 
Ditrl'to1nii.c r r ; ,yhrdi  
Di ffl  ugia 
o s 1  racods 

Other crustaceans 

Crayfish 
Pflcifu.sracLf.s 1rrlrLIsclfl~is 
Cn1nOtrrii.5 

Molluscs 
Mti r p t  r.ir1fer.n I I iurgti ririferci 
C'orhiciiln nitrnilensi.t 

Snails 
flrlr.sollln sp. 
Jii ,qo siliciiln 

Aquatic insects 
Notonectidae 
Belostomatidac 
Chironomidae 
Dytisidae 
'Iiicoptera 
Odonata 

Amphibians 

Fishes 

7irriritrr grnnir1o.w 

Cypl-iniis cnrpio 
Gmnhi.sin nffinis 

40 

1-10 

61 

36 

1.6 
30 

0.9 
1 

121 
41 

3-8 

11 

I 1  
75 

I'hytoplanklon 
flcrerortipstr p~ ,g t i i c i ca  17 
Mixed llagcllates 1 
Phytoflagellates 1 

Hrown algae 250- 2500 
Red and green algae 1-20 

Algae 

Zooplankton 
Ariernia .sirlinri 
Euphausiid 

3 
I 

Other crustaceans 
Shrimp crab, isopod 2-12 
amphipods 

t lo i rnnrus gurninoriis 
Lohster 1000 1400 

2 

100-200 

3 

9 
S 

However, the concentration fell rapidly and after 24 h it was ahout 0.005 ?40/1, there- 
after the decrease was slower and the concentration was still about 0.001 %/1 eight 
days after administration. A similar pattern was seen in milk. where as much as 1.5 %/ 
1 was seen the first 5 h alter administration. After 2-3 days thc concentration in milk 
was 0.005-0.05 "/o/l. In  muscular tissues the measured amounts of ')5n1T~ were often 



below the detection limit. which indicates that the transfer of TcO, from grazing ani- 
mals via meat to humans is of minor importance [72]. 

' lhe transfer of y s " " l ~ O ~  from pasture to milk o f  goats was much lower than that for 
"'1 under identical field conditions. ' lhe transfer of I."l to goat's milk was about 5600 
times more than that of 95m?'~ after 5 d of grazing contaminated pasturc. I t  is apparent 
that the food chain hehavior of 95m'T~ is very different from that of '"I. The transfer of 
"5mTe from pasture t o  milk is affected not only by the reactions in the rumen, hut 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 's5mT~ given as 95m?-~O- w as 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 y 5 m T ~  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 95"1T~ as the thyroid or kidneys. The conclusion of these experi- 
ments would be that the concentration of ' i T c  does not present a hazard to humans 
from consumption of milk or  meat 1741. 

"5mTc was administered as pertcchnetate to sheep. llrinary excretion amounted to 
only 1 % of the dose. Most 99Tc was excreted within 4 days by the feces. Highest spe- 
cific activities were found in thyroid followed by liver and kidney. Considerable activ- 
ities were also dctccted in skin and wool. \Vool map constitute an easily accessible 
indicator to asscss the extent of a 991c contamination 1751. 

Japanese quail (Coturniw jnponiui)  are often considered suitable substitutes for 
commercial laying hcns, because of their lower feed consumption compared to domes- 
tic chickens. Conccntration ratios and transfer coefficients for this species were deter- 
mined using feed containing 0.74. 10" Rq ""'Tc/g. The data showed that the 9 smT~ 
content in males and females differed principally hccausc y5n1Tc was preferentially 
deposited in oocytcs and albumin. The highest ' )5mT~ concentrations in tissues of lay- 
ing quail were in oocytes. followed by the fully fornicd unlaid egg. The corresponding 
concentration ratios (Bq . g-' wet tissue/Rq. g air dry food) were 0.01 and 0.003, 
respectively. The shelled egg contained five timcs [he 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 9 5 m T ~  in edible tissues, fol- 
lowed by muscle. liver. and heart. Both the concentration ratio and the weight-based 
transfer coefficient show that liver. and gizzard present a greater potential for transfer 
by ingestion than do  muscle or  heart [ 761. 

4.2.4 Occurrence in the marine environment 

Only a limited number of '"Tc concentration data in surface seawater are available 
(Table 4.6.A) 

''Tc can reach the sea from both fallout from nuclcar weapons testing and releases 
from the nuclear fuel cycle. The considerably high concentrations of ""I'c o f  4.5 and 
even 108 mBq/l in the Irish Sea may originate from t h c  Scllafield nuclear fuel repro- 
cessing plant at Seascale, LJK. with perhaps a contribution from the Capenhurst 



lahle 4.6.A ""Tc aclivity concentrations in surface \vaters from different areas 121, 

Year of Sample area CJY TC [mRqn] (a\erdge) 
collection 

1969 

1072 

19x0 

19s1 

1085-86 

1986-S7 

1983 

1986 

19x0 

19SO 

19x4 

19x8 

Irish Sea 

Irish Sen 

hor th  Sea 

North Sea 

Mcditerranean 

hlcditerranean 

Baltic Sea 

Raltic Sea 

Sorwegian Sea 

Barents Sea 

Davis Strait 

Greenland Sea 

4.5 

1 ox 
0.7 
3.5 
0.07 

0.03 

0.07 

0.04 

0.36 

0.56 
0.03 

0.08 

enrichment plant via the Dee  Estuary 1771. Most of the 9yTc activity concentrations in 
Table 4.6.A range between 0.03 and 0.56 mBq/l. Around Japan valucs of 0.1 mBq/l 
were measured 1781. 

More recently, the concentration of "Tc in coastal seawater samples collccted 1993 
in Fukuoka (Kyushu) Japan was determined by TCP-MS. ""Tc was enriched by copre- 
cipitation on iron hydrated oxide and scparated from impurities by solvent extraction 
and ion exchange techniques. The "'Tc concentrations found were only 1-7 pBql. The 
activity ratio of ' ) ' * I 'CJ~~~CS was 2.7. lo", which is very close to the value expected for 
fallout from nuclear tests [79]. 

Several sea sediments were analyzed for "Tc (Table 4.7.A). 
The sediments exposed t o  weapons testing or adjacent to nuclear facilities have 

accommodated significant amounts of "lc. The Bravo Crater, Eniwctok. Marshall 
Islands, contains calcareous debris rather rich in 9'Tc. The IAEA sediments were col- 
lccted near the reprocessing plant at Bombay, India. There was a measurable ""Tc 
content in the coastal sediments collccted of1 the coasts of Peru and Chile. This might 
be related to the mineral phosphorite. Samples of Whitehavcn Harbour sediments 
were taken near the Sellafield, I J K ,  reprocessing plant outfall. 99Tc was also detected 
in sediments from the Clyde Estuary. IJK. but with n o  evident differences from those 
taken from anoxic or from oxic areas [SO]. 

In thc marine environment. green. red. and brown algae as well as phanerogams 
arc primary producers of organic mattcr. Thc green marine alga Acetcihiilaria acerahu- 
111172 showed concentration ratios for y5111Tc0~ of some hundred (activity incorporated 
g-'/activity m- '  seawater) while for the grccn alga Ulvtl /nc/uca ii concentration ratio 
of 11 was found. The grcen alga Boergesenici forbesii, on thc contrary, appeared t o  be 
incapable o f  accumulating y51nTc. All studied brown algae such as Rscophy1/un? notlo- 
slim, Cystoseira coinpressir, Ectoc~upiis confervoitles, F~~ci rs  serrnti~., and Fiircus vesicu- 
/osus concentrated y 5 m T ~  by ratios ranging from 6 to 85 [Sl]. 



'Idhle 4.7.A "'Il'c i n  marine sediments [80] 

Sample "Tc [ Bqlkg] 

Bravo Crater. Lniwctok Island 
Maixhnll  Islands 187 +- 6 

78 i 5 IAb:A d i m c n t  (SD-H-I) 

Sxiiiich Inlet. Washington LSA 

S;int;i Barbara Basin. California. IJSA 

Peru 107 i 10 

0-6 cin not detected 

(I000 1962) not detected 

Santa Monica Hasin. California, lJSA 

CIlllC 

not detcctcd 

7.8 f 0.4 

Solcdad Basin. Mexico not dctectcd 

Ma7atlan. Mcxico not dctected 

Sediment dredge, San Onofre 

Whitchaven Harhour. IJK 

California, USA 

Surface (silt) 

not dctected 

7.7 - 0.4 

Clyde. LK 
Anoxic 9.2 i 0.8 

Along the east coast of Sweden "'Tc activity concentrations of 1.3 Hq per kg dry 
weight of the brown alga Fircus vesiciilosiis were found in 1082. whereas on the south 
coast higher values of 4.5 Hqikg were observed. The west coast evcn showed values of 
around 80 Bq/kg. The reason appears to be an inflow from the Korth Sea. Surface 
water activities for ' T c  of 68 mRq/m3 in the Baltic Sea result in activity concentration 
ratios Fricuslseawater of about 40000 [82]. 

I n  batch experiments the macrophytic brown algae S(ri-,qm.srrm viilgwe, Cysfo- 
scira cnmplexrr, Dictyopteris tnembranacerr, Dietyola tlichotornn iniplrxn, and the 
nxicrophytic green alga Ulva rigida were contacted for 72 h at 20°C with Mediter- 
ranian seawater containing 18.5. lo3 Bq/l 9 5 m T ~ 0 4  . Chncentration factors between 
7 (Ulvtr rigid([) and 300 (Sargassum vulgrrre) were observed demonstrating the ten- 
dency of lower pertechnetate uptake of green algae coniparcd to brown algae (831. 
Fixation of "srn'l~ by brown algae appears to be an activc process rather than one 
o f  simple, passive sorption. The uptake is both temperature- and light-dependent 
with rapidly growing parts of the plant showing the highest activitics per unit 
weight [S4]. 

The uptake of ')51nTc added to marine algae in seawater as yi'"Tc04 was localized 
by autoradiography. In the brown species (Ascophyllwn riotlosirin. Fircrrs spiralis and 
Eiiciis vesicrrlosiis) as well as in the red species (Porphyra rim/)i~icdis). the distribution 
of ysrr'l'e 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 betLveen active cellular metabolism and y5'n~I'c accumulation. Since 



brown algae have hi@ concentration factors they could constitutc ;in important link 
in t h e  transfer o f  technetium through the food chain (Table 4.8.A) [SS. 861. 

Tahle 4.8.A Technetium uptake by  green. red. and brown ni;irine algae [Sj]. Sce literature cited in [Sj]. 
The concentration factor is defined as the ratio I3q g a l p c  (wet \+t)/Bq ml 

Species Concentration factor 

"'"'l'c04 solution. 

348 
0.7 

3.50 
0.6 

<1 
1 1  
7 

4 
1 

8 
0.1-5 

0000 
14 

532 
53-85 
2500 

31 
21 

12000 
5 1000 
88000 

I 100 
400-800 

1000 

3049  

1 moo0 

i3no 

Brown algae from Iki Island, Nagasaki Prefccture. Japan, showed y9Tc concentra- 
tions of 1.2 . I W3 t o  5 . S .  Rq/kg wet algae and concentration factors ranging 
between 13 and 583 1781. 

yS"'T~O; was addcd in  picomolar quantities to monocultures of seven species o f  
marine phytoplankton. including a grccn alga (Diirztilirlln tertiolcctn), a diatom (Th- 
Irrssiosirri p.sc~iriiorintiu). a blue-green alga (0scillrrroi.ia cvororzichiriii). a prasinophyte 
(7eti.oseln7i.s chiiii). two  haptophytes (Emilimiia izrisleyi and Cricosphuer-a ciirrerae), 
and a diiioflagellate ( I l e~e roc r rp r  yygtmwii). None of the species appreciably conccn- 
trated ')5mTc i n  4 days. Wet wcight concentration factors never exceeded 20 for any 
species. The rcsults indicate that phytoplankton are likely t o  have negligiblc influence 
on the cycling o f  technetium in marine systems 1871. 

The aquatic microorganisms I~la~~ohricteriiirii hrrlrnc~[~liiliirii. llroriemrr rri(iririi.irii,  

C i i l ~ r t i ~ r i o r i z o r i ~ i s  reirilztirdtii, and I~iitzolic~llti hiociiliiro arc capablc o f  fixing ')5"'Tc o r  



"'ll'c. I n  spite of the fact that both Clilnti~~dnnionirs reinlznrdtii and I ~ ~ i n n l i e l l a  
Diociilrrta are wall-less, the first microalga accumulates Tc with a concentration factor 
of 90. whereas the second one concentrates Tc with a factor of only 0.3. O n  the other 
hand. the cell wall appears not to be a barrier to the penetration of Tc inside algal 
cells. because the unicellular alga Acetabiilari.iLi, which possesses a thick cell wall, 
strongly accumulates Tc up to a concentration factor of 400 [88]. 

For three species o f  mussel. Mytilus edirlis, Mytilirs sollol.'r""iricialis, and Mytili is  
ca1ifoniianii.s. steady state concentration factors for y5"1'l~. following uptake of 
Y 5 m T ~ 0 4  from labelled seawater, never exceeded a value of 2. The same low value 
applies for the oyster Crnssos~rea gigas. Other members of the phylum Mollusca do  
not show the same low concentration factors [89]. For the red abalone Hrrliotis rrrfes- 
cens. the whole-body concentration factors for 95"1Tc ranged from 135 to 205 and the 
biological half-life was 60 days. The highest activities 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 1. 

Pronounced differences have been observed in the uptake behavior of Tc in crusta- 
ceans, i. e. shrimps, crabs. isopods. and amphipods in contrast to lobsters. With the 
exception of lobsters, all the species 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 o f  104 occur in the lobstcr hepa- 
topmcreas [8Y]. 

Among the invertebrates. seastars display a particularly marked ability to  assimi- 
late and retain a variety of heavy elements such as vanadium: plutonium. amcricium. 
and californium. The subccllular distribution of 9 s m T ~  was studied in the seastar 
Marthn.steri(is glacialis, the food of which was labelled with y 5 m 7 ' ~ 0 4  . The majority 
(96 %) o f  05'"T~ was taken up and retained in the pyloric caeca. the gland responsible 
for digestive and food storage proccsses. In the pyloric caeca 95ml'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 niay play a role in metal detoxification at the 
cellular level [MI. 

Within the phylum Annelida. polychaetes have shown a variation in their biokinctic 
behavior of Tc not unlike that observed for molluscs and arthropods. Three species of 
polychactes exposed to "'"TcO; in seawater for a period of 40 d exhibited concentra- 
tion factors ranging between 10 lor Arenicola nz~irinn and 1100 for Perinereis cidtri- 
fern. Ncreis clivcrsicolor showed intermediate values of 100 and Ncreis sp. concentra- 
tion factors of more than 500 [89, 921. 

Few cxpcriments that deal with uptake of technetium in marine fishes have been 
reported. 'Ihe plaice I'lerironccfes p1nres.w showed an equilibrium concentration factor 
of around 9 after 61 days, when y 5 " T ~ 0 4  was added to seawater. l h e  highest conccn- 
trations were attained by kidney and the lowest by muscle. A mean biological half-life 
of 46 days was observed [92]. The thornback ray Rrija clavuto attained equilibrium 
concentration factors near 8. Thc distributions of 95m'I'~ at the organ/tissue level in 
these two species of fish were remarkably similar for both the direct water uptake and 
the labeled food experiments. 'Ilie data niay he compared with the concentration fac- 
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tor of 2 obscrvcd in the blenny (Blennius plzolis) following 40 d of cxposurc to 
1)sn"l'~04 labclcd seawater. The seabass Dicerztr~irchiis I ~ X K  fed with 9 s m T ~  labclcd 
worms (Mnryhysn hrllii) over a period of 18 days cxhihitcd an activity rctcntion of 
22 '%. 48 YO of the incorporated isotope was lost during a pcriod of only 1.1 d [89]. The 
marinc fish Scrraniis cahi l la  trcatcd in scawatcr with "TcO, showcd a concentration 
factor of only 0.2. Iiowcvcr. whcn thc fishes were fed with lahclcd molluscs. 20 YO of 
the ingested 'YTc was assimilatcd [94]. 

A graphical represention of concentration factor data for some marinc organisms is 
givcn in Fig. 4.3.A. Thc data rclatc to direct uptake of llS"lT~Oj from scawater. It is evi- 
dent that sentinel organisms for monitoring the change of "TcO, lcvcls in seawatcr 
would be relegated to brown niacroalgae. certain species of polychaetes and lobsters. Of 
thcsc targct materials. brown macroalgae appear to be the logical candidate [89] .  

4.2.5 Conclusion 

Technetium-99, produced at high yicld by nuclcar fission, is oftcn thought to be a sig- 
nificant long-tcrm risk to humans. It sprcads morc rcadily in thc cnvironrnent than 
many other radionuclides. TcO: is highly solublc and will not bc sorbed in significant 
quantitics on soil and sediments without rcduction. It was shown to be mobile in soil 
and water and availablc for uptake by biota. Information is scanty on 99Tc toxicity to 
humans and animals, even though this is the decisive criterion for assessing the conse- 
qucnccs of thc occurrence of ' q c  in the environment. Studies on rats given relatively 
largc amounts of NH499'I'C0, for several months, revealed that thyroid damage as 
wcll as cffccts on pregnancy could be observed only after 10 pg 9"l'c per gram of food 
was administcrcd; 1 pg 9u.l'c per gram of food yielded no changes. The radiological 
toxicity of 99Tc might be even less than its chemical toxicity. It appcars unlikely that 
"Tc contamination lcvcls in thc environmcnt would ever rcach lcvcls that could lead 
to scrious cffccts, cvcn in dcvcloping organisms 1951. 

Fig. 4 . 3 . ~  Maximum concentration factors for "5"'~Ic in marine organisms 1891. 



The use of "9111Tc. the short-lived mctastahle isomer o f  ""'l'c. in nuclear medicine for 
diagnostic organ imaging has dramatically increased over the past two decades. 
Already in 1973 concern was expressed about the impact o f  ')')'"Tc disposal on the 
environment [96]. ' I l e  release of medically used 99mT~ can come from the wastes of  
laboratories and from the cxcreta of patients. The diagnostic doses of y9mTc are in the 
range of  20-1000 MBq. It is assumed that more than half o f  the radioactivity excreted 
by patients can enter the sewage system. An inventory of the use o f  y91nTc by the 
major hospitals in the sampling area of Cincinnati, Ohio, for example, showed that 
already in the early 1970s in a typical week about 7.10'" Bq was administered to 
patients and that around 1.1~10"' Bq per week was released to the Ohio River [97. 
981. ITowevcr. 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 prescnl 22 isotopes and 9 isomers of technetium arc known, and arc summarized 
in 'l'able 5.1 .A. The half-lives range from 0.3 s to 4.2 million years. As cxpected. long 
hall-livcs arc obscrved in the range of mass numbers where electron capture decay 
turns t o  /? &cay. Long-lived isotopes are "Tc (2.6.10' a). ""lc (4.2. 10" a). and "'l'c 
(2.1 . 10' a). I n  this range of mass numbers. stable isobars of the neighboring clcmcnts 
molybdenum and ruthenium are known. 'Illus, according t o  Mattauch's rule 161, no 
stable technetium nuclide should exist (Fig. 5.1 .A). An cxplanation for the abscncc of 
/]-stable isotopes of tcchnctium regarding the odd number (43) of protons was given 
as carly as 1951 [7]. 

Table S.1.A Isotopcs and isomers of technetium [ 1-51, Spin values not determined expcrirncntally arc 
put in parentheses. 

hurlide Production Atomic mas\ Spin and Parih Half-life Mode and energ! [kcVj of decal 
[ a.m.u.l W ~ l  
SY .023s10 

90.9 I 8430 

91.915257 

92.91(3246 

Y3.(M9654 

94.907657 

0.007s70 

1+ 
6+ 
(9!2)+ 
(112)- 
(8)- 

912 t 

112 

7+ 

(2 ) -  

Y121 

112- 

7 i  

Ji 

8.7 5 

49.2 5 

3.14 mi11 
3.3 min 
4.23 mi11 

2.75 h 

4-33 inin 

4.88.3 I1 

52.0 min lj'2J20; $71; 1869: 1522: _.. 

20.0 h L: :.766; 1074: YJS: ... 

61 d I.: /j'701): 4Y2: IT: ;:201: 5x2: S35; 

4.28 d 1.: ;.77s. 850. Sl.3 ... 

51.5 min 1'1'34; ):: ; '77S;  1700: 481. . 



36 

Nuclide Production Atomic ma\* Spin and Paritj llalf-life Mnde and energy IlieVl of decay 
[ a.m.ii.1 [ IIlZri I 
"5,906364 

07.907215 
~JS.9OQ5-l 

99.907057 

100.007.327 
101.9002OS 

102.909 172 

103.91 1460 

104.91 1x20 
105.914510 

107.91 S420 
108.9 I95so 

i 06.91 52.30 

O(l. I 11 

4.2. 10" 
2 13 . lo '  a 

h. lHJ0 h 
15.8 \ 

14.22 niin 

5.2s \ 
4.35 rnin 

54.2 s 

18.3 rnin 

7.7 niin 
36 \ 
21.2 h 

s.17 h 

0.86 h 

0.92 s 
I I  Z(I 'i 

/r s 100; ... : ;,3ss: 53 I ; 535; 

/I 3400: ; . l a ;  10s: 159: .. 
/{-: ;270: 2739: 196Y. .. 
/? .;.lo.<: 106: 177; ... 
/j-; 7242: 7.32: 70s: ... 
/j- 
/I ; ;'I11 

Fig. 5.1.A A modified section o f  the nuclide chal-t of some technetium isotopes and isotopes of ruthe- 
nium and molybdenum. 'l'he stable isotopes are indicated by  t h e  hatched s q ~ i ~ e s .  

5.1 Production and isolation of 99Tc 
Small quantities (pg) of the three long-lived technctiuni isotopes "71-c. "'Tc. and vql'c 
were produced for the first time by bombarding molybdenurn metal with 22 MeV pi-0- 
tons [ t s ] .  Small amounts of "'Tc are also accessible by neutron irradiation o f  ruthenium 
141: 



96 Ku (n. ; I )  ')' R 11 is7 - 
"Tc can be obtained in milligram quantities by prolonged neutron irradiation of 

purified natural molybdenum [ 9,101: 

To produce quantities of "'l'c sufficient for chemical studies, 5.7 kg of pure natural 
molybdenum metal powder was irradiated for one year in  an average thermal neutron 
flux of5.10" ncin-2s-'. The irradiated molybdenum was dissolved in eonc. sulphuric acid 
and distilled. 'the distillate was diluted t o  4 M. heated to boiling and treated with bromine 
water. Platinum sulphide was precipitated to co-precipitate ""'1~. l h e  precipitate was dis- 
solved in ammonia containing hydrogen peroxide. This solution was evaporated to dry- 
ness. the residue taken up in conc. H2SOJ or HC104, and "pTc was separated from the pla- 
tinuin 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 exchangers. The overall yields 
ranged from 30-65 % of the theoretically expected 2.8 mg of "9Tc [ll]. 

Ilowever, gram and kilogram amounts can be obtained by fission of  23iU with ther- 
mal neutrons in the high, cumulative fission yield of 6.13 atom% [12]. This fission 
yield results in the production of about 1 kg of ""Tc from 1 ton of uranium ( 3 YO 
enriched in 2351J) after burnup in a nuclear reactor [131. Reactors with a power of 100 
MW produce about 2.5 g of ""Tc per day [14]. "'pI'c is also formed in high yield 
(atom%) from thermal neutron fission of IR3U (4.8). 239Pu (5.9): and fast ncutron fis- 
sion o f  2""Pu (5.9), ?j81J (6.3) and 232Th (2.7) [15]. Compared to the high fission yield 
of 6.13 atom% for "'"L'c. the fission yield for ""'Tc by fission of with thermal neu- 
trons is only 8.7. L O  ' atom'% [ 121. 

During rccycling of the fuel. '"Tc follows the majority of the other fission products 
into the waste solution. The Y " T ~  content in solutions t o  be processed amounts to  5- 
100 mgil. After storage for several years, the level of radioactivity in the waste solu- 
tions falls sufficiently t o  allow the extraction of long-lived fission products including 
"Tc. The first 18 g of9"Tc was isolated in 1952 [161. [AsPh4Jl'c04 was precipitated in 
the presence of perchlorate as a carrier. The mixed salts were dissolved in conc. 
H2S04 and the solution was elcctrolyLed at platinum electrodes. The black deposit 
obtained (Tc07)  was dissolved in HCIO4. and Tc207 distilled out of the solution. T'hc 
elcmcnt was finally isolated by precipitation of ?'c& which can be reduced by hydro- 
gen to the metal. 'l'hc disadvantages of using [ AsPh4]C1 for precipitation are the high 
cost of the reagent and its high rate of consumption, since the electrolysis procedure 
decomposes the [AsPhJJ- ions. In order to recover [AsPhJJCl. the tetraphenylarso- 
nium pertechnetate/perchlorate precipilatc was dissolved in ethanol and the solution 
passed through the bcd of a strong basic anion exchanger in the chloride form. l 'c0,  / 
ClO; are strongly absorbed and finally eluted with 2M HCIOJ. [AsPh4]C1 in the efflu- 
ent could be isolated and purified by recrystallization [lo]. 

l 'hc extraction of TcO; with pyridinc 1171 appears t o  be one of the most suitable 
processes of rzcovering ""lc from the waste solutions of the nuclear fuel cycle. The 



scheme described in Fig. 5.2.A was used at Oak Kidge National Idahoratory for the 
extraction o f  991c from the wastes of the Purcx process. 'lhe composition of typical 
metal recovery waste solutions after the refining of nuclear fuel in thc Pul-ex process 
is given in Table 5.2.A. 

I Waste from Purex process I 
Precipilole "Zr. "Nb 

1 
I 

I Precipitation of Fe"w-1 -I Precipitate Fe(OHI3 + Ru I 

Precipilolion of rare eorth metols with 
NH] 01 pH 8 '"Ce and 147Pm 

Precipitate to be used for seporoting - 

- 

r J t I 

Precipitotion of olkoline eorth metols with 
No2 LO3 

Precipitole %, Ca, Bo carbonates to 
e used for seporoting "Sr 

i 

I 

Reduction of TcO; with N2H,. Lo-precipitation 
of  Fe(OHI3 and Tc with NH3 

- Solution to be used for seporoling 
l3'CS 

L I 1 

Adjustment of solution to 0.25 M NaOH and 
2.0M No2C03. Extroction 01 TcO; with pyridine 

Aqueous phose to waste I 
1 

1 
I 

I 

Orgonic phase for steam distillotion Recovery of pyridine I 
Saturation of aqueous p Crystallization of NH4Tc04 

NHcTc04 chemicol purity 99.99 % 

Fig. 5.2.A Schcmt: of the extraction of""Tc from a Purcx process waste solution [18]. 

The waste solution (Fig. 5.2.A) is evaporated and the cake containing ''%r and 
'I5Nb is removed. To separate Ru. iron(II1) hydrated oxide is precipitated with ammo- 
nia. Rare earth metal ions arc removed by precipitation of the hydrated oxides with 
ammonia. l'hereafter. alkaline earth metal ion4 including '('Sr are precipitated by add- 



Table 5.2.A Composition o f  a metal rccovcry waste solution (3.9 .I1 HNOi) remainins lrom the t'urex 
process [lo]. 

1 FCS 4.4 Ci( 163 GBq)iI - 73 mg/l 

s 1- 4.6 Ci( 170 GHq).'l - 18 mg'l 'JII 

""Ku 9.0 Ci(33.3 GBq)/l - 4 mgil 

"''te 88.7 Ci(3280 GBq)iI - 40 nigil 

"'Pm 17.0 Ci(629 GHq),'I - 26 rng4 

'YTC 7.0. 10 'c'i(0.026 GHq)/l - 41 mg/l 

iiig Ka2C03. To concentrate 9"Tc. TcO; is reduced with 0.1 M hydrazinc and Tc02-  
hydrate co-prccipitated with iron( 111) hydrated oxide by adding NH+ The precipitate 
is dissolved in nitric acid and a second precipitation of Fc(1TI) follows, which does not 
co-precipitate "?rc because o f  its oxidation by nitric acid to TcO, . The TcO; solution 
is neutralized and then adjusted to  0.25 M NaOH and 2.0 M Na2C03 for extraction of 
I c O ,  with pyridine. Undcr these conditions the partition coefficient of T c 0 4  
amounts to 740. The pyridine phase is steam-distilled, pyridine is distilled off and the  
aqueous solution containing 'I'cO, is saturatcd with (NH4)?COj and cooled to 0°C 
for crystallization of h'H4TcO~. After three recrystallizations NH47'c04 exhibits a 
radiochemical purity of over 99.998 % and chemical purity of more than YY.99 '%, [MI. 

There have been bricf communications concerning a method of obtaining '9Tc during 
processing of spent nuclear fuel in gaseous diffusion plants. 'I'cF6 is formed along with 
UF(, during fluorination o f  uranium. Ry adsorbing TcF6 on a bed of magnesium fluoride, 
technetium can be concentrated and separated from uranium [lY]. 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. Pure NH4Tc04 is isolated from an aqueous solution of NH4N03 by 
means of ;I series of crystallizations. Reduction with hydrogen at 400-500 "C gives techne- 
tium metal of morc than 99.9 YO purity [ZO]. The use of these methods was reported to 
reduce the cost of isolating tcchnctium and to increase its production [1Y,20]. 

5.2 Nuclear properties of 99Tc 

"Tc is a weak [f emitter of 292 KeV /,'--energy. In addition the nuclidc emits 203 keV /I 
rays, howcver, with a very low probability o f  only 1.2. 10-s % 1211 (Tablc 5.3.A). 

Table 5.3.A Yuclear data o f  ""Tc 

Atomic mass Y8.906254 atnu 
Dccay mode /i .no y 
/i -energv 2Y2:20.1(1.2.1(1'%) keV[21] 
Ilali-life 
Spec. activity 17.0 niCi(629 MBq)/g 
Cross-section 20 barn 1241 

Suclcar spin 912 h'2n 
Nuclear mapi.  monieiit 
Elect. quadrupole niomeiit 

2.1 3 ' lo5 a 

(nchc-nn.~) 

+5.6847 nucl. inagneton [?J] 
0 129 barn (241 



2.13 ,105 a 
912' 0 

18.9 ns 

Fig. 5.3.A Decay xheinc o f  ""I c. Energies in keV 1211. 

The /)- emission o f  "Tc is not accompanied by ;,-radiation. An 89 keV ;,-line 
belongs to the 8Y keV level 3/2+ of 99Ru (Fig. S.3.A). With the half-life of 2.13. 105 a. 
'19Te decays into the stable nuclide "Ru. The nuclear spin of 912 h12n [22] can also  be 
derived from 10 hyperfine structure lines in the EPR spectra of paramagnetic c'91c 
complexes [23]. 

5.3 Laboratory handling of technetium nuclides 

The handling of ""Tc on a small scale (<20 nig) does not present a danger to health 
provided some clcmentary precautions are taken. 'lhe walls o f  ordinary laboratory 
glassware give adcquatc protection against the weak /{- emissions. Small amounts o f  
very soft X-rays are produced by the action o f  the /j- rays on glass. Therefore the 
operator should maintain a distance of at least 30 em from the working area. More- 
over, it is advisable to wear glasses as a protection against fl- and X-rays. which may 
cause clouding of the eye lenses. 

Technetium can be handled in a well ventilated fume hood; glove boxes are usually not 
required. Nothing unnecessary is placed into the hood. Standard semimicro techniques 
are easily adaptcd for experimental work. Evaporations of solutions should be cariied out 
using a rotation evaporator; however, it is advisable to evaporate 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. Jncorporation of Tc, which constitutes the main health hazard: could 
result from inhalation: in addition. extensive contamination could occur. For example, 
care must be taken in evaporating solutions of pertechnetic acid to prevent volatilization. 
The transfer of powdery dry solids should be performed carefully without the formation 
o f  dusts: sometimes it may be necessary to transfer a powder as a slurry in benzene or 
ether. If reactions o f  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. 'I'hc working area should be monitored from time to time by 
means o f  a counter provided Lvith a thin windon;. 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 nuclidcs of medium radio- 
toxicity [26]: licensing limits, annual limits o f  intake and maximum permitted air con- 
centrations are compiled in 'Table S.4.A. 

Table 5.4.A Licensing limits. intake limits, and maximum permitted air concentrations of tcchnctium 
nuclides 1271. 

Nuclide Licensing Annudl intake limit Controlled area 

For [I emitting nuclidcs that are not included in Table 5.4.A the licensing limits depend 
4 1 hand 1W6Ci (3.7. 10"Bq)for1112 

Ci (2.1. lo' Bq) and 
Ci (4.1 . lo" By), respectively. 'The maximum permitted concentration of these 

The maximum permitted body hurdcns of technetium nuclides are given in Table 

on the half-life 11/2,being 10JCi (3.7. lo6 Bq) 
> 1 h. 'The annual inhalation and ingestion intake limits are 5.7. 
1.1. 
nuclides in the controlled area air is confined to 3.7. 

5.S.A. 

Table 5.5.A Maximum permitted body burdens of  some technetium nuclidcs [ZSl. 

Organ 

Kidneys 6 . 1 0  '(2.2. 10') 10-5(3.7-105) 2.10-5(7.4.10') 6.10-5(2.2.10h) 8 .  104(3.U-107) 10 '(3.7.10') 

I n e r  x . i o  '((3.0.10') 2.104(7.4-io6j 2.10'(7.4.10~) 8.1n'(3.0.10')  10-2(3.7.108) 2.10"(7.4.10") 

Lungs 2.10  '(7.4.10') S . I O ~ ( I . S - I O ~ )  2 . 1 0  ' ( 7 . ~ . i n ' )  9 .10  '(3.3.1W') 2 .10  2(7.3-inx) 2 . 1 0  '(7.1.10') 

Rone 10 '(3.7.10") 2 .  io-j~7.4.io7) 7.1nJ(2.o.1o7) 6 . 1 0  '(2.2.10') 2 . 1 0  '(7.4-lo9) ~ . i o - ~ ( i . x . i o ~ )  

Skin 2 . 1 0  '(7.4~1U') 10-'(3.7 lo8) 5.10-'(i.s.io') 3.10 '( i . i . io") i n  ' 0 7 . 1 0 " )  ~ . i o ~ ' ( i  5.10') 

Ci (1.4. lo4 Rq)/cm3. 

Mahimurn permitted body burden [Ci(Bq)] 

Tc 99"tTC 99 rc 97. TC y7mTC 96 ""Tc 

Total body 7.10 '(2.6.10") l0F5(3.7.lO5) 2.10'(7.4.10') 10 '(3.7.10') 2 . 1 0  '(7.+106) 2.10-'(7.4. 10") 
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6 Some fundamentals of technetium 
chemistry 

The chemical behavior of technetium. a true second-row transition element. closely 
resembles that of the third-row congener rhenium, due to the prolonged effects o f  the 
lanthanide contraction. whereas the chemical properties of both elcnients differ con- 
siderably from those o f  manganese. As a conscquencc of thc lanthanidc contraction. 
the atomic radius of technetium of 1.358 A proved to be only 0.015 A smaller than the 
radius of rhenium, ivhile the difference bctwecn the atomic radii of technetium and 
manganese is almost 0.1 A. lkchnetium 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 rheniuni compounds and. according to pres- 
ent knowledge, technetium compounds are frequently morc reactive than their rhe- 
nium analogues. Technetium differs from manganese. for example. in the high stability 
of the +7 oxidation state, in particular in the form of pertechnetate, compared t o  pcr- 
manganatc. Furthermore, divalent technetium exists in strong complexes. but not like 
Mn2- as a hydrated ion. 

The electronic configuration of neutral, gaseous technetium atoms in the ground 
state is [Kr]4d55s2 [l] with the term symbol 6 S 5 / 2 .  The valence electron configuration 
corresponds to those o f  the congeners manganese and rhenium. Scveral reviews, how- 
ever. presented the assignment [Kr] 4d6 5s' for technetium. obviously caused by mis- 
interpretation of some publications [2, 31. In the first detailed spectrum of  Tcl, the 
ground state of the valence electrons of neutral atomic technetium was given as 

and the first nietastablc state by 4d"Ss' ("D1,12), only 2573 cn-I higher [4]. 
In addition, the 4&s2 configuration was more recently predicted by ab iniiio efrective 
core potential calculations to be lower in energy than the 4d'S.s' configuration IS]. 

A total of seven valence electrons are available for bonding. Compounds of techne- 
tium in the formal oxidation states from +7 to -1 have been synthesized. Tc" ( d 3 )  is 
verified for example by TcO,. An example of the -1 oxidation state is the pcntacar- 
bony1 anion [Tc(CO)51 [6]. but no structure determination or  magnetic susceptibility 
measurement have been reported. 

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

The potentials of the couples TcO;/TcOz and TcO;/Tc are intermediate between 
those of the corresponding couples of manganese and rhenium; however, they are 
drastically lower than those of  the manganese couples, indicating the higher stability 
of pertechnetate compared to permanganatc. TcO, is only a weak oxidizing agent. 
although somewhat stronger than ReO,. On the other hand, the potential of the 



TcOJlc couple turns out to be somewhat higher than those of the corresponding cou- 
ples of manganese and rhenium. 

lahle  6.1.A Redos potentials Eh [V] o f  the VII subgroup elemenis in acidic aqueous solutions [8-10] 

6.1 Electrochemistry 

In  view of the nunierous oxidation states. an extensive oxidation-reduction chemistry 
o f  technetium is expected. Polarographic reductions of pertechnetate in aqueous and 
in non-aqueous solutions, supplemented by coulometric and cyclic voltanmetric 
measurements. were conducted to study the electrochemical behavior of technetium. 
to identify some oxidation states and to synthesize new technetium compounds. Elcc- 
trodc reactions frequently proved to be irreversible and therefore not adequate for 
calculating thermodynamic data. The clectrochemistry of technetium is reported in 
detail in several I-eview articles [ 11-13]. 

The polarography of pertechnetate i n  acidic aqueous solutions often revealed ill- 
defined, irreversible waves and led to conflicting results (14-171. In general, the cur- 
rent gradually increased up to the hydrogen discharge. Conflicting results may be 
explained by rapid chemical reduction of strongly acidic pertechnetate solutions in 
contact with mctallic mercury [18,19]. Taking precautions to overcome thc 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 half-wave potential El/?  appeared at -0. I7 
V vs SCC and corresponds to a four-electron process, the sccond wave at -0.73 V. 
which probably involves a three-electron step producing a deposit of technetium met- 
al on the mercury drop [ZO]. 

The polarographic reduction of pertechnetate in neutral aqueous solutions resulted 
in two discernible waves. The first wave at EI,,=-O.S V vs SCE showed an alternating 
current efficiency of 70-90 %. dcrnonstrating a relatively high reversibility of the cor- 
responding electrode reaction which involves the reduction of l’c(V1T) to Tc(V) 1211. 
The second ill-defined wave at El,? = -1.2 V may be partially attributed t o  catalytic 
hydrogen discharge [21] probably arising from the lowering of the overpotential of  
mercury due to the deposition o f  metallic technetium 1 1  1 ,  171. 

In aqueous alkaline solutions containing 0.1 t o  1 .0 YI alkaline hydroxide. the polar- 
ograms revealed lour waves. 7 1 e  first wave at El,? = -0.8 V vs SCE exhibited an alter- 
nating current efficiency of neat-ly 90 %, 1211 and can be attributed t o  a two-electron 
change [14. 21. 221. The second wave at = -1.1 V was found to be well separated 
from the first wavc and corresponded to a three-electron process of low reversibility. 



l h e  third and fourth wave commencing at = -1.2 and = -1.4 V, respectively. are ill- 
defined and affected by catalytic hydrogen discharge 1211. 

To assess the number of electrons transferred in a polai-ographic reduction step, the 
IlkoviE equation is used which. however, contains the frequently unknown diffusion 
coefficient. The diffusion coefficient of TcO; at infinite aqueous dilution 
DC=1.48. I 0-' cni2 . s I was calculated from the limiting ionic equivalent conductance 
of TcO, to I"=SS.S R-' . cin' at 25 '~('. As expected, D"(ReO;)=I .456. lo-' cni' . SKI 

was found to be only slightly smaller than DO(Tc0;) [23. 241. In addition. self-diffu- 
sion coefficients D of TcO, were determined in the presence of different supporting 
electrolytes using the capillary method, in order to evaluate the influence of the 
supporting electrolytes on the diffusion and the electron transfers found for the 
polarographic reduction of TcO,. The D values of lo-' M TcO, in 1 M NaOH and 
I M LiCl at 25 "C are 1.27. lo-' and 1.24.10 cm2. SS', respectively. Whereas the sup- 
porting electrolytes obviously affect the self-diffusion of TcO, , the changes of the 
electron transfers hereby induced can be neglected [25]. 

The polarographic reduction of pertechnetate in aqueous solutions was supplemen- 
ted by controlled-potential coulometric studies [ 14, 18, 19,20,22,26,27,28] and cyclic 
voltametry [22. 281. Controlled-potential electrolytic reduction of aqueous pertechne- 
tate solutions on metallic cathodes is generally accompanied by deposition of surface 
films, probably of 'I'c02-hydrate or, a t  more negative potentials, o f  metallic techne- 
tium [29]. Such films seriously interfere with the coulometric determination of reduc- 
tion steps [ 131. 

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

TcO; 2 TcOZ . 

l'c0;- undergoes rapid disproportionation: 

However. gelatin seems to block the electrode reaction: 

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

In acetonitrile o r  diiiiethylsulphoxide the polarographic and controlled-potenti~il 
coulometric reduction of the tetramethylamnionium salts of perinanganate. pertech- 
netate, and perrhenate yielded as the first reduction step a one-electron transfer: the 
half-wave potentials vs SCE observed in solutions of acetonitrile are 1:'112=-0.60 V, 
-1.74 V and -2.30 V, respectively (Fig. 6.3.A). 'The limiting ionic equivalent conduc- 
tance of TcO; was determined in acetonitrile and dimethylsulphoxide to be 1"=127.5 
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Fig. 6.1.A D.C. polarograms of 10." h.1 
MnO,<-. Tc04 . and R e 0 4  in water and 
acetonitrilc. Supporting electrolyte 
0.05 M (C'H,), NCI04. drop time 0.5 s. 
flow rate o f  mercury 0.923 nigis. tcm- 
perature 25 "C 1311. 

and 1"=24.2 0 ' . cm2, respectively. at 25 T, and the corresponding diffusion cocffi- 
cients of TcO, are 0"=3.40. and 0.70. lo-' cm2.s-1 (311. The slightly soluble tet- 
raniethylammonium salts o f  dark green manganate(VI), violet technetate(VT), and 
olive green rhenate(V1) were prepared most purely with a yield of more than 00 % by 
controlled-potential electrolytic reduction of MnO;, TcO,. and ReO; at a platinum 
electrode in deaerated acetonitrile containing 0.04 M [(CH3),N]ClO4. Tetraoxotech- 
netate(V1) and -rhenate(VT) proved to be considerably more sensitive to oxygen and 
moisture than tetraoxomanganatc(V1). TcOi- was shown to undergo rapid dispropor- 
tionation (311 to pertechnetate and a Tc(+S) species according to 

2 Tc(+6) - Tc(+7) + Tc(+5) 

Some years later the detection and production of transicnt hexavalent technetium 
in aqueous alkaline media by pulsed radiolysis and very fast scan cyclic voltammctry 
were reported (321. More recently, the mechanism of the stepwise reduction of TcOj 
to Tc(+6), Tc(+5) and Tc(+4) in alkaline solution was reinvestigated in detail by 
pulsed and dc polarography [33]. 

Some standard oxidatioidreduction electrode potentials of fundamental technetium 
couples arc summarized in Table h.2.A 



Table 6.2.A Kzdox potentials Lh[ VI o f  some technetium couplea in aqueous solution ;it  25 Y.. 

Reaction Potential References 
Eh[V] 

+0.61 [32] 
t 0.65 IS1 

Only potentials that rcfer t o  couples of chemically defined species arc quoted. Cou- 
ples containing compounds or ions like Tc03, Tc [8], TcO;, TcO:- [ 121 or other 
hypothetical species like Tc?O4, Tc~07,  and hydrous oxides of low-valcnt tcchnctium 
[37], the existence of which has not been proved t i l l  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 IS]. 
(hrrcntly known thermodynamic data on enthalpies A W f ,  entropies Y, and Gibbs 
frcc energies A Gof are compiled in Table 6.3.A. 

Technetium metal melts at 2413 f 20 K [45]. The melting point is ncar those of 
othcr elements in the same period of the periodic system, e.g., molybdenum (2893 K) 
or ruthenium (2723 K). Khenium melts more than 1000" higher (3453 K) than techne- 
tium, while the melting point of manganese ( 1  533 K) is considerably lower. The heat 
of melting of technetium was estimated to be 5.5 kcal .mole-' 1371, the entropy o f  
fusion AfS to be 3.3 cal.mole-'.K-' [38],  the heat of sublimation at 298.15 K as 152 f 
2 kcal . mole [47], the normal boiling point at 4900 K and the accompanying heat o f  
vaporization is 138 kcal.mole-' [37]. The heat capacity of technetium met a 1 increases ' 

slightly from 6.87 cal. mole-' . K-' at 1000 K to 7.34 cal . mole-' . K at 1600 K 1461, 
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 

T c 0 2  does not decompose up to 1400 K and sublimes in vnccio at temperatures 
above 1300 K [48]. For the dissociation Tc02(g) a Tc(g) + 2 0(g) the enthalpy A H  at 
298 K is estimated to be 255 k 14 kcal/mole 1491. 

The melting point of '1c207 was determined t o  be 392.6 f 0.1 K [SO]. Extrapolation 
of the vapor pressure of liquid Tc207 yielded a boiling point of 584 f 2 K 1511. The 
vapor pressure of crystallinc and liquid Tc207 follows a two-term equation between 
298 and 533 K [Sl]: 

. K-'  at 298 K [37]. 



Table 0.3.A Thermodynamic data of clemcntal technetium and sornc o f  its compciunds ;it 298. IS K. 

Substance Enthalpy Entropy Gibbs free energy 

Xlethod References ,I IZ"i S' .lG'f 
(kcal-mole-'] (cal.mole-'.K-'] [kcal.niole-'] 

[81 

7.89 i 0.08 - cdc .  [-is] 

'l'c (gaseous) 43.26 k 0.01 calc. (8.371 

'rcoz (cryst) -109 i I 1.3.0 -Oh f 2 calor. [39.40] 

.l'c (cryst) 0.0 7.4 * 0.2 0.0 -~ 

estim. ~ 7 1  - 8.0 - 

-10412 14.9 i 0.5 -01 - t2  potentiom. [8.35] 

- 101 

TcO-, (cryst) -129?5 

Tc207 (cryst) -266 f 3 

-270 f 2 

Tc20; (gaseous) 236 i 2 
HTcO, (cryst) -167 k 1 
Kl'cOd (cryst) -243 f 2 

245 i 1 

'I'COJ- (aq) -173? 1 

- 

- 

17.3 ? 0.6 

46 k 2 

- 

108 i 3 

3 3 * 2  

39.7 ? 0. I 

393s 

46 0 I 0. I 
47.2 i 0.3 

-xx 
-I 10 i 5 

224 * 3 

- 

-213 i -1 

-141 2 1 

-219 f2 

-220 f 2 
-151 * 1 

- 

potentiom 

estim. 

calor. 

calor. 

cnlc. 

calor. 

c;dc. 

calor. 

calor. 

CBIOT. 

-171 f I 47.6 k 0.3 -149 k 2 calc. r.12 1 

[SI 

60.65 I 0.06 calor. i441 'I'cFG (cryst) - 

K~[l'cCl,,] (cryst) so f 1 - - 

Cryst a I line Tc207: log P [mniHgJ = - 7y< 18.279 

= - 3 5 3  * 8.999 Liquid Tc207: log I' [mmHg] T 

The cnthalpy o f  solution of crystalline ' Ic207 in water was measured caloriinctri- 
cally. 'Ihe value A H "  (solution) at 298.15 K is I1 .O f 0.3 kcal . mole-' [41]. 

K7'c04 melts at 813 K and subliines without decomposition at about 1300 K 1521. 
The heat capacity of K T c 0 4  was determined over the temperature range of  10 to 
310 K. The standard heat capacity C," at 298.15 K is 29.47 eal . mole ' . K 

TcF6 melts at 310.6 K to a yellow liquid that boils at 328.5 K [53]. The heat capacity Cp" 
of TcF, was I'ound to bc 37.76 cal. mole-' .K-' at 298.15 K [44]. At the melting point the 
heat of sublimation is 8.555 kcal. mole-', the heat of vaporization 7.427 kcal .mole-'. the 
heat of fusion 1.128 kcal . mole '. and the entropy o f  fusion 3.63 cal . dcg ' . mole-' (531. 

Tc03F  has its melting point at 291.5 K, thc boiling point of the yellow liquid is 
about 373 K. as extrapolated from vapor-pressure measurements. The heat of fusion 
is 5.377 kcal.mole I ,  the heat of sublimation of the solid 14.832 kcal .mole-'. and the 
hcat o f  vaporization of the liquid Y.453 kcal mole 

[43]. 

[54]. 



'TcOF4 melts at 407 K and has a boiling point of 43s K.  Its heat of fusion is 6.7 kcal . 
mole I .  the heat of vaporization 11.6 kca! 'mole-'. the heat of sublimation above 357.5 K 
is 18.3 kcal . mole and the vaporization enthropy 26.5 cal . deg-' . mole ' [55]. 

6.3 Stability and reactivity of technetium compounds 

'I'hermodynamic stability, bonding strength, and kinetic lability of technetium c o n -  
pounds are highly significant for characterizing technetium chemistry, in particular 
to compare with the chemistry of the congener rhenium. Such characterizations arc 
o f  special concern for the tlevelopnieiit of 99mTc and 1Xh"X8Re 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]. Already more than 30 years ago comparative studies 
were iirst accomplished on hcxahalide complexes of 'Tc( 1V) and Re(1V) (Tables 
6.4.A and 6.5.A). 

'lahle 6.4.A Iormation constants, forcc constants. and crystal ficld stahiliz;ition energies of Tc(IV) and 
Re(IV) hrxahalide compleses [57-59]. 

I'arameter [TCCI~]~- [HeCl6IZ- [TcBr6121 [ReRr6]" 

Stretching force constant ,f, [mdync . k'] 1.44 1.62 1.31 1.35 

Formation constant k6 [lo" 'mole ' 1 1  4.6 220 0.38 18 

Crvst;il field stabilization cncrpv C.1,:S.E Ikcal . molc-'l -83.6 -08.4 -64.1 -72.0 

'Ihe stepwise formation constants k6 of  hexachloro- and liexabroniotechnctate(IV) 
and -rhenate(IV) were measured potentiometrically in 3M HCI04 solutions at 15 "C. 
Thc easy decomposition of the complexes by hydrolysis required strongly acidic solu- 
tions. Thc formation constants o f  both the chloride and bromide complexes of Tc(1V) 
turn out to be lower by almost a factor of 50 compared with the formation constants 
of the corresponding rhenium compounds. thus demonstrating thc  considerably lower 
stability of the Tc complexes under the same conditions [57]. The metal-halogen 
strctching force constants of the complexes were calculated in the valence force field 
on the basis of the vibrational fi-equencics measured by 1R and Raman spectroscopy 
in the range 1000-45 cm-' [SX]. The chlorine bond and the bromine bond of techne- 
tium are weaker than the analogous bonds in rhenium complexes, yet less so for the 
bromide complexes. The formation constants k6 and the stretching force constants fr 

suggest lower bond energies for the technetium complexes, which inay be partially 
related t o  the lower crystal field stabilization energies (C.F.S.E.) [57]. For octahedral 
d3 complexes the stabilization energy is -12 Dq. The crystal ficld splitting parameters 
10 Dq were derived from the polarized electronic absorption spectra of the Tc(1V) 
and Re( IV) hexahalide complexes 1591. 



The ratc of isotopic cxchange by ligand substitution is the most useful 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 mising. 
'Ihe ligand exchange rate of 10- 'M solutions of the hexachloride and hexabromide 
complexes of Tc(IV) and Ke(1V) in corresponding 8 M hydrohalic acids was mea- 
sured at  60 "C after the complexes were labeled with the /I--cniitter -'6C1 and the /I -. 
;.-emitter "Br, rcspcctivcly (Table 6.5.11). 

Table 6.S.A Exchange rates K and activation energies E, of  chloride and bromide isotopic exchange in 
'l'c(lV) and Ke(1V) hcxahalide complexes 1571. 

Ligand exchange reactions K(60 "C) E;, 
[lo4 mole.l-'K'l kcalmole-' 

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

where Pis the degree of exchange, 0 the complex concentration, h the free ligand concen- 
tration, and t the timc. The radioactivity of -"C- and *IBr- in the hydrohalic acid solutions 
was measured as a function o f  time after precipitation of the complcxes with Cs'. LJnder 
thc same conditions the ligand exchange rate K of  [TcC&J2 was found to be more than 20 
times higher than the exchange ratc of [KcCI(,J'-. For thc bromide complexes thc rates 
even differ by a factor of more than 60. Obviously thc technctiurn hcxahalide complexes 
exhibit a considerably higher reactivity [57], which may qualitatively be understandable 
in view of the lower crystal field activation energy (C.F.A.E.) 168,691. 

Another example demonstrating that technetium compounds are more reactive than 
the analogous compounds of rhenium is thc racemization o f  the penicillamine complexes 
o f  Tc(V) and Re(V). The complexcs are six-coordinate in solution with one tridentate 
and one bidentatc pcnicillaminc (pen) and one 0x0 ligand. Both mixed ligand anionic 
complexes I (D-pcn)(L-pcn)TcO]- and [(D-pcn)(L-pen)ReO]- undergo a unimolecular 
racernization by exchange of carbosylates at the site tmzs  to the 0x0 ligand: 

M = 'Pc: k=940 s - l ,  E,=13.4 kcalimole 

M = Ke: k=l i . 5  s-', E,=18.S kcalimole 



The kinetics of  these proccsscs were measured at 25 Y' by complete line-shape 
analysis of the 'H KMR spectra. The racemization reaction of [(I)-pen)(L-pen)'l'cO]- 
proceeds nearly 60 times fastcr than the racemization of the corresponding complex 
of rhenium [h l ] .  

The displacement of water in the analogous complexes tl-nr7.s-[TcVU(OHz)(cN)j] 
and tnlirs-[KeVO(UFIz)(cN)J1 by NC'S ions in an aqueous medium was monitored 
spectrophotometrically [62] using a stopped-flow technique [631. The substitution of 
water by thiocyanate can be represented by the bimolecular reaction: 

[MO(OI I2)(CN),] +NCS--,[MO(NCS)(CN)4]2-+H20. M=Tc or Re 

TR and X-ray structural analyses [64] established the N-bonding of the NC'S ligand in 
both complexes. 'fie rate constant k(Tc) for the reaction of tron.~-[Tc0(OH~)(CN)~]- 
with thiocyanate at 25 "C was found to be 22.2 mole I . s-l, while k(Ke), evaluated under 
the samc conditions, was only 35.1 O-' mole-' . s-I [62.65]. The rate constant k(?'c) turns 
out to be over 6000 times higher than k(Re) of the rhenium complex. 

'"he kinetics of pyridine (py) exchange on thc cations / r ~ n s - [ T c ~ U ~ ( p y ) ~ ]  ' and 
trnns-[R~"02(py)~]- were followed by 'H NMR in deuterated nitromethane using 
deuterated pyridine as the reacting ligand (Table 6.6.A). 

Table 6.6.A Exchange rates of pyridine in Tc(V) and Re(\') t,.~~iis-diosopyridinc. complexes [661. 

Ligand exchange reactions Hate constant k (25 "C) 

40.000 

5.5 

[10-6.s-'] 

[ l ' ~ O ~ ( p y ) . ~ ] -  T 4py- d i  . ( ' ' ) z C K L  [Tc(>2(py-d.5),]- + Jpy 

[ReO2(pv).i]' I Jpy t l y  . W O , ,  [ReO?(i>)-d5).l]' i 4py 

The rate law for pyridine exchange was first-order in both complexcs and zcro- 
order in pyridine (py-ds). '1%~ rate-determining step in the exchange reactions is a dis- 
sociative mechanism. The ratio of the pyridinc exchange rate constants k(Tc)/k( Re) 
at 25 "C was found to be morc than 7000 1661. 

These examples also demonstrate the higher reactivity of the technetium complexes 
with respect to the analogous compounds of rhenium. Qualitativelv, the results seem 
to he independent of the anionic or  cationic character of the complexes, the oxidation 
state of the central atoms, the presencc or absence of an MU"' or MO;?' core. and the 
reaction order. However, it was recently reported that the exchange of oxygen 
between water and the 0x0 core complexes [Tc"O(IlBDS)] and [ Re'.O(DBDS)] 
(DBDS=N.W'-bis(rncrcaptoacc tyl) butane-l,4-diainine}: 

yields rate constants at 25 "C o f  7.1 . 10Y' mole-' . s 
mole-' .s ' for /Re"O(DHDS)] , demonstrating a rate constant ratio k(Tc)/k(Ke) < 1 
= 0.1. These oxygen exchange reactions are base catalyzed and n o  exchange was 
detected without thc addition o f  base. Sodium methoxide was used as a catalyst and 

for [TcVO(IIHDS)] and 7.5 . 



t16-I)MS0 as the solvcnt. l 'he rate of water exchangc was measured with "0 NMK. 
The rate law can be expressed as 

R = k[M"O(DBI>S)J [CII;O] 

This rate law is consistcnt with an associative niode o f  activation. Base attack on 
thc metal center lcads to the expansion of the coordination number o f  the mctal from 
5 t o  6. The supposed stronger Tc=O bond generates larger kinetic m n s  effects and 
makes associative attack by CH30 less favorable than the somcwhat weaker Re==O 
bond. The six-cool-dinate complexes mentioned above may react by a dissociativc acti- 
vation mode [67]. 

Additional results lor comparing analogous compounds of technetium and rhenium 
with respcct to both reactivity and thermodynamic stability would be dcsirablc, taking 
into account elcctron configurations, molecular structures, and strength of bonding 
and of ligand fields. 
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7 Analytical chemistry 

Progress in technetium chcmistry obviously depends on sensitive analytical methods 
to detect this radioelement, to cfliciently separate it, and t o  determine technetium 
accurately. Several reviews on the analytical chemistry of technetium have been pub- 
lished [ 1-71. Even the discovery of technetium was conclusive only because scparation 
techniques known at the time for the homologous element rhenium were used 181. 
Furthermore, the detection of naturally occurring technetium or thc determination of 
thc clement in the environment presupposed the application of highly sensitive meth- 
ods. The cffcctive extraction of pcriechnetate into organic solvents for the isolation o f  
technetium from fission product waste solutions is. in addition, an cxainple of the sig- 
nificance ol' 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 p- activ- 
ity of "Tc whose specific activity amounts t o  3.7698 lo4 disintegrations per minute 
and microgram. "'"l'c emits only /I- particles and no y quanta. However, the low energy 
of the /j - particles (EInax=292 kcV) imposes 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 layers 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 determine about 0.1 pg of  "'Il'c. The use of special low- 
background apparatus permits one to raisc the sensitivity by another two or three 
orders of magnitude [ S ] .  For example, low background p counter was employed to 
count "I'c fractions isolated from pitchblende. The background was about 0.7 counts 
per min [lo]. 

Low background /f counting was also used to determine "Tc in seawater. The 
nuclide was preconcentrated from seawater by adsorbing ""TcO- on an anion ex- 
changer. It was purified from othcr radionuclides by scavenging with iron(lI1)-oxide 
hydrate and extracting from sodium hydroxide solution into mcthyl ethyl ketone. 



Finally5 '"Tc w a s  electrodcposited from an oxalic acid medium onto a bronze disc and 
counted. The overall I-ecovery was >90 %I and the precision k0.2 pC'i (7.4. Rq)  at 
a technetium level of 0.6-1.0 pCi/l seawater [ll].  

'10 recover and measure ""TcO; I from a variety of types of water, a mcthod \+as 
developed that is based on the elution of "TcOy from an ion-exchange column using 
thiocyanatc, extraction of the formed thiocyanate complex into butanc-2-onc, evapor- 
ating the solution onto a planchct and counting the "Tc /r- emission with a Geiger- 
Miiller tube. The method recovered as little as 10 "g of ""l'c in 500 nil of seawater 

High counting efficiencies can be achieved by using gas-flow counters. while liquid 
scintillation counters are most suitable when the samples are soluble in the scintilla- 
tion liquid [ 131. Thc determination of OO'rc in urine gave a better limit of detection 
with a gas proportional counter than with liquid scintillation methods. ' the recovery of 
""Tc 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 [ 141. For the determination of 9yTc in environmental samples 
like rainwater, riverwater. seawater. biota, soils. and sediments. using anti-coincidence 
shielded Geiger-Miiller-gas flow counters. the background could be reduced to 3 mRq 
and the counting efficiency enhanced to 42 Yo, which results in a detectable activity of 
1.4 niHq for 1400 min counting [ 15,161. 9yTc activities measured with a gas-flow pro- 
portional counter in air samples from 1965-1967 ranged between 2.6 and 0.2 pHq/m3 

"Tc was determined in vegetation with a scintillation counter. The samples wcrc 
wet-ashed without significant loss of technetium, which was separated by co-precipita- 
tion with CaC03,  purified by anion-exchange chromatography and clectrodeposition. 
The detection limit for "Tc in a sample weighing about 1Og was 3.7 mBq for a 3000 
min count [ 181. 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 tetraphenylarsoniuin 
perchlorate. The limit of detection was about 74 mHq in 50 ml of urine. The procedure 
did not require any concentration of urinc samples and gave reproducible yields near 

A highly sensitive method for the determination of trace amounts o f  "9'l'c 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 

1121. 

~ 7 1 .  

100 % 1211. 

The relativcly large cross section of "Te for thermal neutrons is a=19 barn [22]. 
With a probability of about 94 %I '('"Tc decays through 3.38 MeV /? rays to the stable 
loORu. Most of the remaining 6 % decays through 2.88 MeV [j rays, followed by the 
0.5')-0.54 MeV ;l-y cascade [23.24]. 

A procedure for the determination of trace amounts of "'Tc in filter paper and 
vegetation samples by neutron activation analysis has been developed. The procedure 



consists o f  the separation of "Tc from the sample, irradiation with thermal neutrons 
at a flus of about 5 .  10'" t i .  cm '. SS' 10 produce 'OOTc. post-irradiation separation and 
purification of ""Tc from other activated nuclides, and the counting o f  'oOTc in a low- 
background /I- counter. '['he detection limits were 5 .  10 l 2  g "'Tc in filter paper sam- 
ples and 9 .  

IJsing thc ;I-;* cascade of 0.50-0.54 MeV emitted by ' q c ,  '"'Ic w a s  determined in 
samples of 1-2 mg of technetium complex compounds by neutron activation analysis. 
Moderate sample activities wcrc obtained after an irradiation time of 20 s at a neutron 
flux of about 10'' cm ''s '. Good agreement between expected and found "I'c con- 
tents was observed. ' lhc uncertainty of the mean value could be restricted to less than 

Recently, the determination of "Tc in mixed fission products by neutron activation 
was reported. '"TcO; was separated from the bulk of fission products and other ele- 
ments in dissolved nuclear fuel by an iroii(III)-oxide-hydra~c precipitation. The fil- 
trate containing "TcO: was loaded on an anion exchange resin and 991'c bonded on 
the resin was exposed to a neutron flux in a nuclear reactor for only onc minute. The 
counting of thc 53Y keV ;$-rays of loOTc was performed with a germanium detector and 
a multichanncl analyzer. The minimum detectability was 0.3 pg ""Tc limited by resin 
impurities and capsule materials [27]. 

A disadvantage of the above mentioned neutron activation analysis is the rathcr 
short ""'Tc half-life o f  15.8 s. Therefore, other activation reactions were proposed for 
the determination of ""c. When '"c was irradiated by fast reactor neutrons in a flux 
of 5.5 . 10l2 cnir2. s-I. the reaction 

g ""Tc in vegetation samples [24.25]. 

1 Yo 1261. 

""l'(n,n')""Tc 

was observed. The cross section of the excitation reaction was found to be 0.24 barn 
128,291 which is in good agreement with recent evaluations "1. The half-life of 99m7'c 
o f  6.0 h allows a more convenient elimination of interfering radionuclides than the 
15.8 s half-life of loOTc. The method was applied to the determination of 99Tc in a 
'"'J'71Tc generator after dccay of y Y m T ~  and "'Mo. The detection limit for ""Tc was cal- 
culated to be about 2 Bq. when the 140 keV activity o f  Y y m T ~  was measured for a peri- 
od of 3000 s by a Gc(Li) detector (281. 

In addition the nuclear excitation process 

was used for the activation analysis of ""l'. Rremsstrahlung of a maximum energy 
of SO MeV, produced by converting electrons from a lincar electron accelerator. 
was irradiating 99?'c compounds such as [Bu4N](TcOCI4] at a temperature below 
-1 00 "C. The production rate of 90ml c per pg "'l'c was linearly correlated with thc 
flux o f  bremsstrahlung. The detection limit was estimated to be on the order of 
1WYg of 9yTc undcr the optimum irradiation conditions [31]. 'Ihe determination of 
""Tc by nuclear excitation inust take into consideration the interference of the fol- 
lowing nuclear reactions: 
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l 'he last reaction forms ""Nb which emits ;I quanta of 141 keV and cannot be readily 
discriminated from the 140 keV quanta of '")""I'c [32] .  

For routine determination of ""'I'c in solutions a fast and convenient method was 
reported that uses the measurement of bremsstrahlung emitted by conversion of '"Tc 
fl  particles at the wall of a vial containing the "Tc compound i n  a suitable solvent. A 
sample of 0.1-0.5 mg "Tc in 5 nil solution was transferred to a vial and measured 
within a well-type ;'-ray NaI(TI) scintillation detector. The background was about 
1000 countsimin. the counting efficiency 39.4 countsimin for 1 pg of "Tc. The elemen- 
tal composition of the sample and the solution density did not alfect the determina- 
tion [33]. 

7.1.2 Spectrometry 

The arc and spark emission spectra of technetium are uniquely characteristic of the 
element. The measured wavelengths range from 2261 3 0  (ultraviolet) to 8829.80 A 
(near infrared). More than 2300 lines that are characteristic of  Tc atoms. 'Tcl, o r  
unipositivcly charged Tc '  ions. TclI. were recorded. The strongest TcI lines have 
the wavelengths 42Y7.06, 4262.26. 4238.19, 4031.63, and 3636.10 A. The strongest 
TcrT lines are obscrved at 2.543.24, 2610.00, and 2647.02 A 1.34-371. Several lines 
are free from ruthenium or rhenium interferences [38] and are useful for detecting 
""c in concentrations of the order of 10 ' [3.5]. As little as 0.1 pg of technetium 
electroplated onto copper electrodes may he detected by using the line a t  4031.63 
[36] .  

The three strong l 'cl l  lines were used as sensitive emission lines for the determina- 
tion of ""c by inductively coupled plasma optical emission spectrometry (ICP-OES), 
which achieves a detection limit of around 4 pg ""Tcil. The convcnicnce of this 
approach makcs it particularly suitable for on-line HPLC detection in speciation stud- 
ies at enhanced environmental technetium levels 1391. Examples of this type of proce- 
dure for the determination of elements arc described in reviews [40.41]. 

The determination of technetium by atomic absorption spectrophotometry was 
studied with a '"c hollow-cathode lamp as a spectral line source. The sensitivity for 
technetium in aqueous solution was 3.10 "g/ml in  a fuel-rich acetylene-air flame for 
the unresolved 2614.23-26 15.87 A doublet. Cationic interferences were eliminated by 
adding aluminum t o  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 achieved for measuring 
technetium by graphite furnace atomic absorption spectrometry. In using the same 
doublet and both argon and neon as fill gases for the lamp, 6 -  lo-" t o  3.10-" g o f  
technetium was found to be the range of applicability [43]. 



Several X-ray fluorescence spectrometric determinations of technetium were re- 
ported. 'Ihe lines K,2=0.67927 A, K,l=0.67493 A, K,,l=0.60141 A. and K p =  0.59018 A 
can be used for detection and detcrmination of the element [30,31]. From neutron 
irradiated molybdenum milligram quantities of ""'l'c could be isolated and detected by 
the KS1 and KpL lines 1461. Because of its simplicity and selectivity, an X-ray fluores- 
cence method was developed for the determination of technetium in solution. At con- 
centrations of less than 1.0 mg ""l'c per ml no interelement effects were observed. 
Therefore. it is possible to asccrtain technetium in its compounds without their prior 
decomposition, provided the compounds are soluble in water or  dioxane. The detec- 
tion limit is about 4 .  lo4 g ""Tc [471. For the determination of ""Tc in nuclear fucl 
processing wastes by X-ray fluoresccnce. a rapid. simple, and accurate method was rc- 
ported [48]. 

The mass spectrometric determination of technetium is a highly sensitive and fre- 
quently applied method. Tc isotopes formed upon bombardment of a molybdenum target 
with 22 MeV protons werc identified by mass spectrometry. 'The technetium fraction was 
separated and purified by anion exchange chromatography and the isotopes (abundance) 
95Tc (0.5 %), "?l'c (56.0 %), "Tc (17.3 %),and 9''Tc (26.7 %) were detected in about 1 yg 
technetium on a mass spectrometer for the first time (Fig. 7.1.A). As little as 5 .  lo-' g of 
technetium could be measured by mass spcctromctry [49]. 

An improved isotope dilution mass spectrometric technique was developed for the 
analysis of 9?c in environmental samples. ')')rl.c is isolated from the sample, after spiking 
with "Tc as a yield tracer, by ion-exchange chromatography and solvent extraction. Tech- 
netium is then concentrated onto a pair of anion exchange beads of 0.3 mm in diameter. 
Determination o f  g of technetium was achieved through the enhanced ionization 
efficiency afforded by the resin bead source [SO]. Spark source mass spectrometry was 
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Fig. 7.1.A Mass yxctrog-arn of technetium produced hv the irradia- 
tion o f  molybdenum mclal with 22 MeV protons [49]. 



used tor survey elemental analyses on compounds of "'Tc. The method allowed thc simu- 
taneous detection of numerous elements within the ppb range [S  11. 

Rcccntl!. inductively coupled plasma mass spectrometry (ICP-MS) \vas proven to 
be an extremely sensitive method of high resolution. high precision, and short measur- 
ing time [S2]. I t  was used for thc dctection and determination of technetium 15.31 in 
environmental materials. '1.0 determine "Tc by ICP-MS the sample has t o  be com- 
pletely purified from ""Ku. Technetium was efficientl!j extracted as pertechnetate 
from 1 M K2C03 by cyclohexanone; the decontamination factor for ruthenium a.as 
found t o  bc 7.10'. when the sample was pretreated with hydrogen peroxide 1.541. Sev- 
eral methods were studied for the separation of technetium from ruthenium [ S S ] .  Soil 
and sediment samples were analyzed [S6.S7]. 'The detection limit of 1.73. lo-" g was 
found to be lower than for liquid scintillation or  low background gas flow counting 
[HI. ""l'c was determined by ICP-MS in coastal seawater after reduction of T c 0 4  and 
enrichment of Tc by co-precipitation with iron(lI1)-oxide hydrate. A detection limit 
of 1.1 pBy/l (1.73. lo-" g/l) 9yTc was achieved [%I. 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 n o  photons reach the detector due 
to a longer and morc complicated ion flight path and the use of narrow slits [W]. Inter- 
tidal coastal and estuarine sediments of the Irish Sea were analyzed by I-IR-TC:P-MS 
for "Tc and other radionuclides discharged from the Sellafield nuclear fuel reproces- 
sing plant [60]. By using HR-ICP-MS in combination with an ultrasonic nebulizer a 
detection limit for "Tc of 8 10 I s  giml 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 
element and isotope assignment. A detection limit of lo7 atoms can be reached if  the 
ionization is performed via an autoionizing state and the mass measurcmcnt with a 
conventional time-ol-flight mass spectrometer [62]. A reflectron time-of-flight spec- 
trometer enhances the efficiency of KlMS by about one order of magnitude, enabling 
the detection of about 10" atoms (1.6. g o f  "'"l'c) 1591. A chemical procedure for 
the isolation of "Tc from environmental aqueous samples and its detection by RIMS 
has been presented [62]. Negative thermal ioni7ation was shown to be a possible 
means of performing high ionization efficiency mass spectrometry. Technetium was 
measured as the T c 0 4  ion. Samples of technetium from g were sue- 
cessfully analyzed with ionization efficiencies of more than 2 %. Such sensitivity sim- 
plifies the determination of 99Tc in environmental samples, because the sample weight 
requirement may be reduced to a few grams [63]. 

down to 

7.1.3 Spectrophotometry 

The spectrophotometric methods dcvcloped for thc determination of technetium are. 
in general, less sensitive than the sophisticated spectrometric techniques. However, 
spectrophotometry is often simple and rapid. 



Aqueous solutions of pertechnetate display rather strong absorptions in the I JV 
range. A simple mcthod o f  ascertaining technetium involves the measurement of the 
optical density of aqueous I'cO.; solutions at the absorption maxima of 244 nm 
(40.98. 10' cm ') and 287 nm (34.84. l o 5  cni I) with molar absorbance indices of 5690 
and 21 70 mole . I  cm-I. respectively ( 5 ,  641. Beer's law is obeyed up to a concentra- 
t ion of lo-' mole. I '. Thus, lcss than 1 pg of technetium can easily he detcrniincd 
spectrophotometricall~.. This method is pal-ticularly advantageous in the simultaneous 
determination of  technetium and rhenium. 'the spectrum of TcO,! bears a remarkable 
resemblance t o  those of the isoelectronic species Re04 and MnOj, which display a 
shift to higher and lower wavenunibcrs, respectively [38,64]. 

[TcCI,]'-. [l'cBr(,]'+ and [Tc1,,I2- 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 spcctrophotonietrically was developed using [TcCl6I2-. It is based on reducing 
pertechnetate kvith cone. IICI t o  liexachlorotechnetate(1V) and measuring the absor- 
bance at 338 nni, where less than 1 pg Tc/ml may be determined in the presence of 
microgram amounts of rhenium or molybdenuni [66]. The cited molar absorbance 
index 4.338 nm)=32(~00 should be corrected t o  10600 mole-' . I  .cm 

Pertcchnetate. reduced in acidic aqueous solution in excess thiocyanate. forms a 
red-violet and simultaneously a yellow complex [67]. 'I'he red-violet complex 
[Tc'"(NCS)~]'- and the yellow complex [Tc"'(NCS)[,]-'- [68] arc coupled in a redox 
system, the potential o f  which was found t o  be E h  = +0.53 V at 25 "C in 1 M H2S0.1 
[by]. The molar absorbance indices of [TC'~'(NCS)~]~- and [Tc"'(NCS)[,]'- in aqueous 
solutions are ~ ( 5 0 . 3  nm) = 2.7. 104 mole-' . I  .cm and 4403 nm) = 1.7. lo4 mole- . 
1 . cin-I. respectively (691. The disadvantages of this spectrophotometric method are 
the long reaction time, the simultaneous formation of two complexes and the interfer- 
ence o f  Mo. I!. and Fe. An improved technique was used for the determination of l 'c  
in uranium materials [70] and in nuclear fuel solutions [71]. Laser induced photon- 
coustic spectroscopy (LPAS) was used to determine Tc in solution by  formation of 
[Tc(NCS)G]'-. The determination limit could be improved down t o  a concentration of 
10 ') inole. I-' (721. 

Microgram amounts of Tc0; can be ascertained by measuring the absorbance of 
the colored complex, formed with toluene-3.4-dithiol in 2.5 M HCI, after extraction 
inlo carbon tetrachloride. One hour must be allowed for the development of the color. 
' the molar absorbance index at 450 nm is 1.5. 104 mole-' . I .  ern I. Beer's law is fol- 
lowed over the range of 1.5 t o  16.5 pg Tciml. Because many cations interfere, an initial 
separation of technetium is necessary 1731. The same complex was used for thc detcr- 
mination of technctiuin in uranium fission element alloys after separation ol' TC by 
distillation from sulphuric acid 174). 'I'he complex formation of technetium. rhenium. 
and molybdenum with toluene-3,4-dithiol and its analytical application have been 
studied in detail [75]. 

Thioglycolic acid reacts with pertechnetate at pH 8.0 to a green complex which is 
determined by measuring the absorbance at 655 nm. Beer's law is obeyed over the 
range of 2 to 40 pg Tcinil. The molar absorbance index at 655 nm is estimated to  be of 
the ordcr of 1x00. A tenfold excess of F, CI-, Hr- , I-, PO2 . SO,"-, WO," . and Re04 

[65] .  



does n o t  disturb the measurements. Significant interferences have only been observed 
in the case of niolybdate. dichromate, and ruthenate [76]. 

4-thiocresol reduces TcO+ presumably to l'c(V), in acetic acid solution and forms a 
yellow-brown complex that is rcadily extracted by chloroform, carbon tetrachloride, ben- 
zene. and ether. Unless the concentration of 4-thiocresol is >0.1 YO and the concentration 
of acetic acid is high. R e O j  is not reduced. The absorbance of the technetium complex 
was mcasured at 410 nm, where the molar absorhance index is about 7350. 'l'he clcments 
of the platinum group Ru, Pd. Pt. and Rh interfere and must be removed [77]. 

Spcctrophotomctric studies on technetium and rhcnium were carried out with 
K4[Fc(<:N)6], sulphosalicylic acid, and n-picolinic acid using pertechnetate or perrlie- 
nate as starting compounds and bismuth amalgam. SnC12 or ascorbic acid as reducing 
agents 1781. 

a-Furildioxime dissolved in acetone forms a raspberry colored technetium complex, 
when TcOi  is reduced with SnC12 in hydrochloric acid solution. After 2.5 h the molar 
absorbance index attains a maximum of 1.3.10' mole-' cm ' at 520 nm. Between 1 
and 10 pg/ml 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 o f  technetium [79]. 

A method was developed to ascertain technetium in the range of pgiml by reduc- 
tion of TcO; t o  Tc(1V) with l,5-diphcnylcarbohydrazide and subsequent complexa- 
tion o f  Tc(1V) with the reagent. The absorbance was measured at 520 nm after cxtrac- 
tion o f  the complex in carbon tetrachloride. The molar absorbance index was found to 
be 4.86. loJ mole em [SO]. 

g o f  technetium were detected by treating an acidified 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. Perteehie- 
tate. reduced with SnC12 in HCI, reacts with dimethylglyoxime in ethanol to give a bright 
green coloration that is stable even at boiling temperature. The test appears likely to be 
specific for technetium. The limit of identification was 0.04 pg. Aqueous thiourea solution 
produces by reaction with an acidified 'I'cOj solution an orange-red color. when the reac- 
tion mixture is heated for some minutes at 80 'C. Ke, Mn, and Ru did not interfere. The 
identification limit was again 0.04 pg [SI]. 

Microgram amounts of pertechnetate can be assessed by IR spectrophotonietry. TcOa 
is precipitated with [AsPh4]C1 in the presence of KCIO.r as a cariier. The precipitate is 
dried and mixed with KBr for preparing a disc according to the IK pellet technique. 
[AsPh4]Tc04 reveals a strong sharp band at 11.09 urn (901.7 cm ' )  which belongs to the 
stretching vibration v3(F2). ' I l e  TcOj  concentration is determined by plotting a calibra- 
tion curve. Re02  and IMnOj interfere with the evaluation o f  T c 0 4  [82]. 

Around 

7.1.4 Gravimetry 

Weighable amounts o f  technetium are readily determined gravimetrically. However, 
none of the methods is specific. The most common procedures involve weighing of 
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the prccipitate in the form of tetraphenylarsoiiiurn pertechnetate [X3,S4] or  nitron per- 
technctate. 

The precipitation of [AsPh4]TcOJ is performed from neutral or alkaline solution at 
pH 8-0 by adding an excess of tetraphcnylarsonium chloride. Since the precipitate is 
slightly soluble in water, thc 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 [AsPh4]TcOJ is estimated to be 8.6.10 In at room temperature [%]. The use of 
a special microtcchnique [X6] permitted the precipitation. weighing. and detcrmina- 
tion of about 2 pg of technetium with a standard deviation of kO.08 pg. The precipitate 
is filtered, washed with ice-cold water, dried at I 10 "C, and weighed as [AsPh4]Tc04. 
Perrhenate, permanganate, perchlorate. periodate, iodide, fluoride, bromide, and thio- 
cyanate anions as \ d l  as vanadyl cations and nitrate concentrations above 0.5 M 
interfere with the determination. [AsPhJlTcOj is soluble in alcohol. 

According to the gravimctric procedure for the determination of rhenium as nitron 
perrhenate [87], technetium may be ascertained as nitron pertechnetate. The prccipi- 
tation is carried out in slightly sulphuric or acetic acid solution using a 10 % nitron 
(1,4-diphenyl-3-(phenylamino)-lH-1,2,4-triazoliumhydroxi~ie] acetate solution. 
CZOH17N4TcOJ 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 NH47'c04 by dissolving nitron pertechnetate in cthyl 
acetate and shaking the solution with dilute ammonia. Pcrtechnetate passes into the 
aqueous layer, but nitron remains in the ester [Strl. 

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 T. However, this method excludes 
any compounds that do  not decomposc and/or volatilize under the conditions oC the 
reduction [ 11. 

7.1.5 Electrochemical methods 

The existence of various oxidation states 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 TCOJ at a dropping mercury electrode nas  studied in 
several supporting electrolytes. 

Pertechnetate in 4 M TIC1 was found to undergo reduction to  Tc(1V). A double 
wave was observed corresponding to a one- and a two-electron transfer. The corre- 



sponding half-wave potentials ( Eli2)  of the irreversible and poorly defined waves are 
-0.52 and -0.68 V vs SCE [89] .  The polarographic reduction of T c 0 4  in 0.01 -4 M 
HCIOl appeared in t n o  stages. El,? of the more positive \yaw shifted from -0.17 t o  
+O. 10 V vs SCE with increasing perchloric acid concentration. and coulometric meas- 
urements indicated a four-electron process. l h e  second wave a t  - 0.73 V seemed t o  
involve a three-electron stcp for the reduction of Tc(II1) to Tc (0 )  [go]. 

In neutral and acidic sulphate solutions TcOa is reduced to Tc(IV), in alkaline me- 
dium in a one-electron step to Tc0:- 1911. In a 0.5 M KCI solution. acidified to pH 2 
by adding HCI, .l'cO; exhibited three diffusion-controlled waves with Eli2 -0.14, 
-0.Y 1 ,  and -1.12 V v s  SCE. For the first wave the diffusion current constant proved to 
be rather constant in the range of 0.01-0.2 m,M TcOi. suggesting that Tc in conccntra- 
tions as low as 0.01 mM can be estimated with an accuracy of k0.8 % [Y2,93]. 1 M LiCl 
and 1 M NaOH solutions of TcO; in the concentration range of 10 .'-lo-' M were 
studied with direct and alternating current polarography. Four waves were observed. 
Thc first two waves with E112 -0.85 and -1.15 V v s  SCE are clearly recognizable only 
in alkaline solution (Fig. 7.2.A). They correspond to the electron transitions /7=2 and 
n=3 and can be used for the determination o f  technetium. ' I l e  third and fourth wave 
are not diffusion controlled [94.95]. For the wave at Eli2 = -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 .  10 ' 
M T c 0 5  the element could be ascertained by employing the polarographic wave at 

For direct current polai-ographic determination of Tc0; in the Concentration range 
0.1-1.1 ppm in fission product solutions, a phosphate buffer of pH 7 was recom- 
mended. El.? of the wave used was -0.68 V vs SCE. Neither rhenium nor ruthenium 
nor other fission products interfered. However, [ AsPhLl]C1, present in certain fission 
product solutions, must be separated out [97]. A rapid method was developed for the 
determination of '"'mTc in fission product mixturcs. It consists of a selective reduction 
of  99mT~C)4 at a dropping mercury electrode at -1.55 V vs SCE in a medium of 1 M 

= -0.8 V vs SCE, which was observed in 1 M NaCIOJ [96]. 

E vs SCE ( V i  
Fig. 7.2.A Polnrograrn of 0.206. 
NaOI 1 1941. 
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sodium citratc and 0.1 M NaOlI. 9 y 1 n ~ I ' ~ O I  is probably reduced to '")'"?'c metal, Lvhich 
is soluble in mercury. 'J'he mercury [YO] was removed from the solution of fission prod- 
ucts and the amount of ''9n1'l'~ determined in nitric acid solution of mercury by ;$- 

counting. The precision obtained for yy'r'~I'c was about I 'YO and the decontamination 
factor from other fission products about lo5 [98]. 

7.1.5.2 Stripping voltammetry 

One o f  the most sensitive electroanalytical methods. stripping voltammetry. was used 
to determine low technetium concentrations in the presence of molybdate or perrhc- 
nate ions. l'echnetium was concentrated, probably as T c 0 2  hydrate, on a hanging mer- 
cury drop electrode from alkaline solutions of 6.0. 10F5 M KTcOl by electrolysis at ii 
potential of -1 .O V V S  SCE. Anodic stripping yielded a characteristic stripping curve. 
?he  height of the peak current at -0.3s V proved to be linearly dependent on the con- 
centration of technetium in the range of I04-3.J0 M. ' rc could be detected with an 
accuracy of f 4  %. The determination of 0.5 ug of Tc was feasible in a lo4 fold molar 
excess of R e O j  or MOO$ [99]. 

Pertechnetate and Tc(1V) could be more sensitively analyzed in acidic media in the 
presence of thiocyanate by adsorption stripping voltammetry at the hanging mercury 
drop electrodc using the differential pulse mode. Determinations down to 5.10 I '  g 
Tc per ml were feasible. An intense current signal at -1.32 V vs SCE was observed i f  
only technetium and thiocyanate were present in the solution. Larger quantities of 
salts, e.g. chlorides and sulphates, decreased the sensitivity of the method considcr- 
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 [ lOO] .  

The stripping voltammetric determination of pertechnetate by means o f  a glassy 
carbon electrode. chemically modified with a tetraphenylarsonium chloride loaded co- 
polymer film, was reported. A detection limit of 10 M I'cOi was achieved after a 5 
min enrichment time [ 1011. 

7.1.5.3 Titration techniques 

A controlled potential coulomctric titration has also beeii developed for the determi- 
nation of technetium. Pertechnetate was titrated in an acetate buffered (pH 4.7) aque- 
ous solution of sodium tripolyphosphate (Na5P3010) at a potential o f  -0.70 V vs SCE. 
Under these conditions T c O j  was found to be quantitatively reduced to Tc(II1). In 
the range of 0.5-5 nig of titrated TcO4, the relative error of the method was about 
k1 '% and the relative standard deviation 0.5 %. The ions Fe(Ill), Mo(VJ), Ru(TV), 
U(V1). V(IV). F-. and NO3- interfere strongly. Technetium can be removed from 
these ions by distillation from conc. sulphuric acid solution [ 1021. 

Several titration methods were studied for determining Tc(IV) or Tc(VI1) in the 
concentration range of 10 '-1OF' M. 'l'c(1V) 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 TcOz 



with electrogcnerated Sn(T1). The supporting electrolyte was a inixture of 2.5 M 
T\i;iBr. 0.15 LM SnC14, and 0.2 M I1Cl. The titration reaction was very fast and currents 
of up to 40 niA could be readily employed for the detection of the equivalence point. 
In addition, a conductomctric titration of T c 0 4  based on  the precipitation of 
[AsPh4]'lc04 or (PPh4]'I'c04 was proposed [ 1031. 

7.2 Separation methods 

7.2.1 Volatilization 

Owing to the volatility of Tc20, and pcrtechnetic acid, Tc(VI1) may be co-distilled 
with oxidizing strong acids [46,104) (Fig. 7.3.A). The use of HC104 results in superior 
yields. About 75 wt% of technetium is co-distillcd 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 o f  oxidants like KBr03, 
K7_Cr20,. Na2S208 or KMnO, to the acids such as H2SOJ or HjPOj considerably 
increases the extent of co-distillation. HCI, HBr, and HI do  not volatilize technetium, 
bccause these acids reduce Tc(VI1) to I'orm non-volatile hcxahalide complexes of 
Tc(IV). However, a more detailed study of the co-distillation with sulphuric acid 
rcvealed that technetium can be distilled quantitatively with H2S04, provided the 
acid. the sweep gas. and the distillation apparatus are free from contaminations. 
Reducing agents only inhibit the distillation, but do  not affect the complete separation 
of technetium. If, for instance, reducing bromide is present. thc technetium distillation 
begins at 155 "C instead of 110 "C, because it is reoxidized by sulphui-ic acid [74]. 
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Tot01 ac id  d i s t i l l ed  (%I Fig. 7.3.A Co-distillation of technctiuin with acids [46]. 



The property of pertechnetate to be reduced by hydrochloric acid can be used for 
separating ReOl from reduced T c O j  by distillation in  a mixture of H2S04 and HCI at 
180 "C [8]. Under thcse conditions most of rhenium passes into the distillate. but 
almost all the technetium remains in solution. Another distillation procedure involves 
reduction of T c 0 4  by hydroxylamine. Perrhenic acid is distilled with steam from sul- 
phuric acid. Up to 10 nig of rhenium can be separated quantitatively from traces of 
technetium [lOS]. Partial separation of TcO; from K C O . ~  is achieved by distillation 
from perchloric acid, because the first fraction is enriched by technetium. However. 
ruthenium is oxidized by perchloric acid to RuOl and volatilizes together with techne- 
tium [104]. Due to considerable differences in vapor pressures of Hl'cO., and HReO4, 
technetium may be almost quantitatively separated from rhcniurn by alternate eva- 
poration with nitric and hydrochloric acid [106]. 

For separating technetium produced by neutron irradiation of molybdenum. the 
distillation method using sulphuric acid proved to be efficient. For each 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 double the amount of acid was added, 
about 90 wt% of Tc was recovered on distilling to a dry molybdic oxide residue. 
More than 98 wt% o f  Tc was extracted after two distillations 1461. H T c 0 4  may also 
be distilled at 120-200 "C from a mixture of HC104/H3P04. Phosphoric acid forms 
a phosphomolybdatc complex, tending to hold the molybdenum in solution 
[ 107,108]. 

Dry distillation and gas phase separation of technetium oxides froin oxides of rhe- 
nium. osmium, iridium, and ruthenium by temperature-programmed gas chromatog- 
raphy using O7 as reactive gas was reported [109]. Furthermore. the separation of 
technetium chloride (TcC14) from volatile chlorides of numcrous elements by thermo- 
chromatography combincd with complex formation was investigated. The separation 
tube had a temperature gradient from 600 to 25 "C and was coated with KCI. CsCI, 
NaC1, and BaClz [ 1 lOl. 

7.2.2 Solvent extraction 

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

7.2.2.1 Pertechnetate 

The principal disadvantage o f  the extraction methods is the introduction of organic 
compounds which may reduce TcO; and cause difficulties in subsequent steps. Therc- 
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 'I'cO; from aqueous 
acid, neutral salt, and alkaline solutions by a wide variety o f  organic liquids, including 
alcohols. ethers. esters, nitro-compounds. nitriles. amines, hydrocarbons, chlorinated 



hylrocarbons, organo-phosphorus and organo-nitrogen compounds. dissolved in non- 
polar liquids. was studied in detail. The general conclusions are [ 11 11: 
0 'Ihe extraction of pertechnetate from aqueous solutions by aliphatic. aromatic, and 

chlorinated hydrocarhotis is negligible, even when the latter possess relatively largc 
dielectric constants. 

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

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

0 As a rule. extraction is more efficient from acid than from neutral salt o r  alkaline 
aqueous solutions. 
' lhe dependence of the pertechnetate extraction with cyclohcxanol on the concen- 

tration of acid, initially in the aqueous phase, demonstrates the rapid extraction 
increase upon the addition of small amounts of acid. After a maximum extraction 
coefficient is reached, an exponential decrease sets in (Fig. 7.4.A). Curves similar to 
those in Fig. 7.4.A were also observed with cyclohexanone, tri-12-butyl phosphatc 
(TBP), and with solutions of TBP in a liquid hydrocarbon. 

In general. tertiary alcohols arc more powerful extractants than secondary or pri- 
mary alcohols o f  the same oxygen-to-carbon ratio. Aromatic or alicyclic alcohols 
rcvcal highcr extraction coefficients than straight-chain alcohols o f  the same oxygen- 
to-carbon ratio. Among a series of isomeric ketones methyl ketones have the largest 
and symmetric ketones the smallest extraction efficiency. Aromatic or alicyclic 
ketones show higher extraction coefficients than n-aliphatic ketones of thc same oxy- 
gen-to-carbon ratio. Polyethers are more effective extractants than normal ethers of 
the same 0 : C  atom ratio. Compared with tri-n-butyl phosphatc at equal conccntra- 
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tions in  an inactive solvent, the more stongly basic tri-n-alkyl-phosphine oxides arc 
substantially more effective. In going from primary to sccondary and tertiary aminc 
solutions in  cyclohexanc the extraction from acid solutions increases. Among the tcr- 
tiary amines extraction coefficients decrease with decreasing basicit),. Quaternary 
ammonium salts dissolved in inert solvents ensure efficient extraction not only from 
acid but also from neutral and alkaline solutions [l 111. 

I h e  dependence of the extraction coefficient of pertechnetatc on the salt concentration 
and on the kind of anions being in thc aqueous solutions is shown in Fig. 7.S.A. the data 
are for TBP as thc extractant. With all solvcnts studied including cyclohcxanol, methyl 
ethyl ketone. and cyclohexane, pertechnetate is extracted most efficiently from Na2S0 
and least from NaCI04 [ 11 11. 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 T c 0 4  into the aqueous phase by either shaking the organic phase n i t h  perchlorate solu- 
tion or by diluting thc extractant with a non-polar solvent [112]. 

TcOj can be extracted b y  the following main types of reactions: 

TcO;(aq) + M+(aq) - MTc04(org) (2) 

TcOj(aq) + MX(org) - MTcOJ(org) + X (aq) ( 3 )  

In process (1) solvents like cyclohcxanol or THP containing a donor group have 
been used. In process (2) large cations M '  such as [ N ( B ~ I ~ ) ~ ] ' ,  [PPh4]- or  [AsPh4]' 
\cith hydrophobic groups can be employed together with organic solvents like chloro- 
f o i n .  In process (3) the cation M+ has such large hydrophobic groups (e.g. trilauryl- 
ammonium ions) that i t  is insoluble in the aqueous phase. The extraction will then 
take place through an ion exchange reaction [ 1131. 

I 

1.0 2.0 3.0 6.0 5.0 6.9 Fig. 7.S.A Extraction of TcO; froni aqueous 
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Tri-n-butyl phosphate (1'BP) 

The solvent extraction of KTcOJ from aqueous nitric o r  hydrochloric acid solutions 
by 'I'HP dissolved in ri-dodccane was studied over a wide range of 'THP, HNO; or HCI 
conccntrations at 25, 40, and 60 "C. The extraction [114,1 161 was found to  proceed 
according to the reaction: 

3?'BP(org) + H' (aq )  + ?'cOi(aq) -, [ H T c 0 4 '  3?'BP](org) 

The composition o f  the extracted coniplcx is in agrccmcnt with the results of ior- 
mer investigations [118]. In the absence o f  H N 0 3  pcrtcchnctic acid is reportcd to be 
coordinated with 41'HP [l 191. The distribution coefficients UIc=[l'~],,-sanic/lTcl;,~luc~,u~ 
at  25 "C as a function of nitric or hydrochloric acid concentration and the vo l% of 
TRP in rz-dodecanc are plotted in Figs. 7.h.A and 7.7.A. D.,. increases with increasing 
acidity and incrcasing 'L'BP concentration. Hokvever. for the HN03-TBP system 
(Fig. 7.6.A) Dlc passes through a maximum near 0.8 M H N 0 3  [ 115:117] and decreases 
rapidly at higher nitric acid concentrations, while D.l.c in the HCI-'I'RP systcm 
(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 o f  T'HP bonded to HNO? that reduce the amount 
o f  free TBP available to extract pertechnctate. 'I he amounts of TBP bonded to  HCI 
are negligible over the range of conditions studied. D I ,  decreases in both systems 
HNO?-TB P and HCI-TRP with increasing temperature. D,rc proves to be considcrably 
higher for the latter at 25 "C under similar conditions of dcid concentrations and THP 

In addition. the extraction of MTc04 (M=H, I.i, Na, K, Rb. or NH4) by TBP from 
aqueous solutions of MCI was examined as a function ol temperature and conccntra- 
tion. 'The distribution of the pertcchnetatc salts to the organic phase increased in the 
order Rb<K<Na<NH4<Li<H. The stoichiometry of the extraction reaction was deter- 
mined [ 1201 to be 

~01% (114, 1161. 

M'(aq) + TcOa(aq) + 3TRP(org) - MI'cOJ .3TBP(org). 

Uranyl nitrate substantially increases the distribution coefficient I) I'c. This was 
explained by the formation of a mixed nitrato-pertechnetato-TBP complex of tJOf- 
[ 121,1221 according to  the equilibrium: 



[1J02(NOi)2.  21'BP](org)+'l'cOJ(~~q) -[U02(ti03)(Tc0.1).  2'lBP](org) t NO3 (aq) 

A technique for the separation of pertechnetate from mixcd fission products by sol- 
vent extraction with 'I'HP 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 
mctallic ions. ""c yields o f  92 (YO Lverc obtained [123]. 

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

Table 7.1.11 Distribution coefficients D , ,  for the extraction of pertechnetate from aqueous 1 M I I N 0 3  

with organo-phosphoi-us compotinds [ 1241. 
~~ ~ - 

Extractant UTE 

Iiichloroethyl phosphate 3.9 

Diisoainyl nicthylphosphonarc (50 YO) in decane 117 

0.2 M 'liiisohexylphosphine oxide in  decane 5.7 

0.5 XI T~i-11-octylphospliine oxide in decaiie 27 

0.2 M Dioctylphenylphosphinc oxide in decane 4.3 

Ketones 

Pertechnetate is extractable from a basic aqueous solution o f  2-6 M NaOH with ace- 
tone. The NaOH concenlration provides a separation of the acetone and the aqueous 
phase. In 4 M NaOH a distribution coefficient L).I-,=10 was achieved at room tempera- 
turc, 92 % of T c O j  was extracted into [he acetone phase. Almost the samc distribu- 
tion coefficient was observed when the basic aqueous solution contained 75 gil 
Na2Mo04. 'lhis procedurc allows the extractive separation of T c O j  from neutron-irra- 
diated molybdenum [12Sj. 

llsing methyl ethyl ketone as the extracting agent. DTC values up t o  about 400 were 
obtained in the presence o f  6 N K2C03 and after addition of 190 gil Mo as molybdate 
to the aqueous solution. Without addition of molybdate, D rc decrcased to 300, while 
6 N KOH resulted in a D.I., of lcss than 100. The distribution coefficient of molybdate 
studied at concentrations between lo-" and 2 M MOO: did not excccd S.10-4,  
demonstrating again the possibility of separating TcOJ efficiently [ 1261. Detailed scp- 
aration procedures for L)L'"'Tc production based on the extraction with mcthyl ethyl 
ketone have been communicated [127,128]. Furthermore, isobutyl methyl ketone can 
be used to extract Y y m T ~ O ~  from "MOO: in the wide pH range o f  0.5-13.0 almost 
quantitatively [129]. 

The extraction of Tc0,i with cyclohcxanone proved to be an unusually rapid. effi- 
cient, and selective method. More than 95 % of TcOj was extracted from 0.2 N to 
7 IS I-12S04 solutions in a single equilibration that is achieved in about 5 minutes. At 
higher acidities the phase volume ratio changed drastically because of increasing 
solubility of cyclohexanone in the aqueous phase. The separation was applied in the 
determination of the number of fissions occurring in a short neutron irradiation o f  



uranium by measurement of ""'Tc. and to the separation of '"Tc from long-lived fis- 
sion products lor burnup analysis [ 1301. Also lor determining "'Tc in environmental 
samples, an cxlraction o f  T c 0 4  with cyclohcxanonc was used. In the concentration 
rangc lroni 0.2 to 4.0 N H2SO., distribution coefficients DTc from S2 to 200 were 
achieved [131]. 

Organo-nitrogcn compounds 

As already described in Sect. S . l ,  pertechnetate is efliciently extracted by pyridine 
from alkaline solutions. Pyridine extracts TcOi almost quantitatively from 4 M 
NaOH with ii distribution coclficicnt DrC= 7.78.10' at room temperature [ 1321. 
Pyridine and methyl-substituted derivatives were applied as extractants in the iso- 
lation and purification of tcchnetiuni from aqueous NaOH; Na2C03, and N a N 0 3  
solutions. DTc was found to increase with increasing NaOH concentration, while 
nitrate decreased the distribution coefficient. Methyl-substituted dcrivativcs of pyr- 
idine arc useful in separating Tc04 from appreciable amounts of nitrate ions. 
f l . ~ ,= l lO  of  aqueous solutions of T c O j  containing 0.25 M NaOH/2.0 M Na2C03 
and 0.25 M N a N 0 3  allows the ready decontamination of TcOJ from other fission 
produc[s like 137cs, IOhKU, ')'Zr, 95Nb 152.155E u,  and "OSr [133]. Later, 2,4-dimcthyl- 
pyridine and 2-methyl-5-cthylpyridinc were recommended to extract T c O i  from 
alkaline solutions. 2-methylpyridine appeared to be less suitable with respect to its 
solubility in aqueous alkaline solutions. Table 7.2.A summarizes some distribution 
coefficients. 

'lable 7.2.A I ) T ~  values for the extraction of pertcchnetntc from alkaline solutions hy pyridine bases at 
room temperature 11341. 

Composition of the pyridine 2-nielhyl- 2,4-dimethyl- 2-nlethJ~-5- quinoline 
aqueou\ phase pyridine pyridine ethylpyridint 

1 NdOH 1 80 471 714 470 150 

1 M LIOH 1280 1 I30 

3 M NaOII  239 1070 1670 930 356 

1 h.1 h a O I I  + 
2 M N'INO? 7x 146 143 40 

1 M h"12COq 150 I840 700 1000 236 

1 M N H t O H  + 
l b l  (NII,bCO, - 286 405 708 i 2 2  

- ~ 

0 i M NdOH + 

The best conditions for the extraction of TcO; by 2,4-dimethyl- and 2-methyl-S- 
cthylpyridine are provided by 1 M LiOH and 3 M NaOFI [134]. 

The extractant 4-(5-nonyl)pyridine in benzene displays considerable advantage 
over pyridine and methyl-substituted pyridines in that its solubility in watcr is 
almost negligible. However, the distribution coefficients proved to be rather low. 



In various nitric acid concentrations the maximum D,., value at 25 "C was found t o  
be around 10 at 0.5 M FINO; [135]. More recently ITlc =60 was reported for a 0.5 
M H N O j  solution of pertechnetate using a 0.1 M solution of 4-(5-nonyl)pyridinc in 
benzene [ 1361. 

Early extractions of pertechnetate, dissolved in 1 N H2S01, with a 0.1 M solution of 
tri-n-octylamine (TOA) in cyclohexane resulted in distribution coefficients o f  
Dlc=l 10 at 25 "c' [ 1111. Recently. D.,. was determined as a function o f  the nitric acid 
concentration using 0.01 and 0.1 M solutions of tri-rz-octylamine in benzene. The dis- 
tribution coefficicnts increased rvith increasing acidity until a maximum was reachcd 
near 0.1 M ITNO;. A t  higher concentrations of nitric acid, D.,., fell rapidly because o f  
Competition from the simultaneously extracted nitric acid, which reduces the conccn- 
tration of free tri-n-octylamine available to extract Tc0; (Fig. 7.8.A). 'The extraction 
is considerably affected by the tempcraturc. A linear relation is obtained between 
D-,, and the concentration of TOA. The slope of 1.0 indicates an extractant:'rc ratio 
of 1:l. The extraction of pertechnetate from aqueous H N 0 3  solution may be rep- 
resented by the equation [ 1171: 

H'(ay) + TcOj(aq) + TOA(org) +- [H?'c04.TOA](org) 

A mixture o f  tri-rz-octylamine and xylene (30 %v/v) was used for extracting T c 0 4  
from mineralized seaweeds collected at the coast of the Ibaraki Prefccture in Japan. 
A specific activity of ""lc in the fresh seaweed Ehenirr hicyclis of 503 mBq/kg was 
determined [ 1371. 

The distribution coefficient of TCOJ for the extraction with 0.1 M tri-isooctyla- 
mine (TIOA) in cyclohexane from 1 N H2S04, DTc =72 at 25 "C, is somewhat 
lower than that o f  tri-n-octylamine (TOA) under identical conditions 11111. A pro- 
cedure for the separation of ')""lTcOj from neutron irradiated Moo3 by extraction 
with TIOA was described. Moo3 was dissolved in 1 M NaOH and 9ymTc cxtractcd 
from 1 M HCI into a solution of 7'1OA in 1,2-dichloroethanc. At a conccntration 

\ "C 

Fig. 7.8.A D,, as n function of HNOI con~cntrat ion 
for 0. I M 'I'OA at 2.5, SO, and 70 "C [ 117). 



of 3 .  bl TIOA. a distribution coefficient DTc =50 was obtained. Less than 
0.5 % of yyblo was found i n  the organic phase [138]. For environmental studies 
TeOi  was extracted from aqueous sulphuric acid solutioiis with 5 % TIOAixylene. 
IJncxpcctedly high distribution coefficients DTC were measured, decreasing from 
4.7. 103  to 1.6. lo3 in the concentration range of 0.5 t o  4.0 N H2S04. Almost 100 YO 
of t h e  pertechnetate could be extracted when the aqueous and the organic phase 
wcrc shaken for only 1 min [ 131 1. 

M N-Benzoyl-N-phcnyl hydroxylamine (BPHA) in chloroform extracts per- 
technetate from 4-7 M aqueous solutions of HCIOJ with distribution coefficients Drc 
between 2 and 500 at 25 "C. &, strongly increases with increasing HCIOl concentra- 
tion. The extraction is rcprcsented by the reaction [ 1391: 

5 . 

2H+(aq) + Tc04(aq) + HPHA(org) - [HTcO4.HBPHA](org) 

The distinctly lower distribution coefficient of Ke0;  provides a method for separat- 
ing Tc0;  and R e 0 4  [140]. 

Pertechnetate is efficiently extracted from aqueous solutions by rhodamine-R 
hydrochloride (RH'CI ) in nitrobenzene. At pH 4.7 and 28°C an  extraction coeffi- 
cient o f  7.96.10' was reported when 10 nil of the organic phase contained 5 mg of 
RH'Cl-. The extraction equilibrium was reached within 2 min and the separation of 
the two phases was rapid. The extraction process may be formulated as 

TcOi(aq) + (RH'Cl-)(org) - (RH+TcOj)(org) + Cl-(aq) 

Separation factors greater than 10' could be achieved for Ni(ll), Mn(I1). Zn(IT), 
Sn(1V). and Sb(II1) [141]. 

Alkyl- and arylammonium salts 

Tetra-n-butyl, -pentyl, -hexyl, and -heptyl ammonium iodides, dissolved in benzene or 
chloroform. can be used to extract '1~0; from aqueous solutions. Such cations act as 
liquid anion exchangers. Distribution coefficients are compared in l'able 7.3.A. 

Tahle 7.3.A Distribution coefficients D,, for the extraction of lo-' M pcrtcchnctatc at pH 5 with lo-' 
M tetraalkylammonium iodide in chloroform 11421. 

Alkylammonium iodide lRut4Nll [ Pent4N]1 IIlex4NII [Hept4N ]I 

nre 3.40 9.29 9.10 9.89 

'lhc two phases were equilibrated in a separating funnel for 15 min. ' I le  expected 
reaction is 

TcOi(aq) + [(alkyl)4N]J(org)i t((alkyl)4r\;]Tc04(o~-~) + I (aq) 



The separation of TcO,& from MOOS- was carried out at pH 10.5 with tetra-!?- 
heptylammonium iodide dissolved in benzene. 'Ihe separation factor D l~c/Db,o of 14 
requires on ly  a few cycles to cfficiently separate both anions 1142). 

The chief decontamination step for the radiochcniical separation of pertechnetate 
from mixed fission products was the extraction of T c 0 4  from a 4 M NaOH solution 
into a tctrapropylamnioniLini Iiydroxideibromofoi-m mixture in only 30 s [ 1431. This 
rapid and quantitative extraction was proposed f o r  the separation of Tc from the fis- 
sion products Mo, Ku, Kh. and Pd. Drc values of l o 2  were obtained for the concentra- 
tion of 0.12 bl tetral7ropvlaninionium hydroxide in 4 M NaOH. whereas thc distribu- 
tion coefficients of the other fission products were only around 

Extraction with a 0.15 M solution of methyltricaprylainnionium chloride in 
chloroform results in the quantitative isolation of  pertechnetate froin aqueous 
media. ranging from 4M sulphuric acid or  9 M hydrochloric acid to pH 13. The for- 
mation of a 1:l organic cation-pertechnetate salt appears t o  be requisite for the 
extraction at any 1711: 

[ 1441. 

Depending o n  the concentration of H2SOJ, HCI or KOH. distribution coefficients 
Dr, between 7 and 175 at 24 "C were reported. K e O j  follows 'I'CO: so closely that 
their separation from each other appears t o  be difficult [ 1451. 

Pertechnetate is efficiently extracted from aqueous solutions of HNO; and TAiN03 
by trilaurylammoniuni nitrate dissolved in 2-xylene according to the anion exchange 
reaction: 

DI ,  decreases from 156 at 10  M H N 0 3  to 1.8 at 0.9 M HNO3 and from 140 at 
5 .  lR3 M LiNO? to 2.6 at 0.9 M LiN03 using a concentration of 1.5.10 M trilauryl- 
aininonium nitrate at a temperature of 25 'C 11131. 

of 10' can be achieved when pertechnetate in 1 M 
I lzS04 is extracted with triphenylguanidinium chloride dissolved in [i,P-dichloro- 
diethyl ether. D decreases with increasing H2S0, concentration. similar to DKc. The 
separation of T c O j  from KcOj  and even from MOOS- is not possible by a single-stage 
extraction [ 1461. 

Distribution coefficients D 

Tetraphenylarsoniuin salts 

The extraction of [(C6HS)4A~]'L'c04 into chloroform and the application o f  the extrac- 
tion procedure to separate TcOi produced from molybdenum or uranium were stud- 
ied \cry early. The extraction proceeds according to the equation [ 1-17]: 

[ (C6H5)?As] ' (aq) + TcOj(aq) [ (C6€15)4As]TcOJ(org) 



The distribution coefficient D I'c increased with decreasing concentrations of 
mineral acids, n.hile the extraction of molyhdatc was negligible. LJsing 0.05 M solu- 
tions of tctraphenyl arsoniuni chloride in chloroform DI.,>lO~' are reported for 4). 1 M 
conccntrations of HzSOJ or HCI. At high supporting acid concentrations the decrease 
in Tc04 extraction may be attributed to the depressed dissociation of HTc04.  At low 
acidities '1.~0; could be separated from neutron-irradiated M o  with very high sclectiv- 
ity. Ijse of 0.05 M H?SO,, results in a separation factor of lo6 lor technetium and 
molybdenum [ 1481. 

D,rc strongly depends on the concentration of [ (C6H5)JAs]CI in chloroform. For 
the extraction of pertechnetate from 3 M HNO; a distribution coefficient of around 
100 is attained when the concentration o f  tctraphenylarsoniuin chloride in chloroforni 
is raised to 1 M. T c 0 4  can be separated from 3 M 1TNO3 by extraction with 20.1 M 
[(C(,H5).&]Cl in chloroform. whereas [l'cC:l(,]'- is not extracted under thc same ccx-  
ditions [149]. Dilute solutions o f  [(C6€15)4As]Cl M) in CHCI3 extract TcO4 at 
pH values from the alkaline to the weakly HCI acid range with a high distribution 
ratio of more than 10' [lSO]. Even from saturated NaCI solutions pertechnetate can 
be extracted almost quantitatively [ 1511. 

7.2.2.2 Complex compounds 

In strongly acidic media. cupfcrron, the ammonium salt of K-nitroso-N-phcnylhy- 
droxylamine, seems to form with TcOy the adduct [(Cupf) '(TcOJ)-] o r  an  adduct 
with pertechnetic acid, which can be extracted from 6 M HCl into ether by 99 %. 
The occLirrence of any significant reduction was not obscrved. Tc(III), prepared by 
coulomctric reduction of pertechnetate, was extracted as a cupferrate into ether up 

Potassium xanthate reduces pertcchnetatc and forms a technetium complex in a 
1.5 N aqueous solution o f  HCI, H2S01 or H<'IOJ. from which more than 99 % of tech- 
netium could be extracted into carbon tetrachloride at 20 "C. The concentration of 
potassium xanthate was 0.1 M. Perrhcnate remained entirely in the aqueous phase. 
thus separation from technetium could be readily achieved. Instead of carbon tetra- 
chloride. other extractants like chloroforni. 1.1.1 -trichlorocthane, xylenc or isopropyl 
ether are also suitable [153]. 

In addition, tetrainethylenedithiocarbainate was used for reduction of TcOj, chela- 
tion. and extraction of the complex into chloroform I'rom hydrochloric acid solution. 
More than 99 % of  the tcchnetiuni can be cxtracted 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. c.g. 4 M fIC1. except 'OCo and """'Ag. The suitable concen- 
tration o f  tetramethylencdithiocarbamate ranged bctwecn 1.10 and 1.5. M 

Potassium thiocyanate reduces pertechnetate in aqueous hydrochloric acid solution 
and forms thiocyanato complexes of technetium that arc extractable by a solution o f  
0.1 M 2-hexylpyridinc in benzene. Also Mo(V1). Au(TLI), As(ll1). Fe(II1). Zn(IT), and 
Hg(ll) are extracted under similar conditions. The equilibrium is attained jn about 3 

to 26 %, [152]. 

[ 1541. 



min. Around 70 %, o f  technetium can be extracted at 5 M HCI in the presence of 0.02 
M KSCN [ 1551. 

Tc(1V). obtained by reduction o f  TcOi with hydrazine in 0.5 to 3 M I IN03,  was 
cxtractecl with a solution ol 15 vol% of dibutyl phosphoric acid. Distribution coeffi- 
cients only between 2 and 3 were observed for 1-2 ,M HNO;. Somewhat higher cocffi- 
cients (D,  ,=8.5) could be achieved when I'c(1V) was extracted with thenoyltrifluoro- 
acetone from aqueous solutions of pH 6.5 t o  9. [Jndcr these conditions more than 
90% of l'c(IV) was extractcd in a single equilibration step 11561. Some systematic 
studies on the extraction ol Tc(IV) with several complexing extractants have been rc- 
ported 11571. 

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

'lable 7.4.A Solvent extraction o f  pertechnetate from aqueous solutions 

Extractnnt Aqueous phase Distribution coefficient References 
D1, 

3- Pent a n d  

2-Methyl-2-hutanol 

('yclohexanol 

Acetone 

Methyl ethvl ketone 

Cyclohexanone 

2-Pentanonc 

3-Pentanone 

Tri-n-butyl phosphatc 
(80 vol% in 17-dodccanc) 

Trichloroethyl phosphate 

Di-iso-amylincthyl phosphonate 
(50 vol% in decane) 

0.2 M 'lii-iso-hesylpliosphine oxide 
(in decane) 

0.1 bl Trihexvlphosphine oxide 
(in cyclohexane) 

0. I M Trioctylphosphine oxidc 
(in cyclohcxane) 

0.2 M Dioctylphenylptiospine oxide 
(in dccane) 

0.1 hl .Tridecylphosphine oxide 
(in cpclohesanc) 

Pyridine 

2-bIethylpyridine 

2.4-Dimcthvlovridine 

. ~ .  . . .  

. . .  . . ~  ~. 

~ . . _ .  ... 

9.5 

10.4 

32 

10 

4(X) 

93 

38 

35 

Y 00 

1 N HN0.I 3.9 

1 N HNO? 117 

1 N HNO, s.7 

I N H ~ S O J  41 

... . ~ .  

4 N N a O l I  778 

3 N NaOl I 1970 

3 N NaOH I670 

... 

(25 "C) 

(25 <'C) 

(25 "C) 
.. 

(room temp.) 

(room temp.) 

(25 T) 

(25 ' C )  
(25 "C) 

(25 'C) 

(room temp.) 

(room temp.) 

(room temp.) 

.. 

(25 ' C )  

(25 'C) 

(room temp.) 

(25 "C) 

... 

(room temp.) 

(room temp.) 

(room temn.) 
2 I ,  . .  



Tahle 7.4.A Conlinucd 

Extractant Aqueous phase Distribution coefficient References 
Ijrc 

2-Methyl-5-cthvlp).ridine 

4-(5-nonyl)pyridine 

Quinoline 

0.1 M 'lii-r7-octylamine 
(in cyclohexane) 

5 .  10 ' M ~'-Henzoyl-N-phcnpl- 
hydroxylaniine (in chloroform) 

5 .  10 Rhodaniino-H hydrochlor- 
ide (in nitrohenzcne) 

0. I M Cetyl-dimcthyl-beilzyl- 
ammonium chloride ( in toluene) 

0.1 M Dimethyl-didodecenvlanii~io- 
nium chloride (in toluene) 

0.12 M .IPtrapropylainmonium 
hydroxide (in bromoform) 

10 ' M 'I'ctr;ibutyIammonitim iodide 
(in chloroform) 

lo-' 41 Tctrapentylamrnonium iodide 
(in chloroform) 

10 ' M 'lrtrahex!.laninioniuni iodide 
(in chloroform) 

10 M 7etralieptylaminoniuni iodide 
(in chloroform) 

0.15 M Meth!.ltricapr~lamnioniuin 
chloridc (in chloroforin) 

1 .s. 10 ' M Trilaurylainmonium 
nitrate (in xylem) 

T~iphenylguanidiniuni chloride 
(in /J,B-dichlorodieth!.l ether) 

0.05 M Tctraphenvlarsoniuin 
chloride (in chloroform) 

. .  . .  .. . 

I U I IOH 

0 5N H h 0 3  

3 h NaOI l  

1 h H~SOJ  

7 N HC'IOJ 

p H 4 7  

1 N HA04 

1 Y H2904 

4 N \a011 

PI1 5 

P H  5 

pH 5 

pII 5 

N rici 

lo-' h HYO, 

2 N I12S04 

1 N H~SOI 

1110 

60 

356 

110 

500 

706 1 

10s 

100 

100 

3.40 

9.20 

9.10 

Y.80 

175 

156 

1000 

(1-oom temp.) 

(room temp.) 

(room temp.) 

(25 ' C )  

(25 "C) 

(2s T) 

(25 T) 

(25 T) 

~~ 

(room temp.) 

(room temp.) 

(room temp.) 

(room temp.) 

(room temp.) 

(24 "C)  

(25 'C) 

(room temp.) 

>1000 (room temp.) 

7.2.3 Chromatography 

7.2.3.1 Ion exchange chromatography 

Pertechnetate is strongly adsorbed by strong-base anion exchangers and can be eluted 
only by ions with a high affinity for thc rcsin, such as Clod-. Kccently, the adsorption 
behavior of  pertechnetate on the anion cxchanger Dowcx 1-X8 was studied as a function 
of the acid concentration in chloride, nitrate or pcrchloratc solutions at constant ionic 
strength and also in dependcnce on the hydroxide concentration, demonstrating the pro- 



minent eluting properties of perchloric acid [158]. Using Dowex I -XS, various factors 
such as quantity ofthe resin. eluant concentration. and elution flow rate for the separation 
of Tc04 from environmental waters were optimized. The average reco\.en was Y 1 ‘% of 
TcOj when the resin was eluted with 12 ,M H N 0 3  [159]. 

Perrhenatc is almost as strongly adsorbed as pertechnetate. hut the separation of 
both anions can be carried o u t  if a strong base exchanger is used [ 1601. Early, pertech- 
netate and perrhenate werc separated o n  a I~owex-2  resin wing as the eluent a mis- 
turc of 0.1 hl (NI-Ij)2S04 and 0.1 M N&SCN adjustcd to p11 8.3-8.5. ‘Ihe t\vo elution 
peaks were only partially I-esolved. In spite of some cross contamination, pertecline- 
tatc was obtained in a purity of over 99 YO [161]. A better separation o f  ‘I’cOj and 
R e 0 3  was attained (Fig. 7.9.A) when perchlorate solutions were used as eluents [ 160- 
1641. Masimum separation factors of 104-105 could be achieved on a Dowex I-X1 
resin of 200400 mesh. At high perchloric acid concentrations (0.1 .M), a broadening 
and distortion o f  the technetium peaks was observed. indicating rcduction of pertech- 
netate by the resin [164]. 

To separate manganese. technetium, and rhenium. M n 0 4  is reduced with hydrogen 
peroxide to Mn2- which is not adsorbed o n  the anion cxchange resin Ainbcrlite IKA- 
400. Mixtures o f T c 0 j  and R e O j  in 0.1-0.3 M HCI are passed through the Amberlite 
and both anions are adsorbed. Rhenium is eluted with a 5 wt% solution of NH.!SCN 
in 0.1-0.2 M HCl. After washing the column with water. technetium is eluted with 0.1 
Yl HN03.  The separation is reported to be most satisfactory. 10 pg of technetium can 
be separated from 15 nig of manganese and 0.8 rng of rhenium. howcver, the elution 
of the three elenients requires a total time of about 24 11 [165]. 

Again the thiocyanate-hydrochloric acid medium was applied t o  separate by anion 
cxchange perrhenate from molybdate and pertechnetate. Khenium is first eluted with 
a 0.5 M NH4SCN/0.5 M HCI solution while MoOi- and Tc04 remain strongly 
adsorbed on thc anion exchanger Dowex 1-X8. Molybdate is then removed quantita- 
tively by passing a 2.5 M NH4N03 solution through the column. Pertechnetate is 
eluted with 4 M HNO;. Microgram to a few milligram quantities of perrhenate can be 
quantitatively separated from tracer quantities of pertechnetate [ 1661. 

I ‘. I 

I 

1 n 4 L  1 1 , )  1 1 1  

Fig. 7.9.A Anion cxchange 
separation of TcO; and ReO;. 
Donex 1 -X4. ClO., form. column 

40  6C 80 100 12@ 140 eluted \\ l th 0.1 iM NHqCIO4 
Free co lumn voiume [lh4]. 



The separation of 9p"T~04, formed by neutron bombardment of molybdenum, from 
its molybdenum matrix, was accomplished by means of the Amberlite anion exchange 
resin IRA-400. Irradiated molybdenum was dissolved in NH40H + H202 and molyb- 
date was eluted from the anion exchanger with a mixture of potassium oxalate and 
potassium hydroxide, while the elution of pertechnetate was achieved with 0.5 M 
I\;H4SCN. 80 to 93 % o f  the calculated ""Tc could be recovered from the irradiated 
molybdenum [167]. 

For the anion-exchange separation 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 ' Ic04  and Moo:- 
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 separation might be 
the isolation of pcrtechnetate from the rather strong nitric acid [168]. 

The cationic thiourea complex o f  technetium is adsorbed from nitric and perchloric 
acid on the cation-exchanger Dowex 50WX4. In dilute HN03 and HCI04 (pH 1) dis- 
tribution coefficients of 10' and >lo4, respectively, were observed. Technetium was 
eluted with 8 M TIC1 or a mixture o f  5 M HN03 and 10 '%, H 2 0 2  [169]. 

:---T--- I : I : 1 looool \ ' ' ' 

I A L . - U . l L  - 
0 2 4 6 e 10 

M 0 L A  R ITY  0 F H Y D R O  C H LOR IC ACI  0 

Fig. 7.10.A Dependence of the distribution 
coefficient KI, at 25 "C on the HCI concentra- 
tion with Dowex-1 [16X]. 



7.2.3.2 Adsorption chromatography 

Paper chromatography can be employed for separating pertechnetate from pcrrhe- 
nate and molybdate. Using Whatman Ko.1 papcr the separation o f  T c O I  and R e 0 4  is 
rather satisfactory, in a mixture of butanol and conc. HCl (50150 vol%) as the mobile 
phase. Hydrochloric acid causes selective reduction of TcO, with the formation of a 
chloride complcx that is less mobile in this system. The 14, values of technetium and 
rhenium arc 0.70 and 0.77, respectively [17O]. The solution chemistry of pertechnetate 
and reduced spccies in different concentrations o f  hydrochloric or hydrobromic acid 
was studied by paper chromatography [ 171-1731. Another paper chromatographic 
method uses the formation o f  a technetium complex with thiourea in nitric acid. '1cOj 
is reduced by this reagent, in contrast t o  R e 0 4  [174]. Pertcchnetatc and molybdate 
are separated by high-voltage electromigration in paper using a 0.1 5 % solution of 
CH3COONH$ and a gradient of 60 V/cm [175]. 

To extract ""'lll'c from molybdenum irradiated by neutrons or separated from ura- 
nium fission products, inorganic adsorbents. in particular aluniinuni oxide. were 
widely used. In preparing a 99'nT~ generator, irradiated M o 0 3  was dissolved in conc. 
HNO;. the solution was diluted and passed through a column of acid aluminum oxide. 
The column was then eluted by 0.2 N H2S04 to extract 90mTc [176]. If molybdatophos- 
phate instead o f  molybdate is adsorbed by aluminum oxide, the exchange capacity 
increases from 1.2 t o  8 g per 100 g o f  Alz03 [177]. In order to obtain '"'Tc in high 
specific activities. carrier-free "Mo, produced by fission of "'U, is passed in dilute 
nitric acid of pH 1-2 through a column of chromatographic aluminum oxide. """"l'c 
can be easily eluted with 0.1 M H N 0 3 ,  while molybdate is retained on the column. 
The radiochemical purity of Y9mT~04  was >99.99 % [178]. Instead of A1203, kieselgur 
supported with di-2-cth~~lliexylphosphoric acid (30 %w/w) was proposed for an easy 
and rapid separation of ""Mo and yOmTcO 4 [1791. 

In addition, thin-layer chromatography was employed for the separation of techne- 
tium and molybdenum. Neutron-irradiated molybdate was separated from produced 
09n1Tc04 on cellulose MN 300 using butanol saturated with 1 M HC1 [180]. Molybdate 
was identified i n  pertechnetate solutions by means of thin layers of silica gel or A1203 
with mixtures of 1 M HCYmethanol or 1 M HCl/ethanol a s  solvents. 'l'he T c 0 4  spot 
revealed a higher mobility than the MOO: spot [ISl]. 

To rather selectively separate pertechnetate. with more than 90 % yield. 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 [((~'( ,H~)4As]Tc0~, 
was 68 % [lS2,183]. In addition, activated carbon was used t o  efficiently separate per- 
technctate from high-level liquid waste. Distribution cocfficients of more than 500 
were observed when pertechnetatc was separated with activated carbon from a 2 ,M 
HNOl solution [ 1841. Effective separation and recovery o f  '"'TcOj 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 are sorbed by tuff and basalt and that granite, dolomite, 
and shale sorbed only small amounts (210 %). 1 Towever, minerals containing copper. 
lead or iron sulphide. e.g. bournonite. galena. and chalcopyrite. sorbed pertechnetate 



strongly up to more than 99 %. Reduction of 'I'c04 may occur by minerals containing 
Cu . Pb2+ or Fc' ions [ 1861. 
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8 Uses of technetium-99 

Among the technetium isotopes, only "'Tc, a pure /IF emitter (E,,;,,=0.29 MeV) with a 
half-life of 213 000 a ,  can be obtained (Sect. 5.1) in amounts adequate for studying the 
technical applicability o f  the element and its compounds. However, the widespread 
use o f  technetium is necessarily restricted by its radioactivity. The application of the 
metastable isotope i)"'"T~ 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. i n  particular the absence of 1' radiation and its 
long half-life, suggest the application of this isotopc as a standard source of weak 

radiation. Its specific activity of  17.0 pCi/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 electrodeposition of ""T'c02-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 "'lc makes an excellent /? standard 111. Another procedure utilizes the 
solubility of some pertechnetates in organic solvents. e.g. in acetone. for preparing 
film sources containing 99Tc. When a film forming substance is added to the solu- 
tion. a film with a uniform distribution of 99TcOj is obtained after drying or  poly- 
merization [2]. 

Metallic 99Tc foils of  23 pm thickness and 15 x 20 cm2 surface coated with a thin 
layer o f  acryl lacquer were used for /)-radiography 131. In the determination of heavy 
elements by X-ray fluorescence. ""Tc was proposed as radiation source for the excita- 
tion of the K-fluorescence radiation [4]. In addition, ""Tc was considered as radiation 
source for ionization detectors in gas chromatography [ S ] .  

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 ] .  



As early as 1968 the specific catalytic activities of a ""Tc metal catalyst supported 
on  silica or ;-alumina at a concentration of 1 ivt% were studied in detail for the reac- 
tions o f  benzene with hydrogen in  the temperature range o f  100-235 'Y'. Both techne- 
tium and rhenium metal revealed catalytic activity i n  hydrogenation o f  bcnzcne to 
cyclohesane. At temperatures above 130-200 "C both metals. like ruthenium, also cat- 
alyze benzene hydrogenolysis resulting in saturated normal aliphatic CI-Cc, hydrocar- 
bons. 'I'he catalytic activities of the metals for hydrogenation and hydrogenolysis 
decrcase in  the order Ru>Pt>Tc = Pd>Ke and Ru>Tc>Ke, respcctivcly. The apparent 
activation energies were found to be 7-1 1 kcal/mole for hydrogenation and 29-32 
kcal/rnole for hydrogenolysis. The activity of technetium for hydrogenation in the case 
of a ;!-alumina carrier proved to be four times higher, the selectivity. however, six 
times lower than in the case of silica supported catalysts 171. 

1,ater on, the reverse reaction, e.g., the dehydrogenation o f  cyclohcxane, on 
tcchnetiuni metal supported on 7-alumina was invcstigated betwccn 260 and 
500 "C. Henzene was formed with high selectivity. ' lhe apparent activation energy 
of thc reaction was 13.1 kcalimole. A t  temperatures higher than 410 "C cracking 
processes increasingly dominated. 'The dehydrocyclization of mhexane yielded 
around IS 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 o f  n-hcxane and n-heptane 
on technetium metal catalysts supported by ;,-Al20?. MgO, Y 2 0 3 ,  S O z  or activated 
carbon. With an increase in the content of supported technetium (1 t o  5 \vt%o) the 
yield of benzene (1.5 to 17.0 w t % )  for the dehydrogenation reaction of n-hexane and 
the yield of toluene (2.0 to 22.8 wt%) for the reaction of rz-heptane generally 
increased in the temperature range from 450 to 600 "C [ IO]. 

Aluminum oxide containing 0.16-0.27 wt% of metallic technctium also catalyzes 
the dehydrogenation of aliphatic alcohols to the corresponding aldehydes or  ketones 
i n  the temperature range of 150 to 300 "C. The catalyst activity was constant over 10 h 
o f  continuous operation. CH30H, C~HSOH and CH3CH(OI I)CH3 decomposed with- 
out any side reactions. The highest rate and the lowest temperature (150°C) for initia- 
tion o f  the reaction were observed for the dehydrogenation o f  isopropyl alcohol to 
form acctone: 

The most active 'Ic metal catalyst was obtained at the lowest temperature used for 
the reduction of TcO2 to ' lc metal. The apparent activation energy for the dehydro- 
genation process was 13.7 kcal/mole. A t  220 "C 30 %, o f  isopropyl alcohol was con- 
verted to acetone. 'I'he activity of the technetium metal catalyst for thc dchydrogcna- 
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% instead of 
around 0.2 wt% of technetium [ l l ] .  

In addition. the dehydrogenation of isopropyl alcohol was studied using technetium 
metal supported on the oxides Y203. Pr,07, Nd201 or Y b 2 0 3 .  Table 8.1.A. sum- 
marizes thc results. 



8.2 C'11tolv.c.r 89 

Table 8.1.A Catalysts and activity for  deh! Jrogeiiation o f  isopropyl alcohol [ 121 

Catalyst Degree of Dehydrogenation 
Conversion selectivitiy 

1% I I % 1 

Oxide Tc ( ' X )  300 'C 370 "C 300 "C 370 "C 

YZO 3 0 0 22 7 

0.016 10 24 05 31 

0.030 2s  63 100 100 

0.057 33 S2 100 1 O( I 

I ' rr07 0 0 12 - 75 
0.045 10 3 6 100 100 

Nd201  0 0 3 (7 92 

0.08 40 95 100 100 

Y b 2 0 1  0 0 21 - 25 

0.12 40 95 I00 loo 

The outstanding catalytic properties of technetium metal 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 tcch- 
netium. The activity of the catalysts increases with increasing wt% of  technetium. In 
particular, thc selectivity o f  the dehydrogenation attains 100 '%, [12]. 

For reforming naphtha to gasoline by hydrogenation a Pt-TciA120.; catalyst con- 
taining 0.1 to 10 wt% Tc and 0.6 wt% Pt was employed at a pressure o f  160 psig in 
the temperature range of 66 to 220 "C. The Pt-Tc catalyst exhibited grcater stability 
than did one containing only Pt [ 13,141. 

A technetium catalyst prepared by reduction of an aqueous solution of HTcOl with 
hydrogen at 200 "C under a pressure of 23 MPa was used for hydrogenation of succi- 

mI /min 

252 300 350 101 "C 

Fig. X.1.A Dehydrogenation rate of isopropyl alcohol 
on catalysts. Y2OI(l) ,  Y2O< 10.06 % Re(2). Y O 3 +  
0.06 % l'd(3). Y 7 0 ; ~ 0 . 0 6  YO Tc(3) 1121. 



nic anhydride. 2.2-diniethyl succinic anhydride. and glutaric anhydride in an autoclavc 
under the conditions of the catalyst preparation. The hydrogenation of succinic anhy- 
dride resulted predominantly (66 wt%) in the formation oi 7-butyrolacton, in contrast 
to the reaction catalyzed by rhenium which mainly promoted the formation of tetra- 
hydrofuran (78 wt %). Tlic hydrogenation of glutaric anhydride yielded prevailingly 
tetrahydropyran. independent of the use of the technetium or the rhenium catalyst 

The catalytic properties of chlorophosphine complexes of technetium such as 
[TcCI4(Ph?P),]" for the hydrogenation o f  cyclohexene and octcne-1 . dissolved in ben- 
zene. were studied in the presence of sodium amalgam and/or 0.1 MPa HZ. The cata- 
lytic activity of the technetium complexes was shown to be evident but low as com- 
pared to the most activc complexcs of Ru, Rh or l r  [16]. 

The catalytic activity of various complex compounds 0 1  technetium was testcd in 
the metathesis of olefins [17], epoxide ring opening reactions [18], epoxide ring forma- 
tion by reaction of cyclohcxene with terf-butylhydroperoxide [19,20], and the pre- 
ferred production o f  tnriu-cpoxides in the liquid phase oxidation of cidtraizs-n-alkenes 

The technetium carbonyl catalysts, [Tc2(C0)10]' and [Tcz(CO) I~]oIP(n-C4Hy)3 pro- 
mote the hydroformylation reactions of cyclohexenc, propene. and I-octene in solu- 
tion at 235 'C and a pressure of 20 MPa. [ T C ~ ( C O ) ~ ~ , ] " / P ( ~ - C ~ H Y ) ~  showed the best 
results in activity and selectivity within the aiiologous subgroup VII complexcs stud- 
ied, but proved to be a rather poor catalyst compared with the cobalt or rhodium car- 
bony1 compounds 1221. 

In hydrogenation of carbon monoxide over supported catalysts of technetium metal 
between 270 and 500 "C in a helium flow, predominantly methane was formed. The 
conversion of C O  into methane increased with increasing temperature. Conversion 
yields up to 100 vol% of CH4 were obtained over a Tck-AI203 catalyst [23]. 

Technetium in different oxidation states appears t o  catalyze the oxidation o f  
hydrazine by nitric acid, a reaction which is otherwise very slow except at  elevated 
temperatures and aciditics. The reaction between T c 0 4  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. 71ie induction period covers a slow reduction of Tc(VT1) to 
Tc(1V) by hydrazine followed by a Tc(1V)-catalyzed reduction of Tc(VT1) by 
hydrazine. The rapid reaction commenccs when Tc(VT1) has been substantially 
reduced to Tc(1V). Thc mechanism of the rapid reaction is considered to be the 
oxidation of Tc(TV) t o  Tc(V1) by nitrate followed by reduction of Tc(V1) t o  
Tc(1V) by hydrazine. On completion of the reaction, technetium is present prc- 
dominantly as pertechnetate 124-271. 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 o f  Nz evolution. but no residuc 
of unreacted hydrazine is left, in contrast to the nitrate system. The concentration 
o f  Tc(IV) in the pcrchlorate system goes through two maxima as the reaction pro- 
ceeds [28]. The elucidation of the highly complex oxidation mechanisms o f  hydra- 
zine needs further investigation. 

[ 151. 

121 1. 



8.3 Technetium(VI1) as an oxidizing agent 

The trioxo complexes of technetium in the oxidation state +7. [Tc03Cl(phen)]", 
['J'c03Cl( bpy)l^, [l'c0~<:1(5-NO2-phe~~7)j", ('~ccOjC1(.3,3,7.8-tctramethyl-plien))" [eq.( I)) ,  
and (?'c03-hydrotris( I -pyrazo-lyl)boratel' [ eq.(2)] clearly oxidize olefins forming. in high 
yields. the corresponding oxotechnetium( V) diolatc complexes [2Y 301: 

0 0 

""e. 11 ..*' R2 
acetone t Th (1)  

R4 

+ 
H H 

dichloromcthrine - 

From the diolate complexes the free diols can be released by hydrolysis with hydro- 
chloric acid. The diols reveal cis-addition of the two hydroxyl groups. The rhenium 
complex [ReOC!(OCEIICH20)(phen)Jo undergoes the reverse reaction by thermolv- 
sis, releasing ethylene and producing [Re03Cl(phen)]". The results are consistent with 
the periodic trends for second and third row transition elemcnts of similar environ- 
ments in which the second row elements are more easily reduced and the third row 
clements are more easily oxidixd 1291. 

Mcthyltrioxotechnetium(VI1). CH3Tc03, is also capable of adding olefins such as 
cyclohexene and forming the glycolate complex of Tc(V) that releases. by hydrolysis 
in the presence of acids, the 1,2-diols. When cyclohcxene was added, the stereospecific 
production of cis-1.2-cyclohexanediol was observed (311. 

8.4 Pertechnetate as an inhibitor of corrosion 

Already in 1952 the effectiveness of T c O j  ions in aqueous solutions for the corrosion 
inhibition of iron and carbon steels was discovered 132,331. A specimen of steel was 
efficiently protected against corrosion at temperatures of up to at least 250 "C in acr- 
ated distilled water containing 5 .  10 "1 TcO;, one-tenth of the concentration 
required for corrosion inhibition by CrOi-. The test specimen remained bright and 
unchanged in weight after being exposed for 20 years in the aqueous TcOi  solution at 
pH - 6. To achieve inhibition under very corrosive conditions not more than 2.2. 10'" 
technetium atoms per cm2 must be deposited on the surface o f  the specimen. about a 
tenth of a monolayer. However. an  inhibited specimen corroded at once when 



removed from the pertechnetate solution. or when the solution was diluted below the 
limiting concentration of 5 .  10 ' M [34,35]. Perrhenatc does not inhibit corrosion. in 
spite of  the close resemblance between the properties of pcrrhennte and pertcchne- 
tate. Also perinanganate fails to inhibit corrosion except at rclalivcly high concentra- 
tions of 10.' M [XI. The inhibition of 7 ~ 0 . ~  depends on a labile state at the interface 
that is quickly responsive to changes in the composition o f  the solution by adding elec- 
trolytes. Addition of sulphatc ions in a concentration of 2.5 . 10 ' M distui-hs the inhi- 
bition much more than perrhenatc ions ;it the same concentration 1371. 

In the initial passivation process hydrous technetium oxide is produced and ii film 
of mixed hydrous iron and hydrous technetium oxide is formed (381. bu t  thc inhibition 
cannot be ascribed t o  such a film in the absence of 7'cOi [39]. 'The potential of the 
passivated iron electrode immersed in Tc04 solutions was found t o  bc t0.157 V 13,s 

S<'E at a 'l'cOi concentration o f  4.7. 10 -' M and a pI1 of 6.4 in aerated aqueous solu- 
tion. showing the iron electrode more noble than the Flade potential in the presence 
of dissolved air [40]. KeOi has a less ennobling effect than TcO: [41]. The passivation 
effect appears to be a combined action o f  oxygen and adsorbed pertechnei ate and 
arises from some intra-ionic property of the TcOj ion. It suggests a degree of internal 
polarity sufficient to induce a short-range electrostatic polarization a t  the interface. 
whereby the activation energy of the corrosion process is increased [35 J. 13u1 thcrc is 
still no complete understanding of the corrosion inhibition of i ron  b y  perlechnetate. 

Of course. the actual application of  pertechnetate ions to corrosion inhibition of 
iron and carbon steels will obviously be a great problem because o f  the radioactivity 
of ""Tc. even in dilute solutions o f  "yTc04. A pertechnetate concentration of 5 .  1 0  ' M 
corresponds to a specific radioactivity o f  84.15 pCiil o r  3.1 1 . 10'' Hyil. Ncverthclcss. 
the corrosion inhibiting property of 9"l 'cO~ was proposed to be used in steain-generat- 
iiig nuclear reactors (42,431. 
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9 Technetium metal 

9.1 Preparation 

Technetium metal is obtained by hydrogen reduction of ammonium pertechnetate. 
The initial reaction at 200-300 "C produces black technetium dioxide which prevents 
the loss of ammonium pertechnetate by sublimation [l]. At a temperature of 500- 
600 "C or. even better, 700-900 "C (21 the metal is left behind as a silver-grey spongy 
mass according to the reaction: 

NHirc04 + 2H2 + Tc + 4H20 + 1/2 N2 

Heating of ammonium hexachlorotechnetate(1V) 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 t o  leave technetium metal a s  a fine silver-grey 
powder [3]: 

(NH4)2(TcC16] Tc + 2NH3 + 2HC1+ 2C12 

In addition, hydrogen reduction of tetraphenylarsonium pertechnetate at  900-1 000 "C 
produces technetium as a light grey powder with the characteristic metallic luster [S]. 

Films of technetium metal S mg/cm' thick can be clectrodeposited on to a copper 
cathode. using a plating bath of 0.2 wt% technetium as KH4Tc04 in 1 M H2SO4> and 
a platinum anode. Agitation was by means of a circulating pump and gave a flowrate 
of SO 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 dcposition stops after about a quarter of the total technetium 
has been deposited. This appears to be due to the accumulation of technetium dioxide 
hydrate formed by reduction of  Tc04. Complete deposition of technetium metal can 
be obtained by the continuous addition of small quantities of H202 just sufficient to 
oxidize the brown-black Tc02-hydrate back to pertcchnetate [3:4]. 

Technetium metal is also electrodeposited almost quantitatively from dilute solu- 
tions of TcO; in acidic ammonium oxalate solutions. Films up to 18 mg/cni2 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 
H7_S04 required for the deposition of technetium metal varied between 0.45 M with a 
copper cathode and 1.90 M with a platinum cathode. A t  lower molarities of HzSOl 
technetium was deposited a s  oxide (Table 9.1 .A). 

The technetium metal deposits had a purity of about 99 % under optimal condi- 
tions. Technctium 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 . l .h  hlolarity o! € I , S 0 4  required for dcposition of "Tc at an oxalate concentration of 0.7 41 
161. 

Cathode as metal as oxide 

copper 0.45 0.32 

Nickel 0 3 7  0.ss 
Aluminum 1.14 0.7 I 

Silver 1.41 0.87 

Gold I .J1 037 

Stainless Steel 1.41 1 0.87 

Platinum 1 .oo 1.14 

9.2 Physical properties 

Technetium mctal powder pressed into pellets at room temperature and a prcssure 
of 20 kg/mm2 [7]  can be transformed to the compact metal by arc melting under an 
argon-helium mixture [S] or by electron beam mclting in a vacuum of lo-" torr 
[5,9]. Technetium is a bright silvery grey metal which is reported to tarnish slowly 
in a moist atmosphere [lo]. 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 grcatest 
plasticity. Cold-rolled technetium exhibits appreciably anisotropic mechanical 
properties. With increasing deformation, technetium metal displays a relatively 
strong increase of temper [I 1,121. 

Three determinations of the melting point of technetium metal are in rcasonably 
good agreement: 2140 * 20°C [131,2200 f 50°C [14], and 2162 k 40°C 1151. 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 [ 141. The boiling point of technetium metal was cstimated as 
4900 K [ 161; no expcrimental value seems to be available. 

For an ingot of arc-nielted technetium metal, weighing approximately 70 g, the 
immersion density was found to be I 1.47 g/cm3 [7]. A n  electron-beam melted sample 
showed a density of 11.492 g/cm3 [17]. The X-ray density, calculated with the lattice 
parameters u=2.7407 A. c=4.3980 A [lXl and the nuclide mass of 98.906 g. yields 
11.4XI g/cm'. which is just a little highcr than that of lead. 

Technetium. likc rhenium. ruthenium, and osmium. crystallizes in the hexagonal 
close-packed arrangement, whereas manganese forms a cubic lattice at room tempcr- 
ature. The lattice constants [18-201 ~ 2 . 7 4 0 7  k 0.0001 and c=4.3980 k 0.0001 A at 298 
K decrease smoothly t o  n=2.7364 and c=4.3905 at 4.2 K [ 1x1. No change in the symme- 
try of the lattice nor any unusual changcs in the expansion coefficients were found in 
this range of temperature. The expansion coefficients between 150 and 298 K are 
x,,=7.04. K-'. The axial ratio is remarkably constant only 
increasing from 1.6046 at 4.2 K t o  1.6048 at 298 K [18]. No change of the crystal struc- 

K~ I and x,.=7.06.10 



ture of technetium metal could he ohserved from shearing experiments u p  to a pres- 
sure of 6 .  10' kpicm? 1201. 

The high superconducting transition temperature of technetium metal. the highest 
for a hexagonal metal and the second-highest transition temperature for a n y  element. 
being exceeded only hy niobium. has received much attention. The transition tempcr- 
ature was reported as 11.2 K for technetium powder of greater than 99.9 % purity 
1221. and as 9.3 K for material melted in an arc furnace in an argon atmosphere (231. 
Technetium, melted several times hy induction under a vacuum of torr until there 
was 110 further evolution of vapor dctected. had ii superconducting transition temper- 
ature of 8.22 -t 0.01 K in  zero magnetic field. The purity o f  the specimen was greater 
than 99.Y9S 'YO [24]. Also in suhsequent studies transition temperatures were observed 
to decrease apparently with increasing purity of the technetium metal (25.261. Techne- 
tium cylindrical single crystals with axis parallel to [ l0TO] had a transition temperature 
of 7.46 k 0.04 K (271. ' lhe pressure dependence of the transition temperature up t o  a 
pressure of 15 kbar was found to be (-1.25 k 0.05). 

The electrical resistivity of arc-melted technetium metal was determinecl from its 
superconducting transition temperature of 7.5 K to 1700 K. Above 77 K the resistivity 
can be described by y (in pC1. cm)= -3.191 + 7.844. 10V2T - 2.816. t0-5T2 + 4.038 
10-"T3. From the electrical resistivity data a Debye temperature for technetium was 
calculated t o  he 41 1 K 1 7 ) .  

The thermal diffusivity of technetium was measured from room temperature t o  
57.5 "C by the flash method [29,30]. The thermal conductivity was calculated from the 
thermal diffusivity data [I 71. Later on. the thermal diffusivity incasurements were 
extended from 80 to 1800 K [31]. The specific heat (Cp) of technetium was dcter- 
mined in the temperature range 1000 t o  1600 K. 'Ihe metal investigated contained ap- 
proximately 0.08 wt% of impurities. Cp increases slightly from 0.29 . f .  g-I . K- at 
1000 K to 0.31 J ' g - '  .K- '  at 1600 K [31-331. 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 o f  ""Tc by /F emission results in a self-heating power of -15 pW/g. 
The electronic heat capacity coefficient and the zero-degree Debye temperature are 
4.30 mJ . mole-' . K -2 and 454 K, respectively 1341. The thernio-emf of technetium 
nietal was studied by a contact-potentiometric method in a vacuum of IO-" torr, with 
technetium coupled with platinum (Fig. 9.1.A) [3 t]. 

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

K h a r  [28]. 

Table 9.2.A Physical p r o p c r h  o f  technetium metal 

Property Value References 

Alcltinr i x m t  2413 t 20 K . .  
Dcnsit? (inimcisim) 
Crystal strucwre 
Lattice diincnsions (198 K )  
Supet.conduct~ng II ansition tempei ature 
Dehke tempel-ature (zero-degree) 
Entmpy (208.15 K) 
Xlagnctic tusceptibiiity (298 K )  
Specific heat Cp (I000 K )  
Work function 

11.47g.cm.' 
hexagonal close-packed 
LT -2 2.7404 A. r = 4.39S0 A 
7.73 I 0.01 K 
454 k 4 K  
-13.0 1 0.3 J 'nlolc I . K ' 
2.7.io-hcn1'.g-' 
0.19 J g- ' K- '  
4.S8 r 0.m ev 



Fig. 9.1.A Integral thermo-emf of  I'c metal coupled with I'd 
metal as a function of temperature [31I_ 

9.3 Chemical properties 

Massive technetium metal tarnishes slowly i n  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 dilute or conc. nitric acid, in conc. sulphuric acid [%I, and in chlorine or 
bromine water. but not in hydrochloric acid. Technetium dissolves slowly in neutral, 
ammoniacal or acid hydrogen peroxide solution. The solvents mentioned above oxi- 
dize technetium t o  pertechnetate, in the case of chlorine and bromine water the par- 
tial formation o f  [TcC1612- and [IcBr6j2 , respectively, is expected. 

Technetium burns in oxygen at 400-600°C to TcZ07  [38,39] and in fluorine to a 
mixture o f  the penta- and hexafluorides [40]. In the temperature range of 325 t o  
525 "C the oxidation of technetium to the heptoxide resulted in the activation energy 
of 90 kJ . mole [41]. 'lechnctiuni reacts with chlorinc at 300-550 "C to TcC14. In addi- 
tion. TcOC14 and l'cO3C1 are produced il' the chlorine contains some oxygen [42]. 
Technetium is reported to form a hydride o f  the composition TcHo.73 at 3OOT under 
a hydrogen pressure of 19 kbar [43,44]. Sulphur combines at elevated temperatures to 
give the disulphide, and carbon to give TcC [40]. Melts of LiC104 react with technc- 
tium metal powder at 250-300 "C to form pertechnetate (451. 

9.4 Intermetallic compounds 

Much attention was paid to structures, superconducting properties. magnetic suscept- 
ibilities. Knight shifts, and spccific heats o f  intermetallic compounds of technetium. 
Their structure types and lattice constants are presented in Table Y.3.A. 

The TcA16 phase was shown t o  be isostructural with MnAlr, and ReA16. TcA112 ex- 
hibits the same structure as MoAI~z  and ReAIl2 [ S l ] .  No new intermediate phases 
were found to exist in alloys o f  technetium with rhodium, palladium or platinum. The 
solubility of technetium in these metals increases in the given sequencc 1711. The 
group Vl l l  transition elements Co, Ni, Kh. Pd, Ir. and Pt show extensive solid solubil- 
ity in technetium metal at  1050°C [72]. The solid solubility of technetium in nickel is 



Table 9.3.A Intermetallic compound5 and alloys of technetium 

Phase Structure Lattice References 
Composition constants 

[A1 

P63mc 

P6lmmc 

Ni2AI3 (trigonal) 

monoclinic 

CC177nl 

FeSi 

2-Mn 

MMgZnl 

1-Mn 

bcc 

CSCl 

CSCl 

bcc 

CSCl 

CSCl 

CSCl 

CSCl 

bcc 

cr(tetr.) 

- 

(I = 2.89 1 
h - 9.161 
c = 7.246 

a = 7.111 
c = 4.777 

N = 2.892 
C = 7.453 

n = 2.977 
c = 9.476 

o = 4.16 
c = 5.13 

a = 5.1 
h = 17.0 
c = 5.1 
[I = loo" 

n = 6.5944 
b = 7.629 
c = 9.0011 

rr 2 7.528 

( I  = 3.009 

a = 9.011 

a = 9.403 
C = 4.849 

n = 4.755 

a = 9.509 

a = 5.223 
c = 8.571 

I 1  = 9.579 
- 

n = 3.083 

a = 3.091 

11 - 3.181 

( I  = 3.036 

u = 3.027 

a = 3.025 

a = 3.015 

LI = 3.026 

N = 9.290 
c = 4.846 



Table 9.3.A Continued. 

PlldSe Structure Lattice References 
Composition constants 

I A l  
(1 : 9.271 
c - 4.803 

(1 = 9.15 
c - 4.80 

N = 9.130 
1' = 4.7sli 

Ll = 9.077 
(' = -1.756 
( I  - 9.010 
c = 4.713 

a = 7.588 

(1 = 5.373 
c = 8.847 

( I  = 9.637 

( I =  5.219 
c = 8.655 
(1 - 9.517 

i/ = 9.625 

(1 = 9.509 
c 2 4.945 

(1 = 4.934 

n = 5.397 
r = 8.883 

( I  - 5.375 
c = 8.843 

a = 5.365 
c = 8.830 

a = 5.353 
c = 8.813 

(I = 5.340 
c = 8.792 

(1 5.331 
c = 8.775 

n = 5.300 
c = 8.739 

u = 9.603 

n = 5,200 
c 7 8.616 

a = 3.270 

a = 9.565 

N - 3.172 1541 



lahle 9.3.A Continued 

Phase Structure Lattice References 
Cornpositioii conspiits 

rA i  

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'%, l 'c 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 technclium, essentially for raising the superconducting transition tem- 
perature by preparing various intermediate phases of technetium. mainly with transi- 
tion metals, and for gaining a bctter understanding of superconductivity of type-I1 
superconductors. In 'Table 9.4.A superconducting transition temperatures T, of inter- 
metallic technetium compounds and alloys are given. 

'The addition of small amounts o f  titanium to technetium increases the transition 
temperature T, in the hcp solid solution. The highest T, of 10.S9 K occurs here in the 
solid solution containing 3 atom% Ti. The Tc-Ti X-Mn phase has a transition tempera- 
ture range of 8-10 K, which is among the highest 1; of transition metal z-Mn phases. 
The bcc Ti-rich alloys exhibit low transition temperatures down to 1.70 K 1551. The 
transition temperature o f  technetium-rich hcp vanadium alloys increases with vana- 
dium concentration to a maximum of 11.3 K at the limit of  6.5 atom% of vanadium 
solubility and decreases with increasing vanadium content in the CsCl structure. At 
compositions in the SO to 80 atom% V interval no evidence of superconductivity is 
observed (771. For technetium-niobium alloys the r-Mn phase is superconducting over 
the range from '1'c0,76Nb0,14 to Tc0.jgNbo.4~ with the transition temperature varying 
from 12.Y to 10.9 K.  7,  of the Tc-Nb alloys in the hcp structure increases rapidly from 



Table 0.4.A Superconducting transition ternpcratures of intermetallic technetium phases. 

Phase Structure Transition Hefererices 
canipositiun temperaturc 

r c  Wl 
TcBe12 %rZnz? 5.21 1461 

' l c ~ l ' i  llcc 4.2-6.U Ljj1 

TC;V hcp I csc-I 11.24 [77l 

TeJr ,s-Mn 9.7 [23] 

'I'c7%r h1g7.n2 7.6 161 1 

bcc 

IlCC 

12.9.10.5 

13.7 

I h .O , l J  3 

14.S,13.4,13.2 

12.7 

12.6 

5.6 

10.4 

7.88 

7.52 

7.0 to 12.8 K after adding 0.03-0.06 atom% Nb to technetium (751. In technetium 
based hcp solid solution alloys gencrally V, Nb, and Mo raise the transition tempcra- 
turc, while Cr. Fe. Co. Ni. and RU lower 7, relative to pure technetium [Sl]. In the 
technetiuiii-tungsten system 7, is raised by increasing the atom% o f  Tc. The transition 
temperature attains a maximum o f  10.4 K at 90 atom% o f  Tc and decreases at still 
higher technctiurn contents 1791. The superconducting transition tcniperature of tcch- 
netiuni-rhenium alloys increases monotonically with incrcasing technetium contcnt. 
Rhenium docs not result in an increase of T, above that for pure technetium in the 
entire rangc of concentration: the pertinent lattice parameters of the hcp solid solu- 
tions vary continuously [S2]. 
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10 Binary compounds and oxide halides 

10.1 Hydrides 

A foil of ""'l'c saturated with hydrogen at 300 "C under a hydrogen pressure p(H*)=lC) 
kbar showed the composition ' I c H , , . ~ ~ ,  which represents a single phase of the hcp lat- 
tice of technetium metal. 'lhe lattice constants o f  T c H ~ , ~ ~ .  CI = 2.805 A and c = 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 H2 [ 1 1 .  
The supcrconducting transition temperature of the technetium-hydrogen system was 
found to decrease 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. TcHo.4~ ex- 
hibits an octahedral superstructure of the anti-CdI, 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 o f  0.70 A. 'I'hc interstitial atoms in this 
structure form layers that arc parallel to the close-packed metal layers and only every 
second layer of the octahedra is filled with hydrogen. Consequently. the metal atom 
layers separated by the hydrogen atoms move apart. whereas the metal layers 
between which there arc no hydrogen atoms move closer together I-11. The layer 
superstructure of the anti-CdI, type was also observed for the manganese hydridc 
near the Mn2H composition [3] .  

A solid solution of hydrogen in technetium metal is formed during the electrodepo- 
sition of technetium from acid aqueous solutions of pertcchnctate. The maximum 
hydrogen content of the amorphous phase corresponded to TcH0.27 [6]. 

10.2 Borides 

Technetium-boron compounds were preparcd by mixing powdered technetium 
metal and powdered crystalline boron, pressing into pellets, and sintcring in vacu- 
um at 1100-1200 "C for 120-200 h. Among several existing compounds Tc3B, 
Tc7Bj. and 'l'cH2 were identified. Tc3H crystallizes in the orthorhombic system with 
the lattice constants (z = 2.891, h = 9.161. and c = 7.246 A. It is isosti-uctural with 
Ke3B. The unit cell contains four Tc3R molcculcs and belongs to the space group 
Ci?zcin. Tc7B3. indexed in the hexagonal symmetry with (i = 7.417 and c = 4.771 A. 
crystallizes in the Th,E'e.; type, as found in the corresponding borides of ruthenium, 
rhodium. and rhenium. 'Ihe unit cell contains two molecules and has the spacc 
group I'6.3iiic. Also TcH2 proved to be hexagonal with N = 2.592 and c = 7.4.53 A 



and isostructural with ReB?. The unit cell contains two TcH2 niolccules and 
belongs to the P6nznzc spacc group. This phase exhibits a composition varying froin 
the stoichiometric ratio towards higher content of boron [7]. Thc atomic volume of 
diborides indicates that semiconducting properties niay occur in TcB2 as in ReB2, 
OsH2, and RUB, [8]. The electronic band structures of TcB? and ReH2 werc cal- 
culated along all the main symmetry directions i n  the Hrillouiii zone. Comparison 
with the band structures o f  the metal and the B2 species yielded information 
regarding the metal-B interactions 191. 

Sonic ternary borides, synthesized from the elements by argon arc melting. werc 
characterized by X-ray powder diffraction data (Table 10.l.A). 

Table 10.1.A Crystallographic data for ternary hordes  of technctium [lo] 

Compound Structure Space Unit cell dimensions [A] 

U b type Group 
C 

GdTcl3~ y(yttrium)CrR4 /'ham 5.981 1 1.589 3.617 

'1.h I CBJ -lh MOB, C mtnm 7.441 9.584 3.727 

LJ'l'cHj ThMOHJ Cmmin 7.297 9.357 3.598 

UJTcBh Y ,ReR, Pharn 0.288 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 LI = 2.812 and c = 4.470 A. At a carbon 
content between 1.4 and 9 wt%, a heterogeneous mixture was observed that consisted 
of carbon-rich metal and a bcc phase with the lattice constant a = 3.982 A. The com- 
position of the hcc phase corresponded to  the formula TcC. Its density was found to 
be about 11.5 g/cm3 [ll].  

A sample of technetium carbide was prepared by heating technetium metal induc- 
tively to its melting point in a graphite crucible under vacuum. The resultiiig pellet 
was ground to a fine mesh, excess purified graphite powder was added and the mix- 
ture compressed to a pellet in a steel die under 100.000 psi. The pellet was again 
placed in a graphite crucible and heated under vacuum to its melting point. ?lie melt- 
ing point of thc carbon-rich technetium carbide was found to be 1535 * 50°C. The 
lattice parameter (z = 3.985 f 0.002 A is i n  excellent agreement with that of the carbide 
mentioned before [ 111, indicating that thc composition of both materials is the same. 
Magnetic susceptibility studics on the matcrial showed it to be superconducting with a 
transition temperature of 3.85 K [12]. 

Bond energies o f  RuC(g) and KhC(g) suggest that TcC(g) is a therinodynamically 
stable molecule present in significant amounts in the equilibrium vapor of the techne- 
tium-carbon systcm at temperatures above 2000 K. A graphite effusion cell was used 
to vaporize the technetium carbide into a quadrupolc mass spectrometer. The TcC(g) 
molccule was observed abovc a liquid technetium carbide phase. A bond energy o f  
148 * 2 kcal . mole ' at 2450 K was derived for ?'cC(g) [ 131. 



10.4 Nitride 
By heating of NH4Tc04 in ammonia at 900-1100 "C an fcc phase was detected with a 
lattice constant varying from 3.980 to 3.955 A dcpending on the nitrogen content. Thc 
maximum nitrogen content reached the composition T c W ~ , ~ ~ .  Probably. the nitride 
phase corresponds to TcN having an NaCl structure [7,14]. 

A technetium nitride of the composition T C N ~ , ~ ~  is obtained by thermal decomposi- 
tion of (NH4)2[TcC16] or (NHJ)2[T~Br6]  at 380 "C in an atmosphcre of argon. The 
product, obviously almost identical to that mentioned before [7]. also had a face-cen- 
tered cubic lattice with the parameter LI = 3.980 A. It is a black, brittle substancc, inso- 
luble in alkaline 30 YO H?Oz, solublc in conc. HN03 .  Above 500 "C. T C N ~ . ~ ~  decom- 
poses and the solid phase is reported to consist of a polymorphic modification of 
metallic technetium with a face-centcred cubic lattice. stable up to 800 "C [ 151. 

10.5 Phosphides 
Several phosphides of technetium wcrc 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. 

Tc3P crystallizes in the tetragonal Fc3P-type structure. The lattice constants of Tc3P 
are CI = 9.568 and c = 4.736 A. TcjP proved to be isostructural with Mn3P. Cr3P, and 
Ni3P and shows a high coordination number for all atoms, which is typical for intermc- 
tallic compounds and other electron-deficient compounds with high metal content. 
With Z = 8 formula units in the cell, the calculated density is 10.04 g. cm 

TcP4 adopts the orthorhombic ReP,-typc structure with a = 6.238, b = 9.21.5, and 
c = 10.837 A and low coordination numbers for all atoms, where near neighbor intcr- 
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 expectcd to be diamagnetic 
and semiconducting as was discusscd for the isoclectronic and isostructural RcP4. The 
calculated density of TcP4 is 4.75 g.cm -3 assuming Z = 8 formula units in the cell [16]. 

TcP3 was shown to crystallize in a new structure type with four formula units pcr 
cell in the orthorhombic space group Pnma. The lattice constants are a = 15.359, h = 
3.092, and c = 5.142 A. TcPj is isostructural with Re€'?. The metal atoms are octahed- 
rally surrounded by phosphorus atoms. Each metal atom forms two metal-metal 
bonds across the common edges of adjacent octahedra (Fig. 10.l.A). Thus all spins are 
compensated in agreement with the diamagnetism observed for Rep3. The TcP6 octa- 
hedra are linked via corners and edges to form two-dimensionally infinite, puckered 
sheets perpendicular to the 

Tc2P3 crystallizes in thc triclinic space group P i  with the lattice constants n=6.266, 
b=6.325, and c=7.683 A, cz=YS.79, p=101.76, and ;)=104.34". TczP3 is isostructural with 
TczAs3 that has a superstructure of MozAs3. The superstructure arises through differ- 
ences in metal-mctal bonding. The structure o f  Tc2P; is intermediate bctween those 
of transition metal phosphides with high coordination number for all atoms, and those 

[16). 

axis [17]. 



of phosphides whose structure can be rationalized on the basis of classical two-elec- 
tron bonds [MI. 

10.6 Arsenides 

So far two technetium arsenides, Tc3As-i and Tc2As?, have been synthesized upon 
reacting the powdered elements in various ratios at 600-900 "C and anncaling the 
samples at 900 to 950 "C. 

Tc3As7 is reported to crystallize in the cubic D8f structure with the lattice constant 
~1=8.702 A and to be isostructural with Re3As7, which is diamagnetic and shows non- 
metallic behavior. From density measurements the unit cell of Ke3As7 was found to 
contain four formula units [19]. 

Tc2As3 crystallizes in the triclinic space group P i  with the lattice constants a=6.574, 
h=6.632, c=8.023 A, r=95.6Y, /?=102.03, ;~=104.31", and four formula units per cell. The 
compound is isostructural with 'L'c2P:, as mentioned before. l h e  structure is closely 
related to thc monoclinic structure of Mo2As3. 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 T c 0 2  and Tc20, could hitherto bc identified unambigu- 

Attempts have been made to synthesize an oxide that is intermediate in composi- 
tion between Tc and TcOz. LMixtures of 'Tc and T c 0 2  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 o f  ' 1 ~ 0 2  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 a=9.45 A. 'The same 
new pseudocubic phase was obtained when a mixture of Tc and '1.~0~ corresponding 
to thc composition 'lcOo,O was heated in a sealed silica tube up to 1250 "C over a 

ously. 



period of 12 h and kept at this temperature for another 12 h.  However, the stoichio- 
metry and structure of this pseudocubic phase are still unknown 121 1. 

10.7.1 Technetium dioxide 

Ilydrous technetium dioxide 'l'cOz. aq is a frequently observed prccipitatc when the 
chemistry of technetium i n  aqueous solution is studied. It precipitates a s  ii dark brown 
solid by hydrolysis of 'I'c(1V) compounds [22], e.g. [I'cX,J'-, X-CI, Br. I [23,24,25]. 
The precipitation o f  '1.~0, . aq  from aqueous solutions of [TcCI(,]'- 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 nni. The remarkable color 
may be explained by the formation of a colloidal solution o f  T e 0 2 .  aq [24]. Relatively 
pure deposits of TcO?. aq are obtained by the cathodic reduction of neutral or alka- 
line pertechnetate solutions between platinum electrodes [26-281. l ' cOz .  aq can also 
be produced by reduction of TcOj with hydrazinc hydrate in perchloric acid solution 
[29] or with metallic zinc in hydrochloric acid (301. The latter procedure appears t o  
yield, in addition, technetium metal [24]. The stoichioinetrically undefined hydrate is 
dehydrated in H nitrogen stream at 400 "C 1231 or at 250 "C in vacuum 1251, leading t o  
black defined TcO?. Tc02 .aq  seeins to be aniphoteric and dissolves not  only in acids, 
but also in conc. solutions of alkali hydroxide [24]. 

The status of Tc( IV) ions in aqueous solution, obtained by dissolution o f  'I 'c02. aq 
in diluted HCIO?, was studied by electrophoresis. O n  the basis of ionic mobilities thc 
existence of the species 'I'cO" and TcO(OH)+ at pH 1 and pH 2, respectively, was 
assumed according to the equilibria 

and TcO(OH)'  + H 2 0  tt ' I 'cO(OH)~ + H' ( 2 )  

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

K(1) = (4.3 k 0.4) ' 10 

and K(2) = (3.7 k 0.4). lo-' 

at an ionic strength ofO.l 1291. 

decomposition of NH4Tc04 in a nitrogen stream at 700-800 "C 121,231: 
Anhydrous technetium dioxide, Tc02, can be directly prepared by the thermal 

Tc02, like KcOl, adopts the molybdenum dioxide structure. a distorted I utile struc- 
ture type [31J of the space group f'2,lc. The approximate cell dimensions o f  the mono- 
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clinic structure of Tc02 are reported to be a-5.53, h-4.79, and c-5.53 A, /{-120" [31]. 
Precise unit cell parameters seem to he still lacking. The density of T c 0 2  is 6.9 g cm -' 
[26]. which is in good agreement with the X-ray density 0 1  6.856 g . c m 3  calculated on 
the basis o f  the cell parameters given before. More recently. powder diffraction pat- 
terns yielded cell parameters "-5.52, h=4.99, c=5.57 A, and fl=121.9" [32] .  TcOL starts 
sublimating at 900 'C [30] and disproportionates above 1100 "C into T c  and T c 2 0 7  
[22]. 'I'he dioxide is readily oxidized to Tc207 with oxygen, is reduced to the metal by 
hydrogen at 500 'C and reacts with fluorine. chlorine or bromine to give oxide halides 
[33]. In acid aqueous solutions 'I'cO, will be oxidized easily to T c O j  using Ce(1V) or 
in alkalinc solutions using H202 1261. In view o f  the possible environmental impact of 
nuclear waste. the dissolution o f  T c 0 2  as ;I function o f  salinity, pH. tcmperaturc, and 
oxygen concentration of aqueous solutions has been studied in detail 1321. 

10.7.2 Uitechnetium pentaoxide and technetium trioxide 

The combustion of technetium metal in oxygen appears t o  be a complex reaction. 
leading to some side products in addition t o  technetium heptaoxide, 'Pc207. The initial 
product subliming in the combustion tube out o f  the furnace during the oxidation is a 
highly volatile red oxide, somewhat more volatile than 1'c207 and tending to collect 
farthest from the furnace. 'The red oxide can be produced in apparently pure form by 
low-temperature oxidation of technetium. A sample o f  technetium was heated in oxy- 
gen at 150 "C for approximately three months. during which time a significant amount 
of a volatile red oxide had collected. The compound is reported to be probably Tc2OS 
[34.35]. The identity of the product has still t o  be established. When a technetium 
oxide material of undefined actual composition was exposed to low pressures (-10 
Pa) of oxygen and heated in a platinum Knudsen cell rcactor to YO0 "C, Tc20j  was 
identified mass spectronictrically as an important vapor species among other volatile 
products. It was speculated that solid Tc205 should be a stable compound I361 like the 
well-known blue Re20s. 

T c 0 3  is reported to be formed as a \.olatile oxide by oxidation of  technetium mctal in 
oxygen at 400-000 "C. Surprisingly no  generation o f  TczO7 was mentioned [37]. However, 
T c 0 3  could successfully bc produced by reduction of Tc207 with sulphur dioxide. R e 0 3  
may be prepared by reducing Ke,O, with CO at 175-280 "C. When this method was tried 
for producing'Ic03. 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-purple color. Thc 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 ('I'c205?) was obtained as a side product of Tc207 [34]. It was suggested that the 
darkening in color of the Tc207, usually obtained by oxidation of technetium metal, is 
caused by reaction of Tc207 with Tc205 impurity to give black Tc03 [35]. According to 
gas chromatographic studies of fission product oxides and hydroxides, Tc03 is reported to 
be formed in an oxygcn stream at 1500 "C and t o  dccomposc continuously in the column 
t o  Tc02. Ilowevcr. the chemical composition of these oxides could not be proved [38,39]. 



I'cO; was identified from the mass spectra as a significant vapor spccics, present in sub- 
stantial concentrations. when undefined technetium oxide material was exposed to low 
pressures o f  oxygen and heated to 900 "C [36]. 

Xhe entire identification, the X-ray structural analysis and the spectrometric char- 
acterization of solid Tc205 and T c 0 3  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 KeOR crystallizes in a cubic lattice in 
thc spacc group Pin3n7, forming a prototype [40,41]. 

10.7.3 Ditechnetium heptaoxide 

The light yellow crystalline Tc2O7 may be prepared 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 bc the red ditechnetium pentaoxidc 
Tc& In addition. the formation of small quantities of another volatile compound, possi- 
bly TcOl or Hl'c04. 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 evacuatcd to a pressure of <10 ' 
torr. and the combustion tube is flamed to remove final traces of moisture. The combus- 
tion system 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 resublimcd in excess oxygen. until the side 
products are completely oxidized to Tc2O7 [23.35]. 

Ditechnetium heptaoxide melts at 119.5 "C [42] and boils at 31 1 "C [43]. It is very 
hygroscopic. dissolves in water to form pertechnetic acid [42]. and dissolves in dioxane 
[26]. Tc2O7 exerts a vapor pressure of about 0.6 mm Hg at 100 "C. Solid Tc207  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 
143 I. Tc2O7 showed a slight, temperature independent paramagnetism like Re207 
[XI]. It is a stronger oxidant than Re207 and is readily reduced by vapors of organic 
substances, including vacuum stopcock grease [44]. Tc207 reacts at 220 "C with carbon 
monoxide under a pressure of 5100 psig to technetium carbonyl T C ~ ( C O ) , ~ ~  [45]. 

Single crystal structure analysis of thin plates of Tc207 revealed ditechnetium hep- 
taoxidc to crystallize in the orthorhombic space group Phca with ~ 1 3 . 7 5 6 ,  h=7.439. 
c=S.617 A, and 2=4. 'The crystals contain isolated centrosymnietric Tc2O7 molecules 
with tctrahcdral coordination of the Tc atoms and a linear Tc-O-Tc bridge [46-481. 
The Tc-0 bond lengths are 1.840 (bridge), 1.658, 1.684, and 1.706 A. The structure is 
more closely related to Cr03 ,  Ru04,  and Os04 than to Re207. The structure of 
Re207  consists of strongly distorted ReOh octahedra and fairly regular R e 0 4  tetrahe- 
dra that are connected through corners to form polymeric double layers in the ac 
plane. Fig. 10.2.A compares the structures of T c ~ O ~  and Re207. 

The Raman spectra of solid, liquid. and gaseous ditechnetium 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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H Pig. 10.2.A Structure of TczO7 and 

He207 
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Table 10.2.A Kaiiian spectra of 'I'c207 and g a ~ o u s  Re207 [49,50]. 
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The liquid and vapor of Tc207 appear t o  have similar structurc, which is quite different 
from that of the solid phase. The spectra ofTc207 and Ke207 look very similar to those of 
pyramidal M03  species. Gaseous, monomeric Tc207 can be assumcd to have the same 
structure as Ke207 as suggested by analogy with the structure o f  aqueous Cr205 [SO] and, 
on the basis of normal coordinate calculations, to have the symmetry Cz,. The molecules 
behavc as if they consist of M 0 3  pyramids. weakly coupled via an oxygen bridge. 

The principal force constants for Tc207 and Ke207  in the gas phase were calculated 
using a simplified molecular model (Tablc 10.3.A). 

Most of the force constants calculatcd for Tc207 turn out to be smaller than the 
corresponding force constants calculatcd for Re2O7. Smaller bond-stretching force 
constants were also found for [TcCI,,]'- and [TcBr6I2 than for the analogous com- 
plexes o f  rhenium [S2]. 

348 mw 348 s 340 in 

332 

211 rn 19.5 m 185 s 

322 wsh d (MO?) 

18.5 ms pr (MO1) 

65 m 60 ins(p) 50 m(p) ii (MOhf) 



'ldhle 10.3.A Force constants lor 'I'c.0, and Ke207 1511. K and r ill-c related tn the M-0' (0'-bridged 
oxygen) and M 0 bonds, respectivcly. r. to the O M 0  angle, rr and r1x to hond/hond and angleiangle 
interaction\. respectively, and p t o  the Oh10' anglc. 

Force constants 'lc.10, Rez% 
[ mdynelAj (gaseous) (gaseous) 

I R  j .23 3.44 

f !  7.40 S.42 

fu 0.36 0.45 

f,, 0.51 0.50 

JJ 0.13 0.13 

I, 1 0.13 0.14 

Mass spectrometry was recently used to identify the technetium-rhenium mixed ox- 
ides TcRe07  and TcReO,- by heating a combination o f  'IcO, and Re02  at 700-800 "C 
in a gaseous mixture of oxygen and iodine in a Knudsen cell reactor [%I. 

10.8 Sulphides 

At present only two hinary sulphides of Iechnetiuni are known, TcS2 and 'Ic& which 
closcly resemble the analogous compounds of rhenium. 

10.8.1 Technetium disulphide 

Amorphous TcS2 is formed by the thermal decomposition o f  Tc&. .lo prepare crys- 
talline TcS2, a mixture of precipitated Tc& 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 preparcd by chemical transport reactions. TcS2 was 
obtained i n  the form of very thin and soft crystal slices [54]. 

TcS2 is a black solid, crystallizing in a primitive triclinic lattice with the unit cell 
dimensions (i=6.456, h=6.375. ~=6.659 A. 'x=103.61", p=62.97", and 7=118.96". The cal- 
culated density is 5.066 g.cm-". KeS2 is also triclinic, but its structure differs from that 
of TcS?. The shape o f  the unit cell of TcS2 may be described as a distortion of a 
Cd(OH)2-type cell. There are no indications of a structure transition in TcS? between 
-180" and 1150 "C. TcS2 and KcS? are semiconductors. their absorption edges were 
found to be at 1.00 and 1.33 eV, respectively [54]. 

10.8.2 Ditechnetium heptasulyhide 

When hydrogen sulphide is passed through a solution of TcO: in 4 M HCI or 4 M 
H?S04 the highly insoluble, dark-brown 'l'c2S7 precipitates 155,561. Usually thc preci- 



pitate contains free sulphur that must be removed by careful washing with carbon di- 
sulphidc 1261. Tc2S7 i s  not precipitated by H2S from 9 M HCI. permitting its isolation 
from Ke2S7. which is insoluble in this medium [57]. 'I'czS; seems t o  be insoluble in 
alkaline polysulphide [22]: i t  dissolves in ammoniacal hydrogen peroxide [ 571. Hydro- 
gen reduces Tc2S7 t o  technetium nietal at 1000 "C [56]. Until now no inlormation on 
the structure of 'l'c?S-/ and Re& is available. 

10.9 Selenides and tellurides 
Crystalline samples ol I'cSe? and 7'cl'e2 may be prepared by heating intimate mixtures o f  
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 
gradients of about 1080 + 1000 "C for the TcSe2 and 980 + S40 "C for lc'I'e2. The crystals 
obtained showed pronounced plate-like habit. 'rhe diffraction patterns of 'I'cSc2 closely 
resemble those o f  the disulphide. indicating both compounds to 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 n=12.522. b=7.023, (.=I3328 A, and /1'=101.26". The calculated density is 7.890 6 .  ~ m - ~ .  
Ke'k2 crystallizes in the orthorhonibic system. 'l'he absorption edges of the scmiconduc- 
tors TcSc? and ReSez are 0.88 and 1.1 5 eV. respcctively [54]. 

10.10 Halides and oxide halides 
The halides and oxide halides of technetium known thus far [SSl 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 
are waiting to be discovered. 

Table 10.4.11 IIalides and oxide halides o f  technetium and rhenium 

Formal Fluoride5 Cllll,rides Bromides Iodides 
Oxidation and Oxide Fluorides and Oxide Chlorides and Oxide Bromides and Oxide Iodides 

slate 

KcBi, 



10.10.1 Fluorides and oxide fluorides 

Technetium pentdfluoride is formed as a by-product of technetium hexafluoride when 
technetium metal powder is heated to 350 'C in an F L / N 2  stream [59], or by the action 
of 12 on TcF(, in IF5 solution [60]: 

TcF, is purified by vacuum sublimation [(ill. It is a yellow solid that melts at 50 '-C 
and begins to decompose at 60 "C. Single crystal X-ray diffraction studies showed the 
lattice to be orthorhonibic and isostructural with CrFS [59]. VF5. and ReFj. 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 N axis. The 
octahedra arc only slightly distorted. The unit cell dimensions are a=5.76, b=17.01. 
c=7.75 A, and 2=8; the space group is fmcn [61]. The Kaman spectrum of liquid TcFj 
is quite similar to those of other cis-F bridged polymers. which are characterized by 
two intense strongly polarized bands. For TcFs the strongly polarizcd bands are at 749 
and 693 cm-' and the weaker bands are at 669. 282. 225: and 139 cm '. Spectra 
obtained between 80 and 100 "C do not differ substantially Crom those at room tem- 
perature. In the solid at -50 "C the bond stretching region is dominated by three 
strong and sharp bands at 698, 750, and 775 cn1-l in addition to several weak bands. 
Magnetic susceptibility mcasurements yielded a magnetic moment of 3.00 R.M. and a 
Weiss constant of 1.56". The magnetic moment is close to the spin-only value for two 
unpaired electrons 1601. 

Technetium hexafluoride can be prepared by reaction of technetium metal powder 
nlith excess fluorine gas in a closed nickel can at 400 "C. The volatile golden-yellow 
solid was purified by fractional sublimation at reduced pressure. The yield of purified 
TcFb was greater than 90 YO [63j. Lower convcrsions are obtained by treating finely 
divided technetium metal at 350 "C with a F2/N2 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 bcc modification at room temperature (641. 
More recently the transition temperature of 268.335 K was rcported [67]. 

The vapor pressures arc given by the equations 

log Psol,d(-16.32 to -5.3 "C) = -(3564.8/T)-10.787 log T +  41.1252 
log P\ol,d(-5.3 to 37.4 "C)  = -(2178.0/T)-2.295 log 7' + 15.33427 
log P1,,,,d(37.4 to 51.67 "C) = -(2404.9/T)-S.8036 log T + 24.8087 

Temperatures Tare givcn in Kelvin and pressures in mm Hg at 0 "C. Thc calculated 
triple point is 37.36 ' C  [65]. 

I t  should be pointed out that the vapor pressure data and infrared spectra of 
TcFh did not show any evidence for the existence of TcF7 1641. ReF7 is formcd by 
the action of fluorine at 2.50 torr on rhcnium metal at 300-400 "C. The product is 
always a mixture of ReF7 and KeF6. As i t  is almost impossible to  separate thc two 
fluorides. the mixture was heated \vith fluorine at 3 atm pressure at 400 "C for sev- 
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era1 hours, the hexafluoride being thus converted quantitatively into the hepta- 
fluoride. ReF, is a thermally stable, yellow solid 165,661. In  contrast, the existence 
of TcF, could not be established so far. Obviously. compounds of technetium in 
the higher oxidation states are less stable than those of rhenium. To make TcF7 it 
may be advised to try reactions of technetium powder with fluorine at  varying 
pressure and temperature conditions. 

Powder X-ray diffraction data of technetium hexafluoride and rhenium hexafluor- 
ide modifications are compiled in Table 10.S.A. 

Table 10.5.A X-ray diffraction data of 'I'cF(, and KeF(, modifications 16x1. 

Substance Temp. 
1 "Cl 

Lattice z Cell Calcd. 
syrnmetry dinieysions densit 

Tcl.6 t10 bcc 2 11 = 6.16 3.02 

[A1 Ip-cm-J, 

'l'CF6 -19 orthorhornbic 4 fl = 9.55 3.38 

b = s.74 

c = 5.02 

RCF6 i I0 bcc 2 11 = 6.26 4.06 

RcI:~ -22 orthorhornbic 4 II = 9.61 4.68 

h = 8.76 

r 15.06 

Other transition mctal hexalluoridcs like MoF,. RuF6. KhF6. WF6, OsF(,. IrF,. and 
PtF, also exhibit a bcc phase near room temperature and a phase of lower symmetry, 
probably orthorhombic. at reduced temperatures [68]. 

The magnetic susceptibility of TcFo between 295 and 14 K was found to vary lin- 
early with 1/T The molar susceptibility is given by the equation 

xbI = 254.10 4/T + 4.39.10'' cm3. mole ' 
The magnetic moment was reported to he 0.45 B.M. [69], which is drastically lower 

than expected for a d' system of octahedral symmetry. 
For gaseous TcF6 the IK spectrum was measured in the range from 6 to 43 prn [70] 

and the Raman spectrum using laser excitation [71]. The spectra were interpreted in 
terms of the octahedral point group O,, [72]. Considerable broadening of the Eg and 
F2g fundamentals was observed for TcF6 and ReF6. This broadening was attributed to 
dynamic Jahn-Teller coupling. The values o f  fundamental frequencies for technetium 
and rhenium hexafluoride are given in 'Table 10.6.A. 

Table 10.6.A Fundamental frequencies [cni-'1 o f  gaseous 'IcFf, and KeFh 1711. 

Molecule vl (A1, )  VZ(f ig )  v3(Flu) v4( F 1 d  v ~ ( F 2 p )  v6(FZu) 

T d ' h  712.9 039 748 265 297 145 

Rel.6 753.7 67 1 71 5 257 205 147 



Bawd on the \ibrational frequencie\ for I'cF(, 170) and KeE6 173) the force con- 
stants o f  both molecule\ were calculated using the force field of the general valence 
type (Table 10.7.A). 

'lahle 10.7.h I.'orcr constants of TcF6 and K K F ~  [ m d y c / X ]  [74]. 

Molecule f,.+frrr, f r r  fi. f m  faa fmz, 

l'cI..() 4.1 18 0.36 I 1.001 0.726 0.272 0.262 

KeFI, 4.775 0.401 0.650 0.418 0.105 0.125 

Technctium hexafluoride can bc stored unchanged in  nickel or dry Pyrex vessels for 
extended periods of time. It yields a black precipitate (TcO2. aq) by disproportiona- 
tion upon hydrolysis with aqueous NaOH solution [GI. TcFo reacts with iodinc in 
iodine pentafluoridc to form quantitatively TcF5 [60]. The action of solutions of alkali 
chlorides on TcF6 in IF5 as solvent gives hexafluorotechnetates(V) [.59,7.5]. Reactions 
of technetium hcxailuoride with nitric oxide, nitrosyl fluoride, and nitryl fluoride 
result in the compounds NO[TcF6]. (NO)2[l 'cF~],  and N02[l'cF7], respectively (761. 
TcF6 in hydrogen fluoride reacts with hydraziniuni(+2) fluoride to form K ~ H ~ [ T c F &  
or  N2H,(TcFc,], depending on which reactant was used in excess 1771. 

'Technetium oxide tetrafluoride like the pentafluoride is formed as ;I by-product o f  
TcF6 in the lluorination of technetium metal [.59.78,79]. 7'cOF4 forms two phases that 
may be separated from TcFj and from one another by vacuum sublimation. One 
phase of TcOFJ forms blue needles, has a chain structure, and is isostructural with its 
rhenium analogue. 'I'he other modification is a more volatile green compound of  tri- 
meric structure [7S,79]. 

The blue phase melts at 134 "C to a blue liquid. Vapor pressure measurements indi- 
cate a phase change at 84.5 ^C. ' lhc extrapolated boiling point o f  the blue phase is 
16.5 "C 161 1. The magnetic moment of p=1.76 H.M.. 0=9". is of the expected order for 
a ri' compound in  octahedral symmetry [SY]. Blue TcOF4 crystallizes isostructurally 
with KcOFl in the monoclinic system with the lattice constants a=18.83. h=S.49. 
c=14.43 A. p=114.0'. %=l(i. The structure consists of distorted octahedral groups, 
linked into endless chains parallel to the c-axis by &-bridging of the fluorine atoms. 
'J'he 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 t o  this oxygen atom is 
considerably longer (2.31 A) than that opposite to a fluorine atom [SO]. 

The green. trimeric modification o f  TcOF4 crystallizes in the hexagonal system with 
the lattice constants u=C).OO and c=7.92 A. Z=6. ?'he space group is 1'/5J/n. 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 tram to the longer bridge bond, 
and two terminal fluorine atoms. The distortion in the coordination can be correlated 
with a displacement o f  the technetium atom from the center of the octahedron by 
0.36 A towards the oxygen atom (Fig. 10.3.A). The green modification of T ~ O F J  
appears unlikely to be thc  high-temperature o f  blue TCOF.~, because its high- and low- 



Fig. 10.3.A The trimer unit of grccn 'I'cOF,. Bond distanccs: 'I'c-0 
1.66. Tc-F(l) 1.82. Tc-l.(2) 2.26. Tc-F(3) 1.80 j i .  Bond angles: 

175.9" [701. 
F(1)-'I c-F(2) 78.0. F(l)-Tc-O 106.0. F(l)-Tc-F(3) 89.1, F(2):l'~-0 

temperature forms show no differencc in color [7Y]. Both forms o f  technetium oxide 
tetrafluoride are moisture sensitive and are hydrolyzed completely by water t o  hydro- 
fluoric acid, technetium dioxide, and pertechnetic acid [33].  

Technetium trioxide fluoride was prepared by passing fluorine gas at 250 torr over 
T c 0 2  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 
repcatcd sublimations. The yield was 56 'YO [81]. '1cO;F is also obtained by sparing dis- 
solution of NH4Tc04 in anhydrous fluoride. The reaction yields a pale yellow solution 
with an undissolved solid layer at the bottom [82]. 'Tc03F forms yellow crystals which 
melt a1 18.3 "C t o  a yellow liquid. The vapor pressures P of solid and liquid Tc03F  are 
given by the equations 

Solid (-8.78 to 18.28 C): logl' = 12.448 ~ 3239.417: 
Liquid ( 18.28 to 5 1 .ti2 T): logP = 8.4 I7 - 2064.6/7; 

when P is given in torr at 0 "C and Tin 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 moncl storage vessels, but attacks even dry Pyrex or 
quartz fairly rapidly. With C X C ~ S S  water Tc03F  hydrolyzes to HTc04  and H E  Upon 
reaction with excess fluorine gas at 400 :'C and 4 atrn pressure it is converted quantita- 
tively to 'I'cF6 1x11. Fluoride donor properties of TcO3F wcrc studied in H F  solution 
and the solid [Tc03]'[AsF(,] was isolated [83]. 1R and Kaman spectra indicate the 
symmetry C3, for Tc03F. Thc fundamental vibrations of Tc03F and Kc03F are given 
in Table 10.8.A. 

Table 10.X.A Fundamental frcquencies [cm '1 ol"I'cOjF and I<c03F and their assignments [S2]. 

LJsing the fundamental vibrations o f  7'cO3F. the valencc I'orce conslants wcrc cal- 
culated ('1Bble IO.9.A). 



Table 10.9.A Valcnce force constants [mdyneiAl h i -  'l'c03F IS?] 

'l'CO+- f K  f r  frr .L .rp fmz 

4.57 7.37 0.41 0.44 0. 19 0.05 

K and r are related to thc 'I'c-F and 're-0 bonds. respectively, c% to the 0-Tc-0 
angle and p to the 0-Tc-F angle. while rr and act are rclatcd to bondihond and angle/ 
angle interactions. respectivclv. The Te-0 lorce constant 6. turns o u t  to be almost 
identical \vith the force constant f,.=7.40 mdyneik obtained for the terminal Tc03  
groups in ditechnetium heptoxide 1511. 

Technetium dioxide trifluoride was rcccntly synthesized by reaction of Tc207 and 
XeF, in a 1:3 molar ratio in anhydrous hydrogen fluoride solution via the fluorination 
of TcO;F by XeF(,: 

T ~ 2 0 7  + 4 I IF 2TcOjF + HjO ' + HF2- 
Tc03F + XeF6 --7 TcO2F3 + XeOF4 

The reaction resulted in a microcrystalline precipitate of 'I'c02F3. Pure I'cOzFj is 
lemon yellow and has a melting point of 200 "C. It crystallizes in the triclinic system, 
space group P x  with a=7.774, h=7.797, c=lI.602 A, r=XY.41, /j=88.63, j44.32".  The 
calculated density is 3.551 g . for 2=8. The structurc of TcO2F3 consists of open 
chains of molecules parallel to the h-axis of the unit cell. The TC atoms form a "zig- 
zag" chain linked symmetrically by fluorines which are t rms  to the oxygens. The light 
atoms surrounding technetium form nearly undistortcd octahedra in which the l c  
atoms are displaced toward the oxygen atoms (Fig. 10.4.A). The bond distaiiccs are: 
terminal Tc-F 1.834 A. bridging Tc-F 2.080 A, and Tc-0 1.646 A. The Tc-F-Tc angle 
is 14S.S" [XS]. The structure is closely related t o  those of MoOFJ and Re0F4 .  The 
Ranian spectrum of the polymeric cis-lcOzF4 unit was assigned undcr C2, point sym- 
metry (Table 10.lO.A) and exhibits only weak vibrational coupling in the unit cell. 

Tc02F3 reacts in anhydrous HF with excess of KrF2 at room temperature to give 
TcOFSS: 

Asymmetric 
'I'cO~F-, [S5] 

unit  of the 
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'I'able 10.lO.A Assigned Raman frequencies of Tc07F.+ Values in parentheses denote relative intensi- 
ties [85]. 

Frequencies [cm-'1 Assignments 

974 (100) A 1 .  ~ ~ ( ' l ' ~ 0 2 )  

963 (27) R2. V,,(TCO~) 

YSX sh 

685 (3) R1. vaa('l'cF7) term. 

670 (7) 

650 (16) A l .  v,(TcF2) term. 

632 (16) 

416 sh A I ,  dsciss(TcO2) 

411 (19) 

320 (22) H2, ~ ~ ~ ( ' l ' e l ~ ~ )  bridge 

295 (30) A l .  t',(TcF2) bridge 

284 (24) A,, dSci,,(TcF2) term. 

Pure TcOF5 melts reversibly and without decomposition at 57-58 "C. The volatile 
orange solid is deep red-orange in the liquid state [86]. According to '"F NMK, 
09Tc NMR, Raman and IR spectroscopy, the structure of the TcOFs molecule is 
pseudo-octahedral. The vibrational frequencies are presented in Table 10.1 1 .A. 

Table 10.ll.A Vibrational frequencies and assignments for solid TcOFs. Values in parentheses denote 
relative intensities of frequencies [%I. 

Frequencies [cni-'1 Assignments 

933 (28) l.l(Al) 

702 (100) 1'2(A 1)  

616 (8) t1s(Bi) 

601 (5) ~ A I )  

351 (10) 11 LO( e) 
328 (10) 1'7(H2) 

278 (5) vi(Ai) 

131 (1) vl,(E) 
206 (2) "6(uI) 

In the reaction of technetium metal with chlorine trifluoride at 650 "C, the mixed 
oxide fluoride chloride molecules TcOF2CI and TcOFClz were recently identified by 
mass spectrometry, in addition to already known technetium oxide fluorides and oxide 
chlorides [87]. 



10.10.2 Chlorides and oxide chlorides 

The hitherto only chloride of formally trivalent technetium is the trimeric compound 
Tc3C19. which was observed in  a mass spectrometer when mixed phases o f  technetium/ 
rhenium chlorides wei-c heated to 300-350 -C. Other primarily vaporized molecules con- 
taining ' Ic  wcre 'I'cHe2C19. Tc2HeC19, and the compounds Tc3CII2 and T C ~ K C C I , ~  of for- 
mally quadrivalcnt technetium. In addition. TcCIJ was identified [MI. In contrast to  the 
well defined dark-violet solid Ke3C19. the compound Tc3C19 has so far not been oblained 
in a solid state. There is some cvidence that the heating of Ag2[l'c<'I,,] in vacuumgives not 
only l'cC14. but sometimes in addition a fcw brown tlakcs o f  possibly Tc3CI!, that wcre ex- 
tremely unstable in air. In hydrochloric acid the tlakes give a dark green solution that has 
absorption maxima at 16200 and 11400 cm-'. These bands are reminiscent o f  the absorp- 
tion spectrum of Re3CL1 in hydrochloric acid (891. 

Technetiuiii tetrachloride was synthesized by reaction of 'Ic207 with CCIJ at 400 "C in 
a sealed glass tube. The yield of preparation was 79 % [YO]. TcCIJ can also be obtained by 
passing a stream o f  dry chlorine over technetium metal at 200600 "C. The blood-red crys- 
tals may be sublimed at about 300 "C in the chlorine stream 1911. The needle-shaped crys- 
tals of TcCIJ are orthorhombic, having the space group I'hcn. The unit cell dimensions arc 
a=11.65. b=14.06, and c=6.03 A: 2=8. Ihc  X-ray density was calculated to be 3.26 g .  ~ r n - ~  
in good agreement with the density found experimentally [Y2,93]. Crystal structure anal- 
ysis revealed distorted octahedral units of the composition 'l'cCl(,, which are linked to 
form polymeric chains. each octahedral unit sharing one cdge with each of the two adja- 
cent octahedra (Fig. 1O.S.A). The repeating unit o f  the chain is a Tc2Cls unit made up of 
two planar asymmetric units related to each othcr by a glide plane. Therc are three pairs 

L' Fig. 10.5.A A section of the  (TcCI,)" chain [93] 



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

Technetium tetrachloridc shows a high molar magnetic susceptibility that is 
strongly temperature dependent. The magnetic moment p = 3.14 B.M. and the Weiss 
constant 0=-57 K were found. The moment of 3.14 B.M. appears low for 3 unpaired 
electrons and an almost octahedral crystal field. However, the TcClh units are not 
magnetically dilute enough for exchange interactions to be negligible [ Y4]. TcCIJ is 
unstable in the presence of water vapor [93]. It dissolves in hydrochloric acid to give 
yellow solutions containing [TcCl6J’ . In water and alkaline solutions TcC14 is not 
instantly hydrolyzcd [S’X]. In ethanolic solution it reacts with triphenvlphosphine. tri- 
phenylarsine or a,i-dipyridyl to form complexes [ 951. Reaction of TcC14 with ben- 
zene? bcnzene derivatives or sodium cpclopentadienyl yields aromatic n-complexes 
[96). In addition, reactions of ?’cCL4 with (CH3)$iBr, acetonitrile, ~ecrt-butylisonitrile, 
and crown ethers have been recently described [ 971. 

Technetium oxide trichloride. TcOC13. was obtained by reaction of technetium 
dioxide in a chlorine stream at 300-350 ‘C. The brown, slightly volatile product can be 
sublimed at about 500 “C in vacuum. TcOC13 shows a strong band in the IK at 1017 
cm- ’, which can be attributed to the metal-oxygen stretching mode. The compound is 
readily hydrolyzed and disproportionates [ 30.98.991: 

3 TcOC13 + 5 H 2 0  + 2 T c O ~  + HTcOJ + 9 HC1 

Technetium herdchloride. TcCI,,. was claimed to be prepared by passing a stream of 
chlorinc over technetium metal at 400 “C. A dark green product was reported to be 
TcCI, and melted very readily to givc a grcen liquid 1911. However, subscqucntly the 
existence of TcCl(, could not bc confirmcd and now appears to be doubtful [lOO]. 
whereas ReC16 was obtained as ii dark grcen to black crystalline compound by halo- 
gen exchange of ReF6 with boron trichloride [ l O I ] .  

Recently, technetium nitride trichloride, l’cNC13, was reported to be synthesized by 
reaction of TcCll and IN3 in carbon tetrachloride. The black-brown solid of TcNC13, 
which still has t o  be identified completely. dissolves in a solution of [Ph4As]C1 in 
dichloromethane to form [Ph4As][’l‘cNClJ] [ 1021. 

Technetium oxide tetrachloride. TcOC14, was separated from the mixture of the oxide 
chlorides, which are produccd upon chlorination o f  tcchnetium metal at 300 “C. by trap- 
to-trap distillation i n  vacuum in the dark. Pure TcOC14 is a purple crystalline solid that 
forms large crystals and melts at  - 35 “C. It is stable at room temperature if kept out of the 
light. but decomposes rapidly to TcOCI? cven at -7s “C. if left in sunlight or artificial fluor- 
escent light. The chlorine produced in the photochemical reaction 

hi,  
~ T c O C I J  -+ 2TcOC13 -: Clz 

was identified by its ultraviolet spectrum. The ‘I‘c=O stretching frequency of TcOC14 
in the IR was found at 998 cm-‘ [Y8,100]. 



Technetium trioxide chloride, Tc03C1, was prepared vcry early by the simple pro- 
cedure o f  adding 12 M HCI to a solution of Kl 'c04  dissolvcd in 18 M €II?S04. Upon 
shaking the acid with carbon tetrachloride, chloroform o r  hcxane. the compound is 
extracted in to  the organic phase [26.103]. Later. Tc03CI 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 TcC14 with oxygen in a sealed tube to 
450 Y: for a few hours. Tc03C1 is a vcry pale yellow liquid boiling at 25 "C. The vapor 
phase LJV-VIS spectrum was rccordcd and appeared to be vcry similar to that o f  
ReOJC1. Bands o f  Tc03C1 at 192, 228 and 315 nm were rcported [loo]. Ilynamical 
Jahn-Tcllcr effects in the near IJV vapor phase absorption spectra of Tc03CI and 
Ke03CI wcrc 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 Kaman spectra of Tc03CI exhibit considerable similarity with those o f  Re03CI. 
In addition: the spectra are vcry siinilar to those of the hcptaoxides. 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 ignments for TcO3CI and Re03CI [105,106]. 

c, v Mode Frequencies ~cm-'] Assignments 

Symmetry species Tc03CI liquid Re03CI liquid 

A I  Y I  44s 433 l<(MCl) 

Ai 1'2 950 1002 Y,(MO) 

A1 13 299 303 6,(OMO) 

I2 1'4 932 962 l,a,( MO) 

F. 1'5 107 197 P r  

E l'6 340 345 ci,,,(OMO) 

Table 10.13.A Force constants o f  'I'c0;Cl and ReO-Kl [mdynelA], r:OMO anglc, p: OMCl angle [106]. 

Molecule fNlO fMCl J W O / M O  .fz-fam fFJBS 
'l'CO~C1 7.12 3.07 0.42 1.18 0.68 

KCO3CI 8.28 3.27 0.43 1.18 0.71 

The lower force constants l%,o and ,fyrc:, of Tc03CI compared to the corresponding 
force constants of Re03CI indicate again the weaker bonding strengths in the techne- 
tium cornpound. 

10.10.3 Bromide, oxide bromides, and oxide iodide 

Technetium tetrabromide. l'cRr4, was synthesized analogously to rhenium tetrabromidc 
[lo71 by reduction of pertechnctic acid with a 46 % solution o f  hydrobromic acid. This 
procedure was repeated four timcs. An unstable bronn-red compound \I as obtained 
which rapidly hydrolyzed in moist air. The bromine analysis was always low due to slow 
spontaneous loss of bromine. TcHr4 dissolves in ethanol and acetone and forms com- 
plexes with 1,2-bis(diplienyl-phosphino)ethane and triphcnylphosphine [8Y]. 
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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 
TcOl at 300-350 "C. The grcy-black crystalline product collected over a period of 3-5 
h. Surprisingly, also NI1i1'cOI or K T c 0 4  react with bromine vapor at 350-400 "C to 
give TcOBr-). Technetium oxide tribroniide is thermally stable and sublimes at .?SO- 
400°C. In the IR spectrum a weak absorption was observed at 770 cm ' which was 
assigned to a Tc=O stretching mode 1981. 

Kecently. the existence o f  gaseous technetium trioxide bromide. TcO.d3r, and tri- 
oxide iodide. TcOII, was established mass spectrometrically by heating an unde- 
fined technetium oxide, probably Tc02. i n  a Knudscn cell up to 800 "C, through 
which thc reactive gases Br2,12, and 0, were flowed. The Tc03Br  formation was 
found to be more facile than that of Tc031. Both vapor species are stable to at 
least 700°C [lOS]. 
'lo conclude this section the synthesis and some properties of the halides and oxidc 

halides of technetium are summarized in 'Iablc 10.14.A. 

Table I0.14.A Synthesis and properties of  technetium halides and oxide halides. 

S?nthesis Proptertieq Referecenes 

yellow, m. p. 50°C [591 

[601 

blue. n1.p. 134 C,  b.p. 165°C [611 
green, trimeric P I  
red-orange. m.p. 57-58 "C Wl 
 ello ow. m.p. 183T.  b.p. 100°C 1811 

[=I 

golden-yrlloa: m.p. 37.4"C. b.p. 5 5 3  T 1631 

lemon-yellow. 11i.p. 200 "C ~ 5 1  
~. ... .. 

mass spectrum I881 

blood red 1901 

rmss spectrum 1881 

purple, m.p. -35 "C 11 001 

pale yellow, h.p. 25 "C [261 

[lo01 

I1001 

hlack-hrown [lo21 

hrown-red. un\t;ible [891 

grq-black [9S]  

P81 

i i i m  spectrum [lo81 

1911 

brown [981 

. .  ~ . .  . .  . ~ . .  

mass anrctrum I 1  081 
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Oxotechnetates 

'lhis chapter covers syntheses and properties of pertcchnctic acid, pertechnctic acid 
salts, oxotechnctatc(VI), ternary and quaternary oxidcs o f  technetium, and the char- 
acterization of thc TcO, ion. 

11.1 Pertechnetic acid 

The very hygroscopic Tc207 dissolves in water to give a pink solution of pcrtcchnctic 
acid. HTc04, whose color disappeared with dilution. HTc04 may more convcnicntly 
be prepared by passing an aqueous solution of KTcO? through a strong-acid cation 
exchanger, e. g. Dowex SO-XS. in the H -form (71. It is also obtained when freshly pre- 
cipitated dioxide is treated with dilute hydrogen peroxide [S]. The potentiomctric pH 
titration curve of HTc04 is characteristic of a strong monobasic acid. When a 2 M 
aqueous solution of HTc04 is slowly evaporated at room temperature ovcr conc. sul- 
phuric acid, it gradually becomes yellow. dark yellow, red, and dark red. Finally, long 
red-black crystals are lormed, the composition of which corresponds to Tc2O7. H 2 0  
or to anhydrous pcrtechnetic acid, H'l'cO4 111, in contrast to perrhenic acid that is for- 
mulated as dirhcnium dihydrato heptoxidc RezO,(OH2)2 [2]. 

' I le  red-black color of HTcOJ is uncxpected for a compound containing Tc in the 
do configuration [3-61. The absorption spectrum in the visible range exhibits two 
bands (shoulders) in the concentration range of 0.64.10-' to 2.1 . lo-' rnolc/l, the 
stronger at 500 nni (c - 1.5 1 .mole-'.crn I ) ,  the weaker at 585 nm 1.51, in good agrce- 
ment with measurements shown in 131. The red color of thc conc. aqueous HTc04 so- 
lution was still observed under rigorous exclusion of any reducing agent. Howcver, 
the titration of the red Hl ' c04  proved the solution to contain some reduced species. 
probably formed by oxygen release o f  conc. HTc04.  The reduced species has not yet 
been identificd [5,6]. Jn addition, condensation reactions of HTcO4, occurring at con- 
centrations higher khan 7 M, may be responsible for thc coloration observed. Because 
the intensity of thc strong, composite Raman band of thc TcO, ion at 912 cm-' 
increases linearly with the HTcO? concentration, the acid should be completely 
ionized [7] up to ca. h M. 

The temperature dependence of the HTc04 dissociation cquilibrium 

HTcO~(C) + )  iH20(g)  + I T c ~ O ~ ( C )  - 



Ikgrccs ccntiy~dc 

100 75 50 25 
1 

Fig. ll.l.A Temperature dependence of the vapor pressures of solid €i ' fc04 and of saturated aqueous 
solution of H T c 0 4  (upper line): open symbols on cooling. ?he vapor pressures for solid I l K e 0 4  are 
represented by the dotted line [9 ] .  

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

The vapor pressure o f  the saturated aqueous solution o f  H I c 0 4  was found to be 
only a few min Hg higher than that of the anhydrous acid [9]. 

11.2 Salts of pertechnetic acid 

Numerous pcrtechnetates have been prepared and more or less characterized. 'Table 
11.1 .A lists the salts and some of their properties. 



Table 11.1.A I'roperties of pertechnctates. 

Formula Color m.p. ["<:I Crystal structure and Solubility References 
lattice constants [A] in water 

1 .iTcO, 

L ITCO~ 21 LO 

Na I c o ,  

UalcO., 4 H 2 0  

K 1 cOJ 

N H I  I c O ~  

KbTcOI 

CSTCO I 

'I'ITCO~ 

white 365-385 isostructural with 

nhi te  - isostructural with 

white I-f]/Cr ( I =  5.339 

white - - -~ 

white 540 14//a a= S.630 

white decomp. 14]ia o= 5.775 

LiKeO, 

I.iKcOl . 2 H 2 0  

C- 11.869 

C= 12.867 

at  325 "C C= 13.252 

white - 

white 590 

white 530 

yellow - 

white - 

white - 

white 

pa l e  -~ 

pink 

nium pcrtechnetatc 

Nitronper- 
technetatc 

[ ( C b H 5 ) J A ~ ] ' I ' ~ O ~  white - 

[CZOII17N4JI'CO4 - - 

[Fe(CJ15)2]Tc04 - - 

Mg(TcOj)z . 4 H 2 0  white . 

n- 5.758 
C= 13.54 

n= 5.726 
b= 5.922 
C= 14.36 

a= 5.501 
b= 5.147 
C= 13.45 

a: 5.319 
c= 11.875 

a= 12.142 
b- 12.223 
c- 5.928 

LI= 7.14 
b= 7.16 
c- 26.3 

a= 15.403 
b= 13.785 
C= Y.864 

extremely [ 1 1 ] 
hygroscopic 

ll5l 
2.13 gi100 g [10.16-19] 
dt 25 -c 

[10,17,20,621 

1 167 g:100ml [10.17] 
at 20°C 

0.412 gi1Oo ml [10.17,21.22] 
at 20 'C 

0.072 gil0Oml [10,21] 
at 20 'C 

0.563 g/IOO ml [l0,121 
at 20 -C 

2.73 g/lM in1 [23] 
at  room temp. 

0.37 gil00 ml [23] 
at room temp. 

0.17 gil00 ml [23- 251 
at 20 "C 

- vcry low [27] 

- 0.00164 gi [2Xl 
100 ml at  24 "C 

P.3121 0- 8.967 almost 1291 

triclinic n= 7.44. r= 10H.01" readily [30,3 I ]  

C= 12.464 insoluble 

h= 7.03, 8.- 92.32' soluble 
C- 6.46. y= 120.45" 



Table 11.1.A Continued 

Forniula Color m.p. ["C] Crystal structure a 4  Solubility References 
lattice constants IA I in water 

PI$( I'c04)2 white decomp. 

Ca (Tc0,)2 white dcconip. 
at 650 "C 

Sr(Tc0 ,), 2H20 white - 

W T c O  I)? white decomp 

B a ( ' l ~ 0 , ) ~  white dcconip 

Z i i ( ' l ' ~ O ~ ) ~ . 4 1 1 ~ 0  white - 

Cd( 1 ~ 0 , ) ~  ZH20 white -- 

Pb(TcO&. 2 H 2 0  white - 

UO,('1 cOJ)~ .  2H20 yellow- - 
preen 

[Pt(NH;)4](I'c04)2 white - 

AI(Tc04)3. 7 H 2 0  white - 

Sc(TcO.l)? 3HzO white - 

Fe(Tc04); . 4 H 2 0  reddish - 

Ga( l  cO,)? 7II ,0  white - 

brown 

In(Tc0,)3.3Hz0 white - 

hexago- I / =  9.93 readily 
nal c= 12.54 soluble 

isostructural with 
Ca( KeO.,), . 4H20 

isostructural with Ca(Ke04)2 

isostructural with 
Sr(Kc0,): .2 I I ,0  

isostruclural with Sr(RcO,): 

isostructural with B a ( K e 0 ~ ) ?  7.64 g/lW 

isostructural with readily 
Co(Ke0.1)2 4 H 2 0  soluble 

ml at 20 'C 

isostructural with 
Ni(Ke0,)z .4€I,O 

readily 
soluble 

isostructural \kith soluble 
CU(RCO,)~ .  3H20 

isostructural with 
Zn( R e 0  I ) 2 .  4 H 2 0  

I-cadi1 y 
soluble 

isostructural with readily 
Cd(Ke04)z ' 21120 soluble 

- soluble 

low symmetry readily 
wluble 

PI N: 5.17s. 9- 69.33' slightly 
h= 7.725. /{= 79.74" soluble 
('= 7,935,;'- 77.41" 

isostructural with rcadily 
AI(Rc0.,)3 ' 7H2O soluble 

readily 
soluble 

triclinic a= 7.393, u= 75.65" readily 
h= S.61.5. /I= 96.43'' soluble 
c= 11.819. ;'= 104.56' 

- soluble 

readily 
soluble 

isostructural with i-cadily 
In( Ke04);. 3IIzO soluble 

isostructural with readily 

[30,31] 

(32,331 

p2.331 

(321 

1321 
132,341 

[351 

1361 

[37] 

1381 

(39 1 

1401 

141,421 

[43.44] 

[451 

1461 

147,s 1,611 

14x1 

1491 

1501 



Table 11.1.A Continued. 

Formula Color m.p. ('C] Crystal structure apd Solubility References 
lattice constants I A I in water 

E ~ ( T C O ~ ) ~ .  4H20 reddish - 

Yb(Tc04)3.41i20 white - 

I.u('l'c04); . 4H20  white - - 

- readily 
soluble 

soluble 

isostructural with readily 
Pr(TcO,,);. 4€I,O soluble 

isostructural with readily 
Eu(TcOJ)~  31120 soluble 

- readily 
soluble 

isostructural with readily 
Eu(TcO~).+ ' 3H20 soluble 

- readily 
soluble 

isostructural with readily 
'1b(TeO4).;. 41120 soluble 

triclinic LI- 7.157. a- 73.62" readily 
h= 8.787, /i= 95.32' S O I U ~ I C  
r= 12.278, 72 102.55'' 

ti-iclinic LI- 7.251. z= 73.13.. readily 
h= 8.759. /k 96.07" soluble 
C= 12.083.7- 102.S1" 

triclinic n- 7.249, I= 73.94" readily 
h= 8.777, /k 96.38" soluble 

- readily 

c= 12.038. ;:= ir13.71' 

Tni('l'c04)3. 11420 soluble 
isostructui-a1 with readily 

triclinic rr- 7.193. a= 73.90" readily 
h= 8.686. /I= 96.43" soluble 
C -  11.943, ;'= 102.62'' 

The pertcchnctic acid salts are, in general, obtained by neutralization of aqueous 
H T c 0 4  solution with the oxide or hydroxide of the cation. The salts are frequently 
isostructural with thc corresponding compounds of rhenium. Alkaline pertechnetates, 
including ammonium salts, and alkaline earth pertechnetates arc colorless (white), 
whereas transition metal pertechnctates arc often colored. The crystal structure of 
many transition metal pertechnetates is still unknown. NaTc04, KTc04, NH4Tc04, 
R b l c 0 4  and AgTc04 crystallize in the tctragonal schcelite-type structure of the space 
group 14,la (Fig. 11.2.A), CsTcO4 and TITcOj in the orthorhombic space group 
f'nma, which is transformed at  a transition temperature ol' 116 and 95 "c'. respectively, 
into the scheelite-type structure 1211. Alkaline pertechnctates are thermally rather 
stable compounds, e. g. K l ' c04  melts at 540°C and sublimes at  -1000°C' without 
decomposition [ 131. The dimeric compound ( K I ' C O ~ ) ~  was identified as a major vapor 
constituent by mass spectrometry at 620 "C [63]. Throughout, the pcrtcchnctates are 
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Pig. 11.2.A Crystal structure o f  KTcO]. Schcclite 
space group 14,la. 

readily soluble in water. with the exception o f  [(Cf,F15)4As]Tc04, nitronpertechnetate, 
and TITc04. Numerous transition metal pertechnetates are reported to be easily solu- 
ble in alcohol or acetone. 

' the NH4TcOI structure comprises discrete ammonium and pertcchnctate ions hcld 
in addition together by hydrogen bonding. The cell volume of 442.0 A3 at 295 K is 
surprisingly larger than that of NH4Re04, throughout the temperature range of 
129-295 K. The observed density o f  NH;l-cO4 at 295 K is 2.72 g.cm" [20] .  

.letra-rz-butylammonium pertechnetate dissolves in benzene without dissociation 
and forms ion pairs even at very low concentrations. At room temperature thc fornia- 
tioii of dimers and larger aggregates begins t o  occur already at concentrations of 10" 
niole/l [68]. This behavior resembles that of other tetraalkylaniinonium salts dissolved 
in benzene. 

In [Pt(NIl.3)4](Tc04)2 the Pt atom is located on a center of symmetry at  the origin. 
The coordination around the Pt( 11) ion is square planar. The coordination around the 
l 'c  atom is tetrahedral with 0 - T c - 0  angles ranging from 108.3 to  110.6". The 
[Pt(NH3)4](1'~01)2 structure is stabilized by extensive hydrogen bonding between the 
ammine ligands and the oxygen atoms o f  the differcnt layers (44). 

In solid pertechnetatcs the TcO, tetrahedra arc slightly but distinctly distorted. as 
also known for  the ReOj  tetrahedra. Precise interatomic Tc-O distances and O-l'c- 
0 bond angles were derived from single crystal X-ray structure analyses of KTc04 
[18], NH4Tc04 [29]. CsTc04 (221, and [Pt(NI13)4](T~04)L 1441 (Table 11.2.A) 

Ilistortions of the TcO; ion in numerous polycrystalline pertechnetatcs were stud- 
ied by ""l'c NMR measurements. Quadrupole coupling constants and asymmetry pa- 
rameters of the electric field gradient o f  the ""l'c nucleus were evaluated [82,83]. 

The vibrational frequencies of some crystalline pertechnetates are listed in the fo l -  
lowing tables. The factor group symmetry is C4,,. the anion symmetry is 7;). 



Table 11.2.A 'I'c-0 bond distances [A] and 0 Tc-0 bond anplcs [ " I  ofpcrtechnetatcs at room tempcra- 
turc [ 18.20,22.44]. 

Space group !./,/a f4,kI Ptinitr Pi 

Tc 0 1.711 1.702 1.665. 1.763. 1716 1.710, 1.715, 1.711. l.(M 
0 - T C - 0  109.0-1 10.5 109.1-1 10.2 IU8.3-110.6 

Table 11.3.A 1K and R a m m  frequencies [cm ' 1  01 KrcO, [64-hh]. 

313(s) 
A,,+E" 

328(s) J 

351 (w) A, 

890 (Sh) - 

908 (vs) A,  t E, 

327(m) B,t I:, 

Table 11.4.A IR and Raman f1quencies [cin '1 o f  SH, I'cO, I20.671 

317(s) i 
329(s) I 
348(m) h(E)  

840(w) - 

326(s) 

77(vw) lattice modes '! 
92(w) I 



147(m) v?(/,) 347(w) 1,7(E) 

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 [h4] ,  except for the frequencies of v2( E )  
which were deduced from IK spectra of the crystalline salts. The Raman spectrum of 
the aqueous ~IcO; ion shows only two lines and represents the spectrum of tetrahc- 
dral TcO,, perturbed by the close association of water molccules [64]. 

Table 11.6.A Frequencies [cni-'1 and force constants [mdynciA] o f  MnO;, TcO;, and KeO, [84,SSl. I.'I-c- 
quencies recently measured and evaluated [86] are given in parentheses. 

Assignment and MnO; TcO; KeO; 
force constants 

i J l ( ' 4 l )  845 YL2(Y11) 972(Y72) 

1'2(E) 355 347(336) 332(333) 

14F2) 910 912(908) Y 16(919) 

l,l(F?) 395 325(323) 332(333) 

.r! 5.75 6.75(6.49) 7.54( 7.26) 

5,  0.32 0.36(0.44) 0.45(0.55) 

fu  0.49 0.37(0.40) 0.43(0.5 1) 

fun 0.05 O.OO(0.02) o.o2(0.08) 

The valcncc force constants fi. indicate a significant increase of the M-O bond 
strength from MnO, via 'TcO; to RcO;. 

The absorption spectra of aqueous solutions of MnO;, TcO, . and ReO, . measured 
in the VIS and UV (Fig. 11.3.A) demonstrate for each ion essentially two band sys- 
tems with pronounced vibrational structures. The band systems are shifted to higher 
wavenumbcrs from MnO; via TcO, to ReO, . In addition, MnO; exhibits a strong 
band at 52910 cm-1 (189 nm). 'lablc 11.7.A summarizes the absorption maxima of 
TcO; and RcO, . 

'The polarized absorption spectrum of TcO, doped in single crystals of KCIOJ [88 ]  
or CsCIOJ [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 MnO i, 'I'cO1. and KeO; in aqucous solution [87]: kK = 10' cni-'. 

'Ikhle 11.7.A Absorption maxima and molar absorbance indices of 'I'cO., and KeO, in aqueous solution 
[87]. Shoulders arc givcn in parentheses. 

(32.36) 

(33.33) 

34.25 

34.84 

(35.59) 

(36.23) 

(37.88) 

(35.76) 

(309) 

(300) 

202 

287 

(281) 

(264) 

(258) 

(276) 

1070 

1740 

2130 

2170 

201 0 

1760 

2070 

3380 

(40.1 6) 

(41.15) 

(41 34) 

(42.50) 

43.42 

44.05 

44.84 

(45.66) 

(39.53) (253) 4830 (47.17) 

40.32 24X 5690 47.85 

40.98 244 5690 45.78 

(41.67) (240) 4990 49.50 

(42.37) (236) 3900 50.25 

(43.10) (232) 2820 (51.28) 

53.18 1 sx 1370 (51.81) 

(52.63) 

(52.91) 

(249) 

(243) 

(239) 

(235) 

230 

227 

223 

(219) 

(212) 

209 

205 

202 

199 

(195) 

(190) 

(189) 

(193) 

1650 

2520 

3 150 

3460 

3610 

3660 

3630 

3.570 

4100 

52x0 

6060 

6090 

5370 

4340 

32x0 

2680 

2540 

(53.76) (186) 3220 
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Fig. 11.4.A NMK spectrum of '9'l'c04 in  D?O at 54.24 MHz for natural abundancc of "0 [90], 

The 9?c NMR spectrum of  NHJTc04 dissolved in D 2 0  exhibits 10 lines (Fig. 11.4.A) 
according to the nuclear spin I=  912 of "Tc by scalar coupling o f  I7O to 09Tc with './=131.6 
Hz. That the outer lines of this I7O multiplet are sharper than the inncr ones is expected 
from thc finite relaxation rate of9"1'c. "9Tc0, gives a single rcsonancc at (40.6 MHz at 9.4 
T with the relaxation parameters T,=0.13 s and T2=0.10 s [90]. 

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

Table 11.8.A Some physical propertics of TcQ and RcQ. 

Property TcOd He04 References 

Equivalent conductivity at infinite dilution in 55.5t0.5 54.68 1911 
water at 25 'C [Q .cm' .va~ 'I 
Diffusion coefficient in water at 25°C [cm2.s-'] (1.4850.01). lo-' 1.456.10 ' [911 

Partial molar volume in water at 25 "C 47. I 48.1 (921 
~ c m '  mole 1 

I 921 Effective ionic radius in water at 25 "C [A] 

Molecular polari7ability [A'] 47.35s 33.44 [Sh] 

2.40k0.04 - 

1 1.3 Te t r aox o t e c hne t ate ( VI) 
The existence of the very reactive anion TcO: and the still more reactive ReO; 
could be demonstrated unambiguously [60,70]. Electrochcmical studies previously 
pointed to the formation of TcO:- at the electrode 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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The synthcscs of violet [ ( C € T ~ ) J N ] ~ T C O ~  and olivc green [(CH3)JN]2Re04 succeeded 
in reducing solutions of tetrainethylammonium pertechnetate and pcrrhcnatc in acet- 
onitrilc at a platinum cathode. 'The cathodic dcposits were slightly solublc crystalline 
products that were extremely sensitive to oxygen and atmosphcric moisture causing 
rapid oxidation and disproportionation [72]. 

The tetramethylammonium salts of MnOi-. TcO:--. and ReO: crystallize in iso- 
structural antifluorite-likc cubic facc centered lattices (Fig. 11.S.A) with the lattice 
constants n=11.09 A, rr=l1.20 A, and ~=11.35 A, respectively. The magnctic suscept- 
ibility of the compounds obeys thc Curie-Wciss law over the temperaturc range 77- 
298 K (Fig. 11.6.A) with p,ff=1.63 (Mn), 1.60 (Tc), and 1.47 (Re) R.M. Thc magnetic 
moments of [(CH1)JN]2T~04 and [ (CHj) jN]zR~Oj  as well as the splitting and the 
vibrational structure of the 2E+2T2 intrashcll transition indicate strong Jahn-Teller 
distortion of ?'cO:- and ReO:- in thc first cxcitcd 2T2 state. Tetrahedral crystal field 
parameters of A=-11000, A=-17000, and d=-19000 cm-' were derived for MnOz . 
TcO: , and KeOS-. rcspcctively. Thc clcctron transfcr spectra (Table 11.9.A) reflect 
the lower degree of covalcncy of thc Re-0 bond in comparison t o  the Tc-0 and Mn- 
0 bond. In accordance with the tetrahedral structure of the oxoanions, the IR spectra 
exhibit two metal-oxygen vibrations, the stretching modes v3( F2) betwccn 780 and 
812 cm 

A Tc(V1) species was reported to be prepared in aqueous solution by reduction of 
1.82 niM TcO, with 0.015 M N2H4 in 0.7 M OH-. Thc rcddish-brown product 
absorbed iii the visiblc rcgion at 500 nm with an absorbance index of about 200 
I .  mole . cnir' [74]. This absorption maximum is in agreemcnt with thc niaximum 
listed in Table 11.9.A for TcO:- at 20000 cm-'. 

and the deformation modes v4(F2) between 324 and 340 cm ' [73]. 



i - T ( K )  

I I I I I 

50 100 1-50 200 250 

Fig. 11.6.A Reciprocal molar susceptibilities [73). 

Later, several pulse radiolysis studies on aqueous solutions of pertechnetate dem- 
onstrated the formation ofTcO:-. The passage o f  an electron pulse through a 4 . 1 0  
M solution of KTc04 developed two absorption bands, one had a maximum at 700 
nm. the second at 325 nm. The band at 325 nm was related to TcOi that was formed 
by the reactions 

TcOj + etlq - TcOZ- 

TcO, I H - TeO; 

or 

+ H t ,  

while the band at -700nm pertained to eLq. In addition to the 325 n m  band. a remark- 
ably low intensity absorption at  520 nm was observed [75]. Transient hexavalent tech- 
netium. presumed to be TcO:-. was produccd in aqueous alkaline media (0.10 M 
NaOH) by pulse radiolysis of 104-10-5 M solutions of TcO;. Tc(V1) was detected 
and characterized by streak-camera spectra, showing a broad absorbance centered at 
SO0 nm and a peak at 340. The life-time of the Tc(V1) species was found to be of the 
order of milliseconds in aqueous alkaline rncdia [76]. The rate o f  decay is strongly 
dependent on pH. Hydrated electrons also react with perrhenatc to generate a transi- 
ent species that is formulated as ReOi- and has a 100-fold higher decay rate than 
TcOi [77,78]. 



Table 11.9.A Absorption m a x i m a  lcni ‘1  o f  [(Cl 13)JN]2’1‘~04 and I(CI l.,)J]21<cOJ at 77 K. Shoulders 
arc g iven  i n  parenthcscs 1731. 

(12900) 

14080 

(14700) 

15380 

(1 6700) 

TcOi- Re02 Assignment 

T,[(df,)’]+ vibrational progression in v 2 ( E )  

(12400) 

(1 2700) 

13020 

(1 3350) 

13680 

( 14000) 

14340 

15270 

( 15600) 

(15900) 

20000 

(27800) 

(31500) 

33610 

35090 

3SSJ0 

(40500) 

37030 

(40500) 
*T,  and from 

’ (xtl)’(deI’ and 
[(Ti+fi)r.)- (de)’ 

(27800) “ T ~ , ~ T ~ ?  

1 (34000) 

11.4 Ternary and quaternary oxides 
Various ternary and quaternary oxides of technetium can be prepared via solid state 
reactions (Table 1l.lO.A). 



Table 1l.lO.A Properties and structure o l  ternary and quaternary oxides of technetium in the oxidation 
statcs i 3 to -1~7. 

Oxidation CompnGtiun Propertics Structure Lattice Hefcrences 
state con\tants I i l  

T4 LiiIcOi stiible u p  to 900 'C monoclinic. 
LiSn03 type 

Sail'cO; oli\,e-grccn. - 

>i50 'C decomp. 

( 'aTcOl black orthorhombic 

Sr'I'CO~ 

/i-Ra'l'c( 1 black. 

l'b IcO 3 - 
stable up t o  SO0 'C 

Na.~IcO. ,  brown, 
stable up to 800 "<'. 
hygroscopic 

MgT'IcO,l bl~lck 

sr;I'co, 

Hii2TcOJ Idack, 

m 2 - r c o ,  black. 

dcconip. at  630 "C 

fcrriinagnctic 

CO, I'cO I black 

<'oMnTcO, black 

bl n N iTcO, h la c k, 
fci-rimaynctic 

N iZnTcO, bl :ick 

cubic. 
Ca'fi03 type 

hexagonal. 
Ra l'iO3 type 

cuhic, 
pcrovskitc type 

cubic, 
pcrovskite type 

isostructural with 
NalSnO I 

cuhic. 
spinel type 

tclragonal, 
K2NiFd type 

tetragonal. 
K,NiF.I type 

cubic, 
spinel type 

cubic. 
spinel type 

cuhic. 
spinel type 

cuhic, 
spinel type 

cubic. 
spinel type 

cubic, 
spinel type 

cubic, 
spinel type 

cubic, 
pyrochlorc type 

a=3.S7 [321 
11-3.96 
C-3.76 

l7=3.Y19 132.81 1 

rr=5.7ss [32,Sl] 
C-14.Il16 

a-8.140 1.721 

[79,801 

n=S.498 1 

n=3.002 [32) 
C- 12.72 

a-4.01 1 [321 

a=8.682 W l  
r= 13.40 

lSll a-8.551 

a-S.786 1811 



Table ll.lO.A Continued. 

Dy?TcO, ~ cu hic. 0-1 0.246 1x11 
pyrochlorc type 

cubic, 0=10.194 1x11 
pyrochlorc type 

y-Li<1'cO4 black, cubic. a d .  I7  [ 79,801 

/j-I&TcOl black, nionoclinic a-5.038 [79,801 

above 950 'C rock salt type 

hclow 950 -c h-8.726. /k99.Sa 
c=Y.82 

SaTcO black, - 

stable up to SO0"C 
179.801 

1- Li;TcO. hl ilc k.  - 

atable up to 900 "c' 
1791 

/j-LiiI'cO, blue-black nionoclinic a - 5 . 0 5  179.801 
b=8.755. p=Y9.8' 
c=').h7 

r-Li,TcOb bluish. - - 

\table 350-750 "C 
[79.80] 

[I-Li6TcO(, dark grccn. hcxagonal n=s.05 [79.SO] 
bclou 320 C c=l4.20 

hexagonal n=S.800 
c=21 .OO 

1321 

I.i5Tc0,, stable up to 650 "(' hexagonal a=s.04 [7Y .SO] 
c=l4.10 

KajTcO(, hygroscopic i\o\tructural with - 

NaSReOf, 
(79.801 

Cas('I'c0(,)2 hi-own, - 1321 

Srs(TcO,)? black hcxagonal n=5.74 P21 

Ba5(Tc0& dark brown, - - 1321 

I.ISr2-I'cOo - pscudo cubic a-7.84 1321 

stable up to  850 "C 

c=IX.OS 

stable up to 850°C 

tctragonal n=8.0'1 1.321 
c=x.14 

I .iRa;I cO(, - c ti h i c a-8.002 1321 

UaBa?TcO, - cuhic (1-8.292 1321 
K.{I'c05 brown . isostructural with - 

hygroscopic. K;KeO> 
500 -c dccomD. 

[79.SO] 
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Table 1l.lO.A ('ontinued 

Sa;Tc05 dark bron n. isostructural with - [79.8(1] 
hygroscopic. S a l R e 0 5  
stable up to 050 "C 

700 "C tleconip. 

stable up to 850 C Ha3(Re05)2 

Sr3(Ic05)z black. - - [32]  

Ua;('Ic05), dark hrown. isostructural with - [32] 
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12 Complex chemistry of technetium-99 

Technetium, ii true second row transition element, tends to form complex compounds. 
Oxidation states lojver than +3 could be made with certainty only through complex 
stabilization. The existence of all known oxidation statcs o f  technetium from +7 t o  -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 t o  synthesize compounds that could be appropriate as " " T c  radiophar- 
maccuticals lor diagnosis in nuclear mcdicinc in selective imaging of organs has pre- 
dominantly stimulated investigations on technetium complex chemistry. 

71iis chapter includes clusters and organomctallic compounds, like technetium car- 
bonyls. but does not include oxotechnctates. which are described in the preceding 
chapter. 

12.1 Technetium (VII) 
The if0 complexes of Tc(VI1) are efficiently stabilized by trioxo-. nitrido-, and imido- 
groups as strong electron donors. In particular, trisimido compounds were recently 
shown to be resistant cven to electrochemical reduction. Nitrido- and nitrido-hydra- 
zido groups are known to occur also in structurally remarkable dinuclear complcxes. 
Finally, the highly reactive hydridotechnetatc(Vl1) has been the object of much atten- 
tion. Altogether, the number of Tc(VI1) complexes is rather limited. 

12.1.1 Hydridotechnetate 

For almost two decades the most interesting enncahydridotechnetate [TcH9I2 was 
the only known complex of 'I'c(V1T). K2[TcHo] is obtained by reduction of ammonium 
pertechnetate with potassium metal in an ethylenediamine-ethanol medium [ l ] .  X-ray 
powder patterns o f  the white solid revealed K2[I'cHo] to be isostructural with the ana- 
logous rhenium complex, the structure of which was characterized by neutron diffrac- 
tion analysis 121. Thus the 'I'c atom of the [TcHgj2. anion is located at the center o f  a 
trigonal prism of hydrogen atoms with three additional H atoms beyond the centers 
01 the prism faces (Fig. 12.1.A) resulting in the coordination number 9. the highest 



H 

1 2 -  

known for technetium. The lattice constants of the hexagonal unit cell are a= 9.64 and 
c= 5.56 A. The high resolution l H  MNR spectrum o f  K2[TcHs] dissolved in cold alka- 
line D 2 0  showed a broad line at  18.4 ppm that is attributed t o  the Tc-bonded hydro- 
gens. In the IR spectrum of the mctal-hydrogen stretching region a triplet was ob- 
served at 1869, 1795, and 1779 cm-'. In the metal-hydrogen bending region a single 
hand at 689 cm-I appeared. This is precisely the pattern obscrvcd in the IR spectrum 
0 1  solid K2[ReHg]. [TcH9]'- proved t o  be more reactive than [ ReH9]'-- [ l] .  Later. ""Tc 
NMR and 'H NMR provided definite proof for the existencc of the stereochemically 
non-rigid rTcH9l2- anion [3]. It was concluded from a molecular orbital description of 
[TcHgI2 that the hydrogens are almost identical in regard to thcir electronic cnviron- 
ment [4]. 

12.1.2 (Tc03)+-core complexes 

The recently increasing number of Tc(VI1) complexes containing the TcO, moiety 
dcmonstrates the stabilization of high oxidation state central atoms by 0x0 ligands as 
electron donors. Trioxohalogeno(2,2'-bipyridine)-technetium(VII), [Tc03Cl(bpy)]" or 
[Tc03Rr(bpy)]" and trioxochloro(l,lO-phenanthroline)technetium(VlI), [ ~ ' c O ~ C I  
(phen)]". could easily be synthesized by reaction of NH47'cOJ with bipyridine or 
phenanthroline and conc. HCI or  HBr in a mixture of ethanoUwater. The compounds 
precipitate as yellow or yellow orange solids that hydrolyze in water back to TcO, . 
Complex formulation is confirmed by elemental analyses. Rainan. and IR spectros- 
copy 1.51. Furthermore, a binuclear complex of heptavalent technetium with the bridg- 
ing ligand 3,6-bis(2'-pyridyl)-1,2,4,5-tetrazinc(bptz), [(p-bptz)(Tc03X)2]", (X = C1, 
OCH3. OC2Hj) and a mononuclear complex of Tc(VII), [l'cO3(pppz)C1]". (pppz = 
4-phenyl-3,h-bis(2'-pyridyl)pyridazine] were prepared and characterized [6]. 

[Tc03Cl(bpy)]". [Tc03Cl(phen)]" and, in addition, [ T ~ O ~ C l ( 5 - N O ~ - p l i e n ) ~ ~ ~  and 
[TcO3C1(3.4.7.8-tetramethy1phen)]:' were shown to cleanly oxidize a wide varicty of 
alkenes in acetone or dichloromethane to form. in high yields. the corresponding 0x0- 
technetium(V) diolate complexes at room temperature 171 (Sect. 8.3). Remarkably, 
the oxorhcnium(V) diolatc complex [RcOC1(OCH2CH70(phe11)10 undergoes the 



reverse reaction when thermalizcd at 220 Y', releasing clhylene and producing 
[Re03Cl(phcn)]". 

Another trioxotechnetiuni(VI1) complex was recently synthesized, the hydro- 
tris(1 -pyrazolyl-borato-ti-ioxo-tcchnetium(VII~. which was first prepared in good yield 
from NH4Tc04 and hydro-tris( 1 -pyrazolyl)-borato-sodium. [Na{Hl3(p~)~)]".  in ctha- 
no1 after addition of conc. sulphuric acid [8]. [Tc03{HB(pz)3J10 can also be obtained 
by the nitric acid oxidation of' [ T c O C ~ ~ ( H H ( ~ ~ ) ~ ] ] "  or by reaction o f  Tc& with 
K [ H B ( ~ Z ) ~ J  i n  THF [9]. The 'FI NMK spectrum of the pale yellow trioxo complex 
shows that the C'.?,, molecule has three equivalent pyrazolyl rings [ 101. The structure 
of the compound (Fig. 12.2.A) is based on the X-ray structure analysis of the analo- 
gous rhenium complex [l 1 . I  21. Like [l'c03C:l(bpy)]", [Tc03Cl(phen)]' and [l'cO:Cl 
(phen-derivatives)]" react with alkenes, the reaction of [TCO,(HH(~Z)~]]" with ethyl- 
ene yields [TcVO(OCH2CH20)(HB(pz)3] ]". The mechanism most probably involves 
direct attack o f  ethylene to the 0x0 moieties of [ '1 '~0~(HB(pz)~)]"  [lo]. 

Furthermore, the TcO, group can be bonded to the anionic, tridentate oxygen 
donor ligand [(i?'-CjHs)Co{(POR)2(=O)}~] -. when R is methyl, ethyl or butyl. 
According to the X-ray structure analysis of the corresponding complex fornied with 
ReO; , [(r~'-C5HS)Co{P(OCH3)2(=O))3Re03]n, having the space group 1'21ic [ 131, the 
same distorted octahedral geometry for [(i~5-CSH5)Co(P(OCH3)2(=O)]3Tc03~" is 
expected. Cyclopentadienyl-tris(dialkylphospliito)(cobaltato)-trioxotechnetium(VII) 
can be synthesized in excellent yield by the reaction of an aqueous solution of 
NH47'c04. [ (~~'-CSH~)CO{(POR)~(=O)}~]-, and conc. ITN03. 'l'he compounds were 
idendificd by FAB(+) mass spectra, IH NMK. and IR spectra [14]. 

The first organometallic compound containing the Tc03 core is methyltrioxotcch- 
netium(VII), <'H3Tc03, [1.5,16] corresponding to the previously known methyltrioxo- 
rhenium(VI1) [ 171. CH3Tc03 was synthesized by reacting Tc207 with tetramethyltin 
at 10 "C in a solution of tetrahydrofuran. The compound forms white needle-shaped 
crystals that are extremely volatile, but stable at 0 T. CH3'Ic03 is reported to he solu- 
ble in all solvents including water and was characterized spectroscopically. An impor- 
tant difference to CH3Ke03 is that no phenanthroline or bipyridinc adduct could be 
precipitated. However, C H y l ' ~ 0 . ~  oxidizes alkcnes to cis-diols via the formation of a 
diolate complex of Tc(V) [15,16]. 

I 
H 

Fig. 12.2.A I lydto-tris( 1-ppt.azolyl)horato-tnoxo-technetium 
(VII ) .  [~I'cOi(llB(pz)j]]~ [ lO . l l ] .  0 



Thc synthesis of CH3Tc03 by reaction of1'cZ07 with (CHj).,Sn leads simultaneoLisly t o  
the production of the trimcth\.lstannq-lester of pertechnetic acid [Tc030Sn(CH3),] [lj]. 
which could bc obtained as the polymer [Tc030Sn(CH3)3], in white. needle-like single 
crystals [ IS]. Polymeric trimethylstannylpertechnetate crystallizes in the monoclinic 
space proup P2,ic: the lattice constants are u=9.616, h=7.645, c=11.901 A, /{=91.16": 2=4. 
The compound is not isostructural with [Re030Sn(CH3)?], [ 191, although both coni- 
pounds reveal a zigLag chain structure [ 181. 

12.1.3 (T~N)~+-core complexes 

The nitrido ligand (N-) which is isoelectronic with the 0x0 ligand (0*-). appears also  
to be a powerful n-electron donor [20] efficiently stabilizing metals in high oxidation 
states like Tc(Vl1). The chloronitridoperoxo anion of heptavalent tcchnctiuni 
[?'cN(02)2CI]- was the first example of a stable transition metal nitridoperoxo com- 
plex. Reaction of <Is2[TcNCI5] with H202 yielded (.:S[T~N(O~)~CI] 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 ' 1 c ~ N  dis- 
tance is 1.63 A. ' h e  pcroxo and chloro ligands are essentially located in a plane with 
the technetium atom being displaced by 0.45 A above the plane. C S [ ? ' ~ N ( O ~ ) ~ C ~ ]  is 
readily soluble in water. In conc. HC1 the complex is converted to ITc"'NCI4]-. The 
relative stability of [7'cN(02)2C1]-. is indicative of the low oxidizing potential of the 
(Tc"'N)"+ core [21]. In addition to [TcN(02)2CI] other technctiuni(V1I)nitridoper- 
0x0 complexes like [ T C N ( O ~ ) ~ B ~ ]  , [TcN(O&(bpy)]", and [TcN(02)2(phen)]' were 
prepared. The successful synthesis o f  complexes containing the T ~ W ( O ~ ) ~ - c o r e  

N 
n 1- 



remains remarkable i n  view o f  the easy oxidation o f  lower valent Tc compounds by 
H z 0 2  t o  the most stable pertechnetate [22]. 

In  addition, the dinuclcar oxalatc-bridged technetium(Vl1) nitridoperoxo coni- 
plex [Tc~(O7_).(C20~~)(O2)~NTe]'- was obtained by addition o f  oxalic acid to a so- 
lution of nitridotechnetic( VI) acid in hydrogen peroxide. [Ph4AsjC1 precipitated a 
pale-yellow solid. Kecrystallization from acetone provided single crystals o f  the 
composition [ Ph4As]2( TcN( O&( C20.,)( 02)zNTc] .2( CH&CO. The structure of 
the anion consists of two ' l ' ~ N ( 0 ~ ) ~  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 
cq ua tori a I positions [23]. 

An unusual dinuclear nitrido-hydrazido(2-)-technctiuin(VII) complex containing 
bridging thiolate ligands was sythesizcd by reaction of [(n-C:4F-Ig)JN][TeOClj] with 
1.1 -diphenylhydra~ine in dichloromethylene and subsequent addition of  2.4,h-iso- 
propyl-C6H2SH in methanol. After stirring and concentrating the solution follo\ved 
by addition of an ethedhcxane mixture, bright yellow diamagnetic crystals of 
[Te2N2(NNPh2)2(2,4,6-isopropyl-C,~H~S)~] . 0.S(C2H5)20 were isolated. Single crys- 
tal X-ray analysis showed the triclinic space group P i  and the lattice constants 
ri=14.422. h=16.049, c=18.91S A: x=81.89, p=73.60, ;3=86.74", and 2=2. The coordi- 
nation geometry about each Tc center may be described a s  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 z-nitrogen of the hydrazido(2-) 
ligand, while the apical position is occupied by the nitrido unit. l h c  presence of 
the nitrido ligand is unexpected and must result from N-K bond cleavage of the 
organohydrazine reagent [24]. 

12.1.4 Imido complexes 

Obviously, in addition to the nitrido ligand, also iniido ligands are capable of stabiliz- 
ing high-valent central atoms by n-electron donation. Kecently: several imido com- 
plexes of Tc(VI1) were identified. TcO, reacts with 1,2-diaminobenzene in refluxing 
methanol to form. in high yield, grccn crystals of [ T C ( H N C ~ H J N H ) ~ ] T ~ O ~  that arc 
stable in organic solvents without reduction of 'lc(V11). ' lhc cationic complex exhibits 
the Tc"(, core in a trigonal-prismatic geometry (Fig. 12.4.A). Thc two triangular faces 
N(2),N(3).N(S) and N(l),N(4).N(6) are nearly parallel. 'the distance of Tc from the 
two N3 faces is 1.24A and the T - N  mean bond length is 2.00A. [ T C ( H N C ~ H ~ N H ) ~ ]  
T c 0 4  crystallizes i n  the orthorhombic space proup f'nnn2, with the lattice constants 
rr=13.S69, h=12.799, c=10.851 A, and 2 = 4  1251. 

A series of new 'Ic(VI1) iniido complexes has been recently synthesized and char- 
acterized. When a hexamethyldisiloxane solution of [ Tc03(OSiMc3]'. which can be 
prepared as a white solid by reaction o f  AgTcO4 with chlorotrimcthylsilane [26]. is 
treated with 2.6-diisopropylphenylisocyanat~ at 100 "C, deep green [ Tc(NAr); 
(OSiMe3)]" (Ar = 2.6-diisopropylphcnyl) is formed: 



R = Pf 

SiMe, 
0' 

The Tc(VI1) trisimido complex proved to be resistant to electrochemical reduction 
because of the strong n-donor ligands. ' H  NMR indicated free rotation of these lig- 
ands about the K-C bonds. The coordination gcometry about Tc(VI1) was shown by 
X-ray analysis t o  he approximately tctrahedral. The structure exhibits short Tc=N 
bond Icngths (1.74Y-1.7Sg A) and large Tc=N-C angles (154.3-158.5") indicating con- 
siderable 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.  YO", 
and Z=4 [27]. 

[ T C ( N A ~ ) ~ ( O S ~ M ~ ~ ) ] "  reacts with trimethylsilyliodidc in toluene to form [Tc(NA~)~I]".  
the first example of a Tc(VI1) iodide complex. The trimethylsilyl group in [Tc(NAr)? 

(OSiMe3)]" can be selectively removed from the trimethylsiloxy ligand by reaction with 
(Ph3P)2NFin methylcne chloride resulting in the oxo anion [l'cO (NAr)3]-, which is a tri- 
simido analogue of TcO;. In addition. ['J'c(NAr)3(0SiMe3)]" reacts quickly in THF solu- 
tion at room temperature with Grignard reagents to form deep blue-green [l'c(NAr)jK]", 
when K'is CH3, C2M5 or q1-C3H5(allyl) [27,28]. When a solution of [Tc(NAI-)~I]" in THF 
is treated with 1 equivalent of potassium cyclopentadienyl (KCp), a rapid reaction occurs 
forming [ (17'-Cp)Tc(NAr)~l". The g e e n  complex is air- and water-stable. 'Ihe nature of 
Cp was demonstrated by single crystal X-ray analysis (Fig. 12.5.A). Only minor deviations 

Fig. 12.4.A Tris(l.2-diimidoheii~enc)technetium ( \ r l I ) .  [l'c(HNC6HaSl I)<J'. 



Fig. 12.5.A [('l'-Cp)l'c""(NAr); I' (Ar=2.h~diisopropylphenyl). 'l'he isopropyl groups 111-e omitted 1291. 

from tetrahedral geometry were observed in thc coordination environment of the techne- 
tium atom. The cyclopentadienyl carbons arc ncarly planar. When an excess of KCp is 
reacted with [lc(NAr)31]o. an ail--sensitive blue complex is obtained that can be formu- 
lated as K [ C ~ ? T C ( N A ~ ) ~ ]  [29]. 

Some structural data of lc(VI1) complexcs are reviewed in Table 12.1 .A. 

Table 12.1.A Some structural data of selected Tc(V11) complexes 

Coniplex Geometry I.!-L V('1C-I,) References 
IA1 i K i cm-'] 

12.1.1 

[TcIIg]' 

.. 

12.1.2 

TcO;Cl(bpy)]" 

TcO?Br(bp))]" 

Tc03Cl(phcn)]' 

11 IB(p/);l'cO?]" 

- - 

- - 

pseudo-octahedral - 

octahedral - 

... . ~ .  

pcntag. pyramid I .63(Tc-N) 

[141 

18hY 
. . .  ... 

Y48(Tc=O) (1S.16j 
.. 



Table IZ.1.A Con t i n  tied 

Complex Geometry Ts-L v('1c-I,) References 
[:\I IR[cni ' 1  

pentag. pyramid 

. .  . .  . .  

12.1.4 

['l'c(HNCJ I.+N H);]' trig. prism 2.00(T-S) 4IS(lc-h') [25] 

[Tc(S,~r)3(0SiI\.Ici)l- tetrahedral 1.7i1Y-l,759('I'c=Y) - 1271 

[I c(NAr)J]" tetrahedral 2.654('1'~-1) - 1271 

[ Tc(KAr)3Mc 1'' tetrahedral 2.136(Tc CII.,) - PfiI 
[ ( q ' - C p ) T c ( ~ ~ r ) ~ ] ' '  tetrahedral 2.156(Tc-C) ~ 9 1  

12.2 Technetium(V1) 

Though hexavalent technetium is known to be highly sensitive to oxydation and dis- 
proportionation, for instance in the case of tetraoxotechnetate(V1) [30), numerous 
complex compounds of 'l'c(V1) were synthesized and identified and proved to be 
rather stable under normal conditions. lmido and predominantly nitrido ligands fre- 
quently act in mono- and dinuclear complexes as strong stabilizing n-electron 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 bc an efficient tool to characterize the d1 complexes. 

12.2.1 Halogen containing complexes 

The first complexes of hexavalent technetium were prepared by reaction of TcF(, with 
nitrosyl fluoride and nitryl fluoride. At -195 "C NOF or N 0 2 F  were coiidcnsed onto 
technetium hexafluoride. Keaction with nitrosyl fluoride occurred at room tempera- 
ture, with nitryl fluoride at 70 "C. (NO)2['l'cFx] is an  off-white, non-volatilc solid. iso- 
structural with (NO)?[ and (NO)2[WFx]. The magnetic moment of (NO)JrcFs] 
is p=1.72 B.M.. according to the spin-only value for eight-coordinate lc(V1). Nitryl- 
hcptafluorotechnetatc(Vl), N02[TcF7], is a yellow, non-volatilc solid. 11s magnetic 
susceptibility docs not obey the Curie-Weiss law. 71ic room temperature magnetic 
moment is pefr=1.62 B.M., close to the spin-only value [32]. 



The pcntnchlorooxoteclinet~ite(V1) anion. [l'cO('15]-. was prepared by reducing a 
solution of KTcOl in c o x .  HzSO.I wi th  IICI. Irnmcdiatcly. ii dcep blue so lu t ion  was 
obtained. however. its color \,anishcd aftcr I h .  The gencral features of thc EPK spcc- 
trum rccordcd at 1-30 K are characteristic for an axiall!. symmetric. randonil!. oriented 
S - I / ?  system with parallel and I~erpcndiciilai- scls of '"Tc hyperfine lines 1-33]. Amino- 
nium dioxotetracli lor~~tcclirictntc~Vl~, ( r\;H.l)~[lcO~<~'I,]. was synthesized by rcaction 
o l  NH,TcO, with thionyl chloride and isolated 21s its sulphuryl chloride adduct 1.341. 

12.2.2 Imido complexes 

The ~ris(arylimidn)iodotcchnetiutn(Vll) complex (l 'c(NAr) ; ) I ] '  (Ar = 7.6 diisopro- 
pylphcnyl). mentioned in the last paragraph of Sect. 12. I .  is reduced by elemental 
sodium in TEW to the grccn dimcr [Tc?(NAr),J" o f  staggered ethane-like structure: 

' f i e  formal oxidation state o f  the 'rc a t o m  is +6 in accordancr: \\it11 the diamagnetic 
d '  -d' spin-paircd dimcr. X-ray structure analysis revealed that the 'l'c-'l'c bond lies on a 
crysta1logr;iphic S6 axis. making all six imido ligands symmctry cquivalcnt. l l i c  rather 
long Tc-l'c distance of 2.7JJ( 1 ) A may he due 10 stcric congtstion het\vecn the imido 
groups around thc cthanc-likc structure. The shori 'lc: N distancc o f  1.758(2) A and the 
almost lincar arrangement of the l'c: N-<' units (167.6'-) are to  bc expected. 'llit. angles 
N- T--Uc and N=Tc-N are 103.6( I ) '  and 1 14.6( I) '. respectively [35.36\. 

Kcduction o f  [Tc(NAr') 3 1 ] o  (Ar'  = ~,h-diniethvlphcnyl) by one equivalent elemen- 
tal sodium in THF gencr;iles the red cdgc-bridged tetrahedral dimcr complex I F -  
N A r' ) ?Tcz (N Ar'); \ : 

Na - "2 



Its configuration was confirmed by X-ray structure analysis. ’I‘he monoclinic space 
group is P2,ln. the lattice constants are ~i=19.500(8). h= 1(1.497(6). c=22.684(8) A, 
/j= 11O.37(3)”. and %=4. l h c  ditechnetium core can be formally considered to contain 
a ’IIC:’~ unit, giving rise to a d’-d dimer and a Tc-‘lc single bond. The averagc 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 suggcstive of ’Ic-N n-bondino 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 
‘Ic-N n bonds. The factors influencing the formation of either ethane-like or the more 
common edgc-bridgcd tetrahedral dimcr structure appear to be purely steric. 
Obviously. [ l ’~ (NAr)~1]”  is more sterically hindered to form the edge-bridged config- 
uration of [(pNAr’)2Tc2(NAr’)11(‘ [35,36]. 

Treatment o f  [ (p-NAr’);lc2(NAr’)jl(l with two equivalents of McMgCI in ’lHF 
results in a deep ruby solution due to the formation o f  [(p-NAr’)iIc2Me2(NAr’)3]’ by 
displacement of an imido ligand. ’The reaction of [(p-NAr’)2Tc2Mc2(NAr’)3]c with a 
further two equivalents of MeMgCl again yiclds the substitution of an imido ligand 
and the formation of [(pNAr’)27’c2Me4(NAr’)2]o. Only the Z-type isomer is observed 
in the solid state. The dark red [(p-NAr’);r~~Me~(NAr’)~l~ crystallizes in the triclinic 
space group 1’1 with a=l1.832(3), h=l1.917(3), c=13.286(3) A, r=75.33(2), 8=71.10(2), 
;1=84.82(2)”, and Z=2. This complex is best dcscribcd as an edge-bridged square based 
pyramidal dimer with the terminal iniido ligands occupying the apical positions. The 
Tc-’lc distance is 2.733(1) A, which is within the range for d’-dl dimers 1371. 

3,‘ 

12.2.3 Nitrido complexes 

NH4TcO+ mixed with conc. hydrochloric or  hydrobromic acid, reacts with an aque- 
ous solution o f  NaN3 to give an orange solution of [TcNClJ or a deep violet solu- 
tion of [TcNBr4J-. By addition of tetraphenylai-soniumchloride orange [ AsPh4] 
[TcNC14] or  deep blue [AsPh41[’I‘cNBr4] were precipitated. Single crystal structure 
analysis of both complex salts revealed the square pyramidal structure (C4“ sym- 
metry) of tetrachloro- and tetrabromonitridotechnetate(vl) (Fig. 12.6.A). 
[AsPh4j[TcNCl4] and IAsPh4][‘IcNBr4] are isostructural with each other and with 
the corresponding compounds of Re. Mo. Ru. and 0 s .  The crystals are tetragonal 
with the space group I’4/n. The lattice constants for [AsPI~ .~ ] [TcNCI~]  are 
a=12.707(2) and c=7.793(1) A, for [AsPh4][TcNHr4j a=12.875(2) and c=7.992( 1) A; 
2=2.  In both compounds the metal-nitrogen bonds are short. corresponding to tri- 
ple bonds. In [‘TCNC~JJ- the Tc atom is located 0.54 A above the plane of the four 
chlorine atoms. The presence of sharp absorption bands in the TK at 1074-1080 
cm- is characteristic of the terminal Tc-N group. The tetrahalogenonitridotcchne- 
tate(V1) salts are surprisingly stable in air in constrast to (AsPh4][MoNC14]. which 
is reported to be extremcly sensitive to hydrolysis. The strong Tc=N 7r bonding is 
consistent with the higher stretching frequencies relative t o  those of Tc=O ( 1020- 
996 cm ’) in [I‘c0X4]-- (X=CI. Hr: or I )  [38,3Y]. 



Fig. 12.6..4 (TcL"NX4]- (X=CI.Br). Bond distances Tc 
CI 2.3220(9). Tc Br 2.4Sl6(5)+, TceN in [TcNC14] 
1.581 ( 5 ) .  in 1'1 cN€3r4]- 1.596(6)A. Bond angles C1 Tc- 
C1 X6.95(1) arid 153.33(6)". Rr  Tc-Br 87.08(1) and 
153.91(4)o. N='l'c-CI 103.33 (-3)" and N=Tc Br 
103.04(2)' [3X.39]. 

Tetrachloronitridotechnetate(V1) may also be obtained by reaction of [ButJN] 
[rcOCl4], dissolved in dichloroniethane, with a solution of NClj in carbon tetrachloride: 

or  by reaction of TcNCl3 with a solution ol [AsPh41CI in CH2C12. From the orangc- 
red solution [AsPh4][TcNC14] was isolated 1401. 

EPK spectroscopic studies revealed the chloride and bromide ions in [TcNCI4]- 
and [TcNHrJ t o  be rcactive and exchangeable. When [AsPh4][TcNCI4] and 
[AsPh4]['IcNBr4] were dissolved in acetonitrile and the mixed solutions of different 
molar ratios boilcd for 30 niin, the formation o f  mixed-ligand complexes of the coni- 
position [TcNBr+ ,lCln]- with rz=1-3 were observed. The composition could easily be 
determined by means of their EPR paramcters [41]. In addition, equilibrium constants 
for the cxchange reactions of  [TcNCI4]- with HBr and [l'cNBr4]- with HCI wcrc 
derived. demonstrating the expected higher reactivity of [TcNRr4]- 1421. Furthcrmorc. 
both complex anions react with dialkyldithiocarbamatcs, diisopropylditliiophosphatc, 
1.2-dicyanoethene-1,2-dithiolatc, thiocyanate, pyridine, and imidazole by reduction to 
Tc(V) nitrido complexes containing the corresponding ligands with N- and S -  donor 
atoms, while the 'l'c-N core remained unchanged. except for the oxidation state of 'Ic 
[43]. Ligand exchange reactions of [TcNC14j- and [IcNBr4] with sodium azide in 
acetonic solutions were studied by EPR. During the reaction time of 60 min all five 
complexes [ ' ~ 'CNX, , (N~)~  (n=0-4) wcrc detected for tetrachloro- and tetrabromoni- 
tridotechnetate(V1). The EPR parameters 0 1  the individual species strongly depend 
on the composition of the equatorial coodination sphere. The covalcnt character of 
the equatorial Tc-N~ bonds in [7'cN(N3)4]- was found to be more pronounced than 
that in the Tc-X bonds of [TcNX4] [44,45]. 

Single-crystal EPR studics of [ A S P ~ J ] ( T ~ ' ~ N C I ~ ] .  diamagnetically diluted by thc 
isostructural [AsPh4][7'cOC14], were reported. The room-temperature single-crystal 
spectra consist of a well resolved, intense 10 line hyperfinc structure multiplet due t o  
the interaction of the unpaired 4d' clcctron with the nuclear spin I="/* of ""Tc. At low 
temperatures very complcx -'s3-37Cl and lSN ligand hyperfine patterns were observed. 
The "Tc, .1.37Cl and I5N hyperfine data were analyzed to evaluate the electron spin 
delocalization. The spin density on '%' was found to be zero, while 20 O/i of  the spin 



density u-as localized mainly in the 311 orbitals of the Cl atoms [46.47]. According to 
polarized neutron diffraction experiments on [l'cNCIJ]-, even 46 76 of the spin density 
is located on  the CI atoms 1481. Single crystal EPR studies on [(CJ I~~)4N][Tch'BrJ], 
diamagnetically diluted in [ (CIH9)IN][TcOHr4]. established that the delocalization o f  
the unpaired 4~f  electron to the bromine nuclei is-as expected-more pronounced than 
t o  the chlorine nuclei in [ T c N Q ]  I49]. EPR investigations on tcchnctiuin complexes 
with respect to 'I'c oxidation state. coordination geometry. bonding propcrtics. and 
chemical reactions have been reviewed [50,51]. 

The aquanitrido complexes [TcKCI.,(OH2)] and [TcNBr4(OI I?)]- have also been 
synthesized and characterized. 'Ihc acetonitrile extract prepared from the reaction of 
NH4Tc04 with NaNj  in HCI was dissolved in 36 O h  HCI and [NEtJ]C1 added. €3). 
addition of  absolute ethanol to the orange solution, orange crystals of INEtd] 
[TcNC14(OH2)] precipitated. IJsing 47 '%, HBr instead o f  lTC1, rcfluxing the mixture 
for 10 min and adding [ NEt4]Br. blue-black crystals o f  [NEtd][ TcNBrd(OH2)] were 
obtained that crystallize in the orthorhombic space group Piztna with rr=l1..366(1), 
b=12.930(2). c=11.540(1) A. and %=4. Tc(V1) is coordinated by the ligands to give a 
distortcd octahedron. The water molecule position is l r m s  to the nitrido ligand. The 
long Tc-0 bond distance o f  2.443(7) A is a consequence of the strong r i m s  influence 
of the nitrido ligand. H 2 0  is coordinated in an  almost linear arrangement with an 
N-Tc-OH7 angle of 178.7(3)" 1521. 

Addition of CsCl to an orange solution of (AsPh4][l'cNCId] in conc. H('I results in 
the precipitation of red-brown crystals of six-coordinate Cs2[TcNC15]. The additional 
C1- ligand trans to the nitrido group caused a decrease of the T c z K  frequency in the 
TK from 1076 cn1-l for [TcNC14] to 1027 cm-' for [TcNC15]' . Cs?(TcNCISJ proved to 
be stable in air but is readily hydrolyzed by water [53] like [lcNC14]-. The species 
[l'cNX4]-, [TcNX4(OH2)] and [TcNXSI2- (X= C1 or  Rr)  arc intcrconverted by addi- 
tion or removal of the tram ligand. In  conc. FIX solution the species present is most 
likely [Tch'X4(OH2)]-. The product isolated from solutions of the aquo-nitrido com- 
plcx appears to be dependent on thc nature o f  the added cation. Large cations R such 
as [AsPhI]+ or [NBul] result in the precipitation of K[TcNX,,]. while relatively small 
cations like Cs' precipitate Cs2[rcNX5]. The intermediate-size cation (NEtJ]+ allowcd 
the isolation of [NEt4][7'cNXd(OH2)]. Crystals of Cs2[TcNC15] belong to the cubic 
space group Fm%z with u=10.211( 1) A and 2=4. The 'I'c=N bond distance is 1.60 A. 
The tmns Tc-C1 distance is 2.740(5) A, the cis Tc-CI distance 2.373(5) A. The Tc 
atom is displaced by 0.401(3) A from the plane of the cis ligands towards the nitrido 
ligand. The NxTc-CI anglc is 99.73(5)" [52]. However, it is surprising that the EPR 
spectra show no direct evidence for the existence of  the equilibrium 

[TcNX~]  +X +(TcNX,]' 

in non-aqueous and conc. aqueous acid solutions. l 'he predominant species in solution 
is [rcNXd]- [541. In contrast. [TcNC1,I2 was reported to be created by oxidation of 
nitrido technetate(V) complexes with chlorine, according to EPK solution studies 
[MI. In aqueous solutions of low HC1 concentrations. [TcNC14]- forms dimagnetic 
compounds possibly containing oxygen bridges 156,571. Brown precipitates, called 



nitridotcchnctic(V1) acid, dissolve in conc. hydrolluoric acid and show an EPR spec- 
trum due to (TcNFF1]- 157). 

Salts o f  nitridotechnetium(V1) anions with crown ether complex cations were pre- 
pared and structurally analyzed. To a suspension of Cs2[TcNCI5] in thionylchloride 
1 X-crown-(i( 1,~,7,1O.13,16-hexaoxaeyclooctadecanc) was added. Orange-red crystals 
of polymeric [Cs( l8-crown-6)][TcNCli] were obtained [SKI. The tetragonal unit cell, 
with the space group P4/n and %=4. is represented by a square of 22.459(1) A edge 
length and a tretragonal c-axis length of 4.275(4) A 1591. The Cs' cations occupy sites 
at the coriicrs of the unit cell and i n  the centcr o f t h e  square. Each 18-crown-h 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 infinite chains of 
ITcNC141 anions arrangcd in an antiparallel fashion [58,59]. 

Orange-rcd crystals of [ Rb(lS-cro~n-5)~][TcNCIj(oH~)1 were grown by slow eva- 
poration of the reaction mixture containing 15-crown-5 and Kb2[TcNC15J in thionyl chlo- 
ride. The trans coordinated water molecule arises by absorption from the atmosphere. 
The compound crystallizes i n  the monoclinic space group c2//?1 with a=l1 .886(13). 
h=13.653(7). c=1 O.327(5) A, /1=90.33(7)", and %=2. The structure detcrrnination shows a 
lattice containing sandwich-type crown etherialkali-metal cations and isolated anions dis- 
ordered in  thc lattice. Also the room temperature EPR spectrum shows the presence of 
isolated [TcNC14(OH2)]- anions with the 'lc atoms separated by the relatively large dis- 
tancc of 9.051 A due to the bulky [Rb(l5-~rown-S)~] '  cations dominating the lattice. In 
addition to [Cs(lK-crown-6)][l'cr\'CI~] and [ Rb( 15-cro~n-S)~][TcNCl~(OH~)]  the com- 
plex salts [Cs(lti-~rown-6)~][TcNCl~I, [Rb(lX-crown-6)J[Tcr\'C11], (Cs(l8-crown-h)] 
[l'cNC&(OH2)], and [Cs( 15-crown-5),][7'cNC14(OH~)J were prepared and identified 

The reactivity of chloride and bromide ligands in [TcNCIJJ and [TcNBr4]- allows 
their substitution by appropriate ligands containing oxygen and nitrogen donor atoms. 
N.N'-ethylene-bis( salic~lidciieiniinato)nitridotcchnetium(VI) 

[59]. 

was obtained by reaction of [But4N](TcNCI~] with the Schiff hasc ethylene-bis(sali- 
cylideneimine) in acetone. Thc complex salt crystallizes in dark green needles that are 
soluble i n  water, methanol and 1)MSO. According t o  EPR measurements, around 
30 % of the spin density is localized i n  the ligand orbitals. The TEN stretching vibra- 
tion was found at 1037 cni-' in the IR [60]. 

[TcNCl4]- reacts in aqueous solution with Na2H2edta t o  form a red-violet precipi- 
tate of the composition [l'cN(Hedta)]" '3H20 [61]. Later. the formation o f  the p o x 0  
dinier complex Na~[Tc2N2(~1-o)(edta),I SH2O was suggested [62] from an absorption 
maximum at 504 nm, because p-0x0 dinicrs are reported to show an intense ahsorp- 



tion at 470-510 nm (6-31. When ethylencdianiine-~.N'-diacetic acid (HZedda) reacted 
with [TcN\;C14]-~ in acetone, a purple precipitate of the reported composition [I'c,N2(p- 
O ) ( ~ d d a ) ~ ]  .5H,O was obtained [62]. 

The intcrconversion of monomeric, p-0x0. and di(p-oxo) dimeric nitridotechne- 
tium(V1) species in aqueous solution was studied by EPK and VIYIJV spectrophoto- 
metry. The position of the equilibrium and the rates of intcrconvcrsion of the species 
depend on  the acidity and the coordination ability of the medium. €Iigh acidity (conc. 
HCI) favors the monomeric form [l'cK<:I4(OI I2)]-. readily established by EPR spec- 
troscopy. The dimeric species can not be seen by EPR. The di(p-oxo)structure was 
confirmed by single crystal X-ray structure determination of [AsPh4jz[ (TcNC12 12 

(pO)2I2 (Fig. 12.7.A) [64]. 
The so-called nitridotechnetie acid [TcN(OH2)3(p-0)2Tc~(OH2);l"-. dissolved in 

1 M tolucne-4-sulphonic acid, reacts with diethyldithiocarbamate S,CNEt2 to give 
the yellow dimer [[l'cV'N(S2CNEt,))~(p-O)~]o. The neutral complex crystallizes in the 
triclinic space group f'T with a=X.069(2), h=9.224(2), c=14.017(3) A, z= I07.77(2), 
/I=l02.0S(Z). ;!=93.80(2)". 2 = 2 .  The geometry is described as two square pyramids 
sharing an edge. The l'c=N distances o f  1.624 A are almost identical. The short Tc-'L'c 
distance of 2.543 A and the Tc-0-Tc angles of about 82" indicate a metal-metal inter- 
action. The Tc atonis are situated 0.65 A above the corresponding Sz02 basal planes 
[ 6 S ] .  'the formation of the di(p-O)bridged [(TCN(S~CNE~~)),(~-O)~]~ is consistent 
with the formulation of the di-(p-O) nitridotechnctic acid [66]. 

The coordination geometry of the complex [ (TcN(S2CNC,Hs)},(p-O),]". contain- 
ing pyrrolidinyl groups, was round to be almost identical with that of 
[(TCN(S~CNE~~)]~(~-O)~]~. In addition. the di(p-0) bridged anions [(TcN(CN),J2(p- 
O),]' and [ ( T C N ( ~ ~ ~ ) ) ~ ( , L L - O ) ~ ] ~ -  (H2edt = ethane-] .2-dithiol) were synthesiLed. 'The 
EPR spectra of solutions o f  [ ( T c N ( S ~ C N E ~ ~ ) ] ~ ( ~ - O ) ~ ] ~  and [ (TeN(SZCNC4H8)J2(p- 
0 ) 3 ] O  in SOClz and of [AsPh41z[ {TcN(CN)2J2(p-0)2] in acetonitrile with added 

N1 N2 1 2 -  

Fig. 12.7.A Uis(~c-oxo)-bis(dichloro-nitrido-technctatc(~I)]. [ ( /~-0)~(TcNCl,)~l '  . Bond distances 'l'c- 
Tc 2.S79( 1). Tc=N 1.6SO(X), 1.648(8), 'I'c-C'l(avcrage) 2.396.4 [Sh]. 
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[AsPhJ]CI . HCI revealed that cleavage of the dimers occurs to give the nitridotechne- 
tium(V1) monomers [l'cNCl7(S2CNK2))" (R = Et or CJHH) and (Tch'C12(CK)I]- [67]. 

A nitrido-oxalato complex of Tc(V1) of unique coordination features was synthe- 
sized by reaction o f  oxalic acid with [AsPh4][TcKC'14] in aqueous acetone. The red- 
brown crystals of IAsPh~]3[Tc~l\i~O.(c)x)hj (ox = oxalate) crystallize in the monoclinic 
space group P2]ln with the cell parameters a=14.433(1). h=13.22Y( I ) .  c=27.020(1) A. 
/j=92.90(1)", and Z=4. The anion is a cyclic tctranuclear complex with Cj point symme- 
try. Each Tc(V1) atom is coordinated by five osygens and one nitrogen yielding a dis- 
torted octahedron. In each 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 0x0 ligand. Two oxygens o f  a bidcntate oxalato ligand and one nitrido 
ligand complete the octahedral coordination lor each Tc(V1) central atom (Fig. 
12.S.A). The t i -ms  effcct exerted by the nitrido ligands is manifested by the displace- 
ment o f  Tc(V1) abovc the plane o f  the four oxygen atoms by 0.36( 1) A for Tc( 1) and 
0.37(1) A for Tc(2). The technetium nitrido bond lengths of 1.639(17) and 1.606(17) A 
for Tc(1)-N(1) and Tc(2)-N(2). respectively, are similar to those observed in other 
nitrido complexes of Tc(V1). The Tc ... Tc spacings of 3.586(2) and 5.756(3) A preclude 
any Tc-Tc bonding. The bridging and terminal oxalato ligands are essentially planar. 
Thc complex anion represents a new oxalate-containing tetrameric coordination typc 
with a twelve-membered macrocyclic ring. The l'c(V1) oxidation state could be con- 
firmed by a magnctie moment of 1.64 H.M. per technetium atom, a value consistent 
with the presence of one unpaired 4d electron 1681. 
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12.2.4 Catecholato and thiolato complexes 

NHJTcOl reacts with an excess of 3.5-di-rerr-butylcatechol in methanol to yield 
tris(.3,S-di-/crt-butylcatecholato)teclinetiun~(VI), [Tc(dbcat),3]o. 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 P2Jn and thc unit cell dimensions 
rr=15.892(3), b=15.578(4). c=lh.367(3) A, /i=93.13(1)", and %=4. The molecule has the 
tris-chclated structure of C, symmetry. The coordination geometry of Tc(V1) is ap- 
proximately octahedral. The average 'Lc-0 bond length is 1.951 A. 'llie average ligand 
C-0 bond distance of 1.334 A is typical of values found for catecholate ligands. Tbe 
magnetic moment of pC1.,=1 .28 B.M. is considerably lower than the cxpectcd spin-only 
value of 1.73 H.M. Spin-orbit coupling effects may be the reason. [Tc(dbcat)3]' exhib- 
its a well resolved 10-linc EPR spectrum in CH2<:12 solution at room temperature and 
readily undergoes a reversible one-clectron oxidation to an undefined cationic com- 

The unusual binuclear Tc(VI)/Tc(V) mixed-valence catecholato-hydrazido com- 
plex anion [ T C ~ ( N N P ~ ~ ) ~ ( C & I ~ O ~ ) ~ ]  - was synthesized by reaction of [~Z-(C~H. , )~N]  
[TcV0(ChC'1402)2] with N,N-diphenylliydrazine in methanolic solution. Deep purplc 
crystals of [ ~ - ( C J H ~ ) ~ N ] [ T C ~ ( N N P ~ ~ ) ~ ( ( ' ( , C ~ ~ O ~ ) ~ ]  . CF12C12. 2CH3C)H precipitated 
from dichloromethane. The substitution of the terminal 0x0 group may he formally 
described as a condensation type rcaction. Sincc the averagc oxidation state of the Tc 
centers 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 'Tc ccnters bridged by two hydrazido(2-) groups (Fig. 12.9.A). Thc Tc-Tc bond 
length of 2.612(2) A indicates a significant metal-metal interaction. The average Tc- 
N bond distance of 1.94( I )  A is consistent with considerable multiple-bond character. 
' f i e  N-N bond lengths o f  1.31 l(13) and 1.297(13)A are short in the Tc2N4 moiety. 
[ n-( C4Hg)lN][Tcz(NIVPh~)2(Cr,C1402)1] . CH2C12 . 2CH30H crystallizes in the triclinic 
space group Pi with 0=14.210(3), b=16.663(4), c=19.644(4) A, r=76.82(2), p=80.52(2), 
~=66.79(2)", and Z=2 [70]. 

plex [69]. 



The thiolato complex tris(2-aminobenzc1icthiolato)technctiu1ii(VI). [Tc(NHC(, 
H4S).3]3 has attracted much attention [71-731. The compound was prcpared by rcac- 
tion of KH4TcO., with 2-aminobcnzenethiol in aqueous 0.1 M HC1 solution [71]. The 
green-black crystals are orthorhombic. space group P2,2,2,. with a=10.696(2). 
h=11.363(1), c=15.220(2) A. 2=4. Thc structure consists of dicretc [Tc(N€lC6H4S);]" 
molecules, with the six-coordinated tcchnctium atom bonded to the sulphur and nitro- 
gen atoms. The complex is isostructural with the molybdenum analogue [74]. The 
arrangement of thc 2-aminobcnzenethiol ligands about Tc(V1) approximates a trigo- 
nal-prismatic geometry. The triangular faces arc almost parallel. ' lhe distancc of the 
technetium atom from thc N3 plane is 1.265(1) A, from the S3 plane 1.482( 1) A. The 
Tc-N bond distance on average is l.Y95(11) A, the average Tc-S distance 2.351(10) A 
[72]. ' f ic  EPK spectrum of [Tc(NHC(,H4S)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(V1) complcxes are reviewed in Tablc 12.2.A. 

l'able 12.2.h Some \tructural data o f  selected Tc(VI) complexe\ 

Complex Geometry Tc-L PeN References 
1-41 [B.M.] 
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Table 12.2.11 Continued 

Complex Geometrj '1:-L Perf References 
I A1 IB.M.1 

12.2.4 

[l '~(dbc>tt)~]" octahedral 1.95 I (l 'c-0) 1.28 l6')l 

1701 [I'c2(NNPh7)2(C'hCIJOZ)J1- octahedral 2.612 ('I'c l 'c)  paranag. 

[Tc( NMCGH,IS);]' trig. prism 1 .Y9S (Tc-N) paramag. [71 731 
2.351 (lc-S) 

12.3 Technetium(V) 
No oxidation state of technetium in complex compounds proves to be as frequently 
represented as Tc(V). Thc quite large number of publications is devoted to complexes 
containing the ( T c = O ) ~ '  core. followed by compounds characterized by the isoelec- 
tronic (Tc-N)". 0'- and N"- are excellcnt rc-electron 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 these coniplcxes is 
defined by more or less distorted square pyramids, with the oxygen or nitrogen atom 
in the apical position. Oxygen was successfully replaced in a few examples by S2- 
yielding a (Tc=S)-?' core. Another characteristic core, established in numerous com- 
plex compounds, is the  linear trnns-oxo group (O=Tc=O)-- 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 C - O - T ~ = O ) ~ ~  unit. Also, 
structurally interesting imido. hydrazido and diazenido compounds havc bcen synthe- 
sized and identified. Hexafluorotechnetate(V) and diarsinetctrachlorotechnetate(V) 
are among the complexes that had been characterized already in very carly investiga- 
tions o f  technetium chemistry. 

12.3.1 Hexafluoro complexes 

When TcF6. dissolved in iodine pcntafluoridc, is treated with an alkali chloride, reduc- 
tion to Tc(V) takes place and the complex fluorides M(TcF6] (M=h'a. K, Rb. Cs) crys- 
tallize from solution. The salts are bright yellow crystalline powders that arc air sensi- 
tive and hydrolyzed by water. The rhombohcdrally crystallizing alkali salts are rcport- 
ed t o  be not isostructural with the corresponding complex salts of rhenium. but 
Na( TcFc,] and K(TcFh] proved to be isostructural with the analogous ruthenium salts 
Na[ RuFo] and K[ R u F ~ ] .  The alkali hexafluorotechnetate(V) salts reveal magnetic 
monients close t o  those required by thc Kotani theory, e.g. peff=2.2S H.M., 0=130", for 
Na[TcFc,] at 25 "C [75-77). Hydrazinium hexafluorotechnctate(V), ( N2Ho][TcF6I2, was 
obtained by reduction of 7'cFc, with [N2H6]F2 in anhydrous H2F2 solution. It forms a 
yellowish orange salt 1781. 



12.3.2 Diarsine, benzenethiolato, and thiocarbaniato complexes 

The oxidation of [J'c11'(diars)2C1z]CI (diars = 2-phenylcne-bis-(dinictliylarsine)] in 
alcoholic solution with molecular chlorine yields the corresponding eight coordinate, 
dark brown complex salt [?'cv(diars)zC141C1. The oxidation state of Tc(V) was con- 
firmed by titration with titanous chloridc solution. l'he conductivity in nitrobenzene 
and the negligible magnetic monient (-0.9 B.M.) agree with this formulation [79]. Sin- 
gle crystals o f  [Tc(diar~)~Cl~]PF,  belong to the orthorhombic space group k'(/&, Z=S. 
with rr=13.821(4). h=21.159(8). c=21.227( 18) A. ' m e  structure of the [Tc(diars)zC14j 
cation is shown in Fig. 12.10.A. The Dl,, dodecahedra1 coordination geometry is the 
same as in the analogous eight-coordinate [?F(diar~)~CI~]" .  The stability o f  
[Tc(diars)zCl,] ' results mainly from the diars ligands which are known to promote 
high coordination numbers [SO]. 

'Ihe blue complex salt rz-tetrabutylammonium-(2-a1niiiobcnzenetliiolate(2-)-S.N) 
tctrachlorotechnetatc(V) [~z-Bu,~][.rcCl,(abt)l, can be isolated, when (M-Bu~N] 
[TcO(abt)z] is reacted with conc. HCI in the presence o f  methanol. The complex was 
found to have a magnetic moment of ,uCff=2.86 R.M., which corresponds to two unpaired 
electrons. In the IK a single N-H absorption occurs at  3252 cm-I, which is consistent with 
the N-H proton. ?he molecular structure of the coniplex anion (Fig. 12.1 I .A) exhibits dis- 
torted octahedral geometry imposed by the 82.3(1)" bite angle of the abt ligand. The bond 
length of Tc-Cl(2) with 2.324(2) A and Tc-Cl(3) with 2.322(2) A are comparable to the 
Tc-CI distance found for the nitrido analogue [AsPh4][TcNC14]. All four Tc-Cl bond 
lengths in [rz-Bu4N][TcC14(abt)] are shorter than the average Tc-CI distance of 2.442(4) A 
in the cight-coordinate Tc(V) complex cation [Tc(diar~)~CL,] ' mentioned above. As a 
consequence of a trntzs structural effect of the thiolato ligand the longest o f  the four re- 
ported Tc-CI bonds occurs for Tc-Cl(4) with 2.300(2) A. The Tc-I% bond length is 
2.145(4) A. The Tc-S distance of 2.322(2) A falls within the range of values reported for 
Tc(V) square-pyramidal complexes. [r?-Ru,~][IcCI,(abt)] crystallizes in the triclinic 
space group Z'T with a=l1.5154(8). b=13.6200(9), u=10.5547(8) A. s=95.205(5)". 
/i=l16.070(7)", ;.=76.198(4)", and 2=2 [Sl]. 

Fig. 12.10.A [Tc"(diars)&'14]-. Bond lengths ' I~c CI 2.442(4). T - A s  2.578(2) A: bond anglcs As-Tc-As 
I29.46(5). CI -I'c-Cl 91.2 1 (1 2)' [XO]. 
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Fig. 12.11.A 2-~\niinoben7enethiola~o-1c~rachlorotech- 
i>ctatc(V), [C~H~SSIITcCl,l]- [Sl]. 

Tris( benzene-1.2-dithiolato)technetatc(V), [I'c(bdt)3]-. was synthesized by reaction 
of [ AsPh4][TcNC14] with benzene-1.2-dithiol in acetone. Brown crystals o f  [AsPhJ] 
[Tc(bdt)l] were isolated that crystallize in  the monoclinic space group P2,/12, with 
a=12.966(1), b=12.746(2), c=23.233(1) A. b=92.27(8)". and 2=4. Tc(V) is coordinated 
to six sulphur atoms in an almost ideal trigonal-prismatic geometry. 'Ilic average angle 
between the TcSz planes of 119.4" is close to the expected value of 120". The 'I'c-S 
distances range from 2.322(1) to 2.369(2) A. The dithiol ligands and the TcS2 planes 
are essentially coplanar [376]. 

Keaction of dicq.~lopcntameth~lcnethiuram disulphidc with [TcOC14]- in dichloro- 
inethanc resulted in the formation of  the tetrakis(cyclopentamet1iylcnedithiocarba- 
mate-S,S')technetiuni(V) cation with eight-coordinate Tc. The shape of the cation is a 
distorted square antiprism (Fig. 12.1 2.A) with 'I'c-S distances ranging between 2.463 
and 2.494 A. The four S-Tc-S angles are between 77.30 and 79.57". 
[ T C ( C ( , H , ~ K S ~ ) ~ ] H ~ .  C3Ho0 crystalli7es in the monoclinic space group C2/c with 
n=12.343(2). b=20.557(3). c=15.133(2) ;\. /1=103.42(1). and 2=4  [82]. 

l'ahle 12.3.A Some atruclural data of Tc(V) complcxcs described in Sects. 12.3.1 and 12.3.2. 

Complex Geometry TF-I, PCtT References 

12.3.1 

1AI [ R.M. I 

ITcFr,l octahcdral - 2.25 [75 781 

[?'c(dii~Is)~Cl~]' dodec;rhedral 2..57X('I'c-As) 0.9 [ 79.~01 

12.3.2 

2.432(Tc-C1) 



~ 

Complex Geometry 1:-L Pen Helerences 
1.41 I R.hI.1 

~ 

[Tc(aht)CIj]- octahedral 2. I45(I'c-N) 2.S6 [S l ]  

2.322(Tc S) 
[ 're( bdt ) A  J trig.prism 2.32-2.37('1'~~ S) 13761 

[Tc(CJ I,,lNS2),t]i square antiprism 2.363 -2.49J(?'c-S) - lQl 

Fig. 12.12.A ~~ztrakis(cyclopen~~iinztliyl~neditliiocarbamalc)technctium(V). [ I 'c(C~IIloNS~),~]- [X2]. 

12.3.3 (T~O)~+-core complexes 

12.3.3.1 Oxotetrahalogeno and oxopentahalogeno complexes 

'I'hc reduction o f  TcO; in aqueous HCI by hypophosphorous acid (831 or  without 
H3P02 in 12M HCI [84,155] yields a dark green solulion of [TcOCIJ] , from which 
gray-green solids can be precipitated by addition of large cations like [IZ- 

(C4Hc))JN]+ or [(C61~i);PNP(C.H~):~] I. [ I ~ - ( C ~ I T ~ , ) ~ N ] [ ~ ' C ~ ( : I ~ ]  i s  recrystallized Crom 
CH2CI2/hexane to obtain large green plates. The complex salt dissolves readily in 
polar organic solvents such as methanol. acetone. dichloromethanc. and acetoni- 
trile. Upon addition of water it disproportionates rapidly to form TcOl and TcOz- 
hydrate [ S S ] .  The crystal structure of (Ph4hs](TcO<'lJ] was dctermined. The crys- 



tals are tctragonal, space group P&z. u=12.664( I ) .  c=7.822( 1 )  A. and %=2. 'I'he 
[TcOC14] anion possesses idcal C4" syniniclry (Fig. 12.13.A). The Tc atom is 
located in a square-pyramidal arrangement with the chloro ligands occupying the 
basal position and the 0x0  ligand at the apex. Thc Tc=O bond length of 1.593(8) is 
not significantly different from the 'l.c=N bond length of 1.581(5) A in 
[Ph4As][TcNC14], but the 'I'c-CI bond length o f  2.309(2) is slightly shorter than 
that of 2.322( I )  A in the nitrido complex salt. 'This is indicative of a stronger clec- 
tronic influence of the nitrido ligand compared with that of the 0x0 ligand. Conver- 
sely, the 0x0 ligand apparently has a larger stcric requirement as shown by the 
O=?'c-CI anglcs of 106.8(1)" and the displacement of the 'Tc atom of 0.67 A from 
the basal plane [86.46]. 

[H-(C,H~~)~K I [  TcOBr4] was prepared by rcaction of [n-(C4H,~)41i]Tc04 with conc. 
HBr. The gold red crystals dissolve in dichloromethane, acetone. and methanol 
[84,87]. [ Ph4As][TcOBr4] proved to be isostructural with [Ph4As][l'cOCI4]. The Tc=O 
length is l.h13(9), the 'lc-Br distance 2.4hO(I)A [SS]. The square pyramid of 
[TcOBr4] - can be cappcd by a watei.'molecule leading to the distorted octahedron of 
[TcOBr4(H20)] , which was obtained by reduction of KH4Tc04 with 48 YO HBr at 
-5 "C. Tetraethylammonium bromide produced a dichroic green orange precipitate. 
[(C2Hs)4Nl[l'cOBr4(H20)j crystallizes in the orthorhombic space group Ptztm.  X-ray 
diffraction analysis revealed that the four bromine atoms in [TcOBr4(H2O)] define a 
nearly square plane to which the O=Tc-OH* spine stands perpcndicularly. The wafer 
oxygen atom is weakly bound below the plane at a Tc-OH2 distance of 2.317(9) A 

[ I Z - ( C ~ H ~ ~ ) ~ N ~ ( T C O I ~ ]  was obtained from the corresponding oxochloro complcx by 
ligand exchange reaction with NaI in acetone. Thc reduction of TcO; with conc. HI 
yielded products always contaminated with polyiodides. [~Z-(C'JH~~)JN][TCOIJ] forms 
dark gold-brown crystals [go]. 

'I'he [TcOX4]. anions are versatile intermediates for the synthesis of a varicty of 
oxotechnctium(V) complexes [91]. 

The vibrational spectra of the tctrabutylammonium salts of (T~OCIJ], [TcOBr4]-, 
and [TcO14]- indicate ClV symmetry for the complcx ions (Tablc 12.4.A). 

~ 9 1 .  
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Force constants and mean amplitudes of vibration were evaluated. The Tc=O bond 
proved to be by far the strongest, exhibiting force constants of more than S rndyneiA 1921. 

When TcOl is reduced by conc. HCI or HRr, the reaction solution can yield salts o f  
either [TcOXl]- or ['I'COX~]~- depending on the counterion. Addition of [Ph4As]* or 
[ii-(C4Ho)4N1+ yields salts of ['l'cOX4]-. while addition of K+.  NH4'.  Cs~', or 
[(CzHs)4N]+ gcneratcs salts of  COX^]^-. Analysis of the Raman spcctrum of a 12 M 
HCI solution containing a [lcOC14~-/[lcOC15]2- equilibrium mixture lends to an esti- 
mated equilibrium constant of (1 .S+I .0). 10 [93]. Cs2[TcOClS] was prepared by 
adding CsCl t o  a warm solution of Na'IcO4 in conc. HCl [94] or by reaction of 
N H J T ~ O ~  with 12 M HC'I at ambient temperature and addition of CsCl to the reaction 
solution coolcd to 0 "C, yielding a light olive green precipitatc [93]. Orange-red 
Cs2[TcOBrs] was obtained when 48 % HHr was reacted at -8°C with NHi lc04  and 
the formed complex prccipitated by addition of CsRr [93]. X-ray powder diffraction 
measurements revealed C~sz[TcOCl5j and Cs2[IcOHrS] to crystallizc in  a cubic system 
with the lattice constants of ~i=10.199( 1) and ~z=10.672(3) A. respectively [94j. 

Almost 20 years earlier the preparation of (NH4)2[TcOC15] by reaction of 
NHJTc04 with 12 M HCl was reported. The identified compound proved to be dia- 
magnetic. which was cxplaincd as a result of splitting of the tZg orbital and the forma- 
tion of the non-dcgcncrate hl ,  ground level in the tetragonal ligand field [ 95.961. The 
spectra of (NFIJ)2[TcOCls]. KZ[TcOClS]. and Cs2[TcOCli] in the UV, VIS. and IR 
were recorded and interprctcd [Y7]. The Raman and IR frequencies o f  [TcOC15]'- 
and [TcORrSl2 and thcir tentalive assignments are listed in Table 12.S.A. 

Table 12.54 Vibrational frequencies o f  Cs2[TcOCl5] and Cs2(TcORr5] in [em I ] .  The cstiniated relative 
Kainan intensities arc given in pal-cnthcses [9S]. 

M 

CS~ITCOCISI Cs2[TcOBr5] Tentative 

Raman IR Raman IR assienmenl 

953(3) 956 vs Y31(3) 962 vs I,('I.cO).V~ ( A  I ) 
352(3) 3.39 sh 263(2) 262 sh 

341(4) 3-70 vs 211(4) 248 vs IN('I'cX),I!,(A I ), 
33n( 1) 323 sh 230(1) 239 sh h ( / I  ,).).T(HI). 

303(1) 303 sh 220( I ) 218 sh ys( /{) 



C S ~ [  TcOCIS] Cs2[TrORr5] Tentative 

Ranian IR Kaman IR assiriinient 

238 (5) 230 sh 211 sh 

21Y (10) 222 \‘$ 194 (7) 

193 (1)  191 s 132 (3) 

174 (2) 175 5 120 sh 

134 (2) 131 m 104 (2) 

I6Y (2) 

115 (5) 96 m so (1) 

36 (1) 46 in 50 (0.5) 

12.3.3.2 Oxocyano and oxothiocyanato complexes 

When a suspension of Tc02-hydrate in water is reacted with a hot aqueous solution of 
KCN, a honey-colored solution is obtained. After addition of methanol. greenish yel- 
low crystals of K2[TcO(CN)s] . 4 H 2 0  were isolated which hydrolyzed in aqueous solu- 
tion slowly in the absence of cyanide ions to form K3[I‘~02(CN)4]. Kcaction of 
[TcOC14]- with CN- ions in methanol produced t~~~rrns-oxomethoxy-tetracyanotecliiie- 
tate(V). [TcO(OMe)(CN),I2-. Its [ I T - ( C ~ H ~ ) ~ N ] ’  salt formed lilac needles. The Tc=O 
stretch of the methoxidc complex appeared at 932 cm-’, while that of [TcO(CN)# 
occured at 910 cm ’ [99]. 

Oxotetracyanoaquotechnetatc(V), [TcO(OH~) (CN)~]  , was obtained in acid solu- 
tion by protonation of [TcO2(CN),]”- and precipitated with [(CH3)4N] + to form blue 
crystals o f  [ (CH~)JK][T~O(OH~)(CN)J] .  2H20. The compound crystallizes in the 
orthorhombic space group Z’mniri with n=12.11: h=9.04. c=7.10 A. and 2=2, and is iso- 
structural with the analogous complex salt of Ke(V). In [TcO(01€2)(CN)4] the aquo 
ligaiid is displaced upon reaction with excess thiocyanate. 

By addition of 2,2’-bipyridinc to the reaction solution the complex salt (2,2’- 
bpyFl)2[TcO(NCS)(CN)4] was obtained in form of  green needles. crystallizing in the 
monoclinic space group C2/c with a=18.210(4), 6=19.473(1), c=lS.S01(3)A, 
/;=107.S07(14)”, and %=8. The structure consists of discrete [‘ICO(NCS)(CN),]~ and 
monoprotonated 2,2’-bipyridinium ions. The NCS- ligand is coordinated via thc nitro- 
gen atom (Fig. 12.14.A). The coordiiiation geometry is a distorted octahedron that is 
very similar to the coordination inode observed for [ReO(NCS)(CN)4]2-. The slightly 
shorter Tc=O bond length of 1.612(8) A is accornpanied by a longer trans-Tc-NCS 
bond of 2.162(9) A reflecting the greater structural tmm effect cxcrted by the stronger 
Tc=O linkage [loo]. 
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Fig. 12.14.A Tctrdc)ano-isothioc).anato- 
oxotechnetate(V). [?cO(NCS)(CN),]*- 
[IOU]. 

Oxopentakis(isothiocyanato)technctate(V). [TCO(NCS)~]~-  was obtained by substi- 
tution of chloride in [TcOCIJ with thiocyanate ions. The reaction of a methanol solu- 
tion of [ ~ Z - ( C ~ H ~ ) ~ N ] [ T ~ O C I J ]  with five equivalents of NH4SCN. followed by precipi- 
tation with [Ph4As]'. yielded a bright rcd microcrystalline solid of [ Ph4As12 
[TcO(NCS)~]. The magnetic moment o f  peff= 1.04 B.M. at 298 K is difficult to intcr- 
pret. In the presence of excess SCN-. [TCO(NCS)~]*- is easily reduced to mixtures of 
both [ T C ( N C S ) ~ ] ~  and [Tc(NCS)(,]'- [ 1011. 

12.3.3.3 Tc0(04)-, Tc0(02CI)-, Tc0(02C13)-, and TcO(Os)-core complexes 

The existence of the first core was verified by the oxoglycolate complex [TcO(OCH2 
CH20)2]- that was prepared by reacting [7'c0Cl4]- with excess ethylene glycol in an 
alkaline medium. ( ~ - ( C J H ~ ) ~ N ] [ T ~ O ( O C H ~ C H ~ O ) ~ ]  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 thc glycolate ligands are readily exchanged, the complex is useful for 
sythcsizing new oxotechnetium(V) compounds [102,103]. 

Several catecholato complexcs containing the O = T ~ ( O ) ~ - c o r c  have been synthe- 
sized and structurally identified. Catcchol and [TcOC14]- rcact in methanol to produce 
a red-purple reaction mixture from which. after treating with NaOH and n-tetrabutyl- 
ammonium chloride, golden crystals of [ / Z - ( C ~ H ~ ) ~ N ] [ T C ~ ( O ~ C ~ J  14)2] were ohtaincd. 
The crystals are monoclinic. space group C'2/c. with cell dimensions ~r=10.303(3), 
b=13.835(3), c=20.643(5) A, /l=101.74(3)", and 2=4. The coordination geometry of the 
anion is square pyramidal with a short Tc=O bond of 1.648(5) A and the longer Tc-0 
distances of 1.056(3) and 1.958(3) A to the catechol groups. The Tc atom lies 
0.7014(4) A out of the plane of the four catcchol oxygen aloms. Each pair of the catc- 



chol oxygens is almost coplanar with their benzene ring. The rings are bent away from 
the 0x0 group, forming a dihedral angle o f  162" with the base of the square pyramid. 
In contrast to the oxoglycolate complex, the oxocatccholate anion dceomposcs only 
minimally in pure lvater [102]. In order to facilitate the deprotonation of the catechol 
ligand, 4-nitro-1.2-catechol was used for chelating the Tc=03'  core. The coordination 
geometry of [ T C O ( O ~ C ~ H ~ N O ~ ) ~ ] -  is again square pyramidal exhibiting similar bond 
distances as described above for the catcchol complex containing no nitro groups 
[ 1041. The same applies to the diamagnetic 0x0-bis(tetrachlorocatccholatotechnct- 
ate(V), [TcO(02C6C14)2] [70]. TcVOL4 complexes of C,, symmetry are expected t o  
be spinpaired and diamagnetic 1911. 

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 [TcOC14] -. The greenish yellow crystalline [TcO 
(hmpo)2C1]o and the red [T~(dpp)~Cl ] " .  0.SH20 were identified. Depending on the 
reaction conditions also the complex anion [TcO(hmpo)CI3] can be prepared. 
[(n-B~)~N][TcO(hrnpo)Cl~~l crystallizes in the monoclinic space group P2Jc with 
~=10.724(2), b=11.327(2). c=23.651(2) A. /?=101.46(1)", and 2=4. The coordination is 
highly distorted octahedral. The 0x0 oxygen and the negatively charged oxy oxygen 
donor of the hmpo ligand occupy f r m s  positions subtcnding an angle at Tc of 
162.3(1)". 'I'he thrcc chloro ligands and the ketonic oxygen donor form an equatorial 
plane, out of which TC is displaced by about 0.2 A toward thc 0x0 oxygen. The distor- 
tions from octahedral geometry arc primarily due to the bitc angle of 76.08" of the 
hmpo ligand. The mean Tc-C1 distance is 2.359 A [IOS]. 

Reation of [(i7-Bu4)N][TeOC14] with oxalic acid in  aqueous acetone and addition of 
[ Ph4As]C1 gave a pale green. crystalline. diamagnetic product of the composition 
[Ph,As],[Tc"o(~x)~(Hox)] 3HZ0. The complex anion is unusual in that i t  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- 



nated t o  the 'Tc atom via the oxygen O(5) with the 'Ic-O(5) distance of 2.031(6) A. 
The adjacent O(8) is not coordinated. since the 'l'c...O(X) spacing is 3.234(9) A. 'The 
bond length in the Tc=O group is 1.640(6) A. While the two bidentate oxalato ligands 
are essentially planar, the unidentate oxalato ligand is severely distorted from planar- 
ity. Ihe  six-coordinate structure is unexpected in view or the preference ol' the 
('IcO)'--corc to form square-pyramidal complcxes. [Ph4As]2[Tc0(ox)2(HoX)J .3H20 
crystallizes in the monoclinic space group f>21/c with the lattice constants rr=l6.495(3). 
h=14.802(2). c=21 .S05(4) A. [j=9S.76( l)",  and Z=4 [68]. 

.~ 

12.3.3.4 TcO(S4)-, TcO(OS3)-, Tc0(02S2)-, TCO(S~)~- ,  and TcO(S2Se2)-core 
complexes 

The reduction o f  NHiTc04 in ethanol with sodium borohydride in the prcscnce of ali- 
phatic dithiols yielded the bright orange oxo-bis(dithiolato)technetate(V) complexes 
[ T C O ( S C H ~ C H ~ S ) ~ ]  , [TcO(SCH2CH2CH2S)2] , and [ T C O ( S C H ~ C H C H ~ S ) ~ ]  . which 
were conveniently precipitated upon addition of [Ph4As]+. The X-ray structure of 
[PI~,AS][TCO(SCH~CH~S)~] was solved in the orthorhombic spacc group Pbcu with 
a=19.669(3). h=18.745(4). ~ ~ 1 5 . 1 2 2  A, and 2=8. 'I'hei structure of the anion shows a 
coordination geometry around thc Tc(V) close to square pyramidal. The four sulphur 
atoms form a square base with the Tc atom 0.761(2) A above the base. The average 
Tc-S bond distance is 2.30( 1) A. The oxygen atom constitutes the apex o f  the square 
pyramid with a 'Ic-0 bond distance of 1.64(1) A [106]. The 0x0-bis(dithio1ato)techne- 
tate(V) complexes were found to be weakly paramagnetic and to posscss magnetic 
moments that are field-strength dcpcndent. The complexes have been characterized 
by UV, VIS. IR, Ranian, and NMK spectroscopy [107]. 

When [rz-Bu4N] ' is added to the aqueous reaction mixture of thioglycolatc with 
Tc04, a yellow-brown crystalline precipitate of the thiomercaptoacctato complex salt 
[ ~ - R ~ . ~ N ] [ T C O ( S C H ~ C O S ) ~ ]  is obtained instead of the expected corresponding thio- 
glycolate complex. Mercaptothioacetic acid is suggested to he a significant impurity in 
commercial thioglycolic acid. ' I l c  complex compound crystallizes in the monoclinic 
space group C,,, with the lattice dimensions a=lO.451(5). h= 14.S5S(8), c=9.927(7) A, 
/{=114.88(5)", and %=2. The Tc atom is coordinatcd by the apical 0x0 oxygen and four 
sulphur atoms in a near square pyramid. 'The Tc=O bond distancc of 1.672(8) A is 
slightly greater than that in [ P ~ ~ ~ A S ~ [ T C O ( S C H ~ C H ~ S ) ~ ] .  [rz-But?N][TcO(SCH~COS)2] 
was also found to be weakly paramagnetic and the effective moincnt of 1.2-1.5 B.M. 
to be field strength dcpendent [ 1081. 

Dithiooxalate ligands (SCOCOS)2 react with [l'cOC14] in acetone to form 
[lcO(SCOCOS),]-. Addition of [Ph4As] + yields red-brown [ PIi,As][~rcO(SCOCoS),] 
[109]. Crystals of the complex salt belong to the triclinic space group P1 with %=2. 
'l'he lattice parameters are a=12.294(2), b=12.531(2). c=13.071(2) A. ~=115.10(1). 
/j=114.22(1). 7=101.93(1)". The geometry about the Tc atom is again distorted square 
pyramidal with the oxo oxygen occupying thc apical position. The distortion arises 
from the large t i 'arzs  influence of the 0x0 ligand and is manifested by the displacement 



of the Tc atom from the basal plane by 0.759 A. The Tc-0  bond distance of 1.646(4) 
A and the 'I'c-S bond length of 2.329(1) A are consistent with other 'I'c(V) complexes 
containing the O=TC(S)~ core [I  101. 

The reaction of beiizcne-l.'-dithiol (H2bdt) with [Ph4As][TcOC14] in aqueous etha- 
nol  resulted in the red-brown complex salt [PliJAs][TcO(bdt)z] with m.p. 20s-210 T. 
[ PhJhsI[TcO(bdt)?] crystallizes in the monoclinic space group Cc with rr=12.652( I ) ,  
h= 15.783(1). c=16.662(1) A. 8=93.03(1)", and Z=4. The 'Ic atom lies 0.732(1) A above 
the plane of the four sulphur atoms. The sulphur and carbon atoms are located in two 
different planes. The dihedral angle of 164.91( between the normals of the planes 
renders a butterfly conformation to the complex anion [I 111. 

[PhJAs][l'cO('l~] reacts with 1.2-dicyanoethcnedithio1~1te {CZ(CN)&)'- in ethanol 
to yield red-brown crystals of [ Ph4As][TcO(C2(CN)&)2] that are inonoclinic and 
belong to the space group 1'2,ic with a=12.636(1), h=13.749(1), c=18.4S4(1) A. 
/)=93.49(1)", and %=4. The structure of the [ T C ~ [ C ~ ( C T V ) ~ S ~ ] ~ ] -  anion shows again a 
distorted square pyramidal core. ?'he Tc atom is placed 0.742(3) A above the plane of 
the four sulphur atoms. The anion conformation is similar to that in [TcO(bdt)2J de- 
scribed hcfore [112]. 

Monodentate aromatic thiols ArSH (Ar  = 2,4.6-(CI Ij)3C6Hz, 2,4.6-(CH;CHCI 13); 

C6H2. and 2,6-(C6Hs)2C~,Hj)) react in methanol with [TcOC14]- to produce the complexes 
[l'cO(ArS)4]- that may be precipitated with bulky organic cations. [n-RuLIN] 
[l'cO( ((3 13)3C6H2S]4] forins red-brown needles that ctytallize in the monoclinic space 
group C2/c with n=21.909(6), h= 17.366(5), c=14.348(7) A. /j=100.67(3)". and 2=4. The 
O=TC(S)~  core adopts the expected square pyramidal geometry (Fig. 12.16.A). The 'I 'cd) 



distance is 1.659(11) A and the average l'c-S distance 2.38(2) A. 'l'he Tc atom is displaced 
by 0.846 /p\ from the basal plane towards the apical oxygen. The average ci.s S-Tc-S. t r a m  
S-'Ic-S and 0-l'c-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 [Ph4As] 
1TcO(tmbt)41 (Htmbt = 2,.3,.5.6-tetramcthyIbenzen~tliiol). The complex salt is readily pre- 
pared by reaction of [Ph4As]['l'cOC14J with Htmbt [ 1 141. 

B>, reaction of T c 0 4  in 2 M HCI with reducing and complexing tetranieth~ltliioLlrea 
(tmtu) the cationic complex [ T ~ O ( t n i t u ) ~ ] ~ '  is generated which precipitates as the red- 
orange [TcO(t~ntu)~][  PF(,] ;. Obviously, Ictramethylthiourea ligatcs through the terminal 
sulphido groups [ 1151. [ l ' cO( t rn t~ )~ ] [  PF,,]3 reacts in a DMF solution of bis(dip1ienylphos- 
phino)ethanc (dppe) to form a brown crystalline product that was identified as 
[Tc\'O(tmtu),(C'I I.q)?NCX][ PF6]?. The complex contains a bidentate dimcthyldithiocar- 
hamate ligand produced from the rearrangement of bonded tetramethyllhiourea. 'l'hc 
crystals arc monoclinic with the space group P2,lc, u=Y.388(4), h=26.745(20), c=11.990(3) 
A, /j=l01.62(3)". and 2=4. 'l'he geometry around the Tc atom is square pyramidal. The 
Tc-O bond distance is 1.661(6) A. The Tc-S bond lengths are 2.328(2) and 2.343(2) A for 
the tetramethylthiourea ligands and 2.349(2) and 2.353(2) A for the dimethyldithiocarba- 
mate ligand [ 1161. 

In addition. several Tc( V) complexes based on the O='l'c(S)4-core have been pre- 
pared. The preparation was achieved by exchange reaction of Tc(V) gluconatc with 
various dithiols in aqueous ethanolic solution. Thc oxo-dithiolatotechiietate(V) com- 
plexes were mostly precipitated as the [ Et&] ' salts. The complex compounds turned 
out to be diamagnetic in solution, and have probably square pyramidal structure 
11 17.1 1S.llYJ. Stereoisoincric complexes derived from m e w  and roccinic~ 2.3-diiner- 
captosuccinic acid dimethylester were identified by 'H NMK 11201. The kinetics of 
t h e  reaction between pcrtcchnetatc and meso- or rricemic dimercaptosuccinic acid in 
hydrochloric acid solution were studied. The reaction was found to  be first order in 
each reactant [121]. Also the reaction o f  pertechnetate with para-substituted benzene 
thiols was followed and showed a simple second order kinetics. The reaction rate 
decreased when the substituent became more electron-withdrawing [122]. 

Because rmxwzic 2.3-diinercapto-succinic acid (DMSA) by reaction with reduced 

with meso-DMSA \vas found to be ostcotropic. an important experiment was to find 
the molecular structure o f  the dimcthylcster of the latter complex containing long- 
lived "Tc. 'Ihc complex anion was prepared by ligand exchange reaction o f  technc- 
tium(V) gluconate with r~zcso-2,3-dimercaptosuccinic acid dimethylester. Red crystals 
of the tetraethylammonium salt were obtained, crystallizing in the monoclinic space 
group P2,ic with rr=12.722(3), b=13.S20(4). c= 18.213(5) A. /I= 107.13(4)", and 2=4. 
l 'he structure of (TcO(ScIr(CO2Mc)(:H(CO~~e)S~~]- confirms the nearly square 
pyramidal coordination geometry of 'l'c(V) (Fig. 12.17.A) with the sulphur atoms 
forming the basal plane. The Tc atom lies 0.78 A above this plane. The Tc=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 syir isomer. The .sy7 isomer has the four carboxylic groups on 
one side of the molecule, allowing strong intcraction between the carboxylic groups 
and bone [ 1231. 

~ l ~ l t l l ~ c ~ -  leads to a product that is excrctcd by the kidneys, whereas the 99"'Tc complex 



The tridentate ligand 3-thiapentane-1 ,j-dithiol, HS(C€-12)2S(CH2)2SH, and thiophe- 
no1 in an equimolar ratio react with Tc(V)gluconate in acetone to form a brown solid 
of oxo-(3-thiapentane-l,5-dithiolato)(thiophcnolato)technetate(V). Spectroscopic 
characterization points to a TcO(S.,)-core [ 1241. In place of thiophenol other niono- 
dentate thiols were also used for complexation. and 3-thiapentane-1,s-dithiol was 
replaced by HS(CH2)20(CH2)2SH resulting in TcO(OS3)-eore complexes [12S]. 

Instead of sulphur donor atoms the MoS: anion was coordinated to oxotechne- 
tiuni(V). The pale yellow complex salt IBu,N][Tc"O(MoS.,)2] was obtained by treat- 
ing [Bu4N][TcOCl~] in methanol with a methanolic solution o f  (NHj)z[ MoS4). 
[ B~JN][TcO(MOS~)~]  is diamagnetic and soluble in EtOH and IIMF. It exhibits an 
intense 1R absorption at 895 cm-' that is attributed to the Tc=O stretch 11261. 

The substitution of sulphur by oxygen in l c ( V )  complexes containing the 'TcO(S)4- 
corc was early demonstrated in the preparation of bis(2-mercapto-ethano1ato)oxoteehne- 
tatc(V). Reduction of TeOi by S20:- in aqueous alkaline solution in the presence of 2- 
rnercaptoethanol and subsequent addition of [Ph4As]- yielded a metallic pink ciystalline 
precipitate of [P~~A~J[TCO(SCH~C€Z~O)~] .  The X-ray structure analysis of the complex 
salt revealed a pseudo-square pyramidal coordination geometry for the technetium atom. 
The basal plane is distorted toward a trapezoid because of the difference between the 
average Tc-0 and Tc-S distances of 1.950(4) and 2.201(2) A. respectively. The Tc dis- 
tance to the basal plane of 0.720(1) A is considerably shorter than that in 
[ '~ 'CO(SCH~CH~S)~]-.  The Tc=O distance is 1.64(1) A. the S-Tc-S and 0-Tc-0 angles 
are 86.09(7) and 79.5(2)", respectively. Although the cis form of the complex was isolated. 
there is no doubt about the existenec of the rrms isomer. [PhlAs][TcO(SC€12CH,0)21 
crystallizes in the orthorhombic space group Pbca with u= 15.039(2), b=18.5 10(3), 
c=19.196(3) A, and 2=8 [127]. The ligand exchange reactions of [TCO(OCH~C€Z~O)~]- .  
[TcO(OC6H40),]- and ['TcO(SCH2CH20)7]- with two equivalents of 1.2-ethanediol in 
methanol ultimately yielded [TCO(SCH,CH~S)~]- [12SJ. 

Metallothioneins. sulphur-rich nictal-binding proteins, offer promise as carrier of 
99m'l.~ in radiolabeling of biologically active molecules. Metallothionein binds 7'c(V) 
in a thermodynamically stable and kinetically inert thiolate complex. As dernonstrat- 
ed spectroscopically, the Tc03+-corc is bound in square pyramidal geometry to give 
the TcOS; stoichiomctry [129]. 

Ilsing the ligand 1 ,l-dicyanoethene-2.2-disel~iioIate. ((CN)lC=CSe2)2-, for ligand 
exchange reaction in aqueous solution with Tc(V) glueonate. the diselenato-complex 



[ T C O { S ~ ~ C = C ( C N ) ~ ] ~ ] -  was obtained and precipitated as a brown tetracthylammo- 
nium salt. The complex demonstrates the existence of the 'IcO(Se), core. X-ray anal- 
ysis confirms its approximatel). square pyramidal geometry in which the four selenium 
atoms form the basal plane and the 0x0 oxygen occupies the apical position. The dis- 
tance of the Tc atom from the basal plane is 0.88 A towards the oxygen atom. The 
Tc=O bond is approximately perpendicular t o  this plane and its length is 1.67(2) A. 
The [our Tc-Se bond distances are almost equal with a mean value o r  2.471 A. 
[Et,N]['l.cO(Se2C=C(CN)2)21 crystallizes in the triclinic space group P i  with 
a=13.394(8), h=9.935(6), c=9.703(6) A, a=107.21(7)". /3=95.12(5)", ;1=92.89(4)", and 
Z=2 [130]. Reaction of ((CN)2C=CSSe]2 with Tc(V)gluconate yielded [TcO 
(SeSC=C(CN),)2]-. containing the TcO(S2Se2)-corc I 131). 

12.3.3.5 TcO(Nd)-, TcO(N~CI)-, TcO(N,O)-, TcO (N302)-, TcO(N202)-, 
TcO(N202CI)-, TcO(N20+, and TcO(NO&core complexes 

Pertechnetate reacts in alkaline aqueous solution with 1,2-diaminobemene in the pres- 
ence of S20i- as the reducing agent to form the complex anion [ 'TCO(HNC,H~NH)~] 
that was precipitated as the orange tetrabutylammonium salt. The complex is diamag- 
netic. A single K-H stretching frequency at 3247 cm indicates that each ligand coii- 
tains one hydrogen per nitrogen. The Tc=O 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 o f  air. The complex core has square pyramidal geometry 
with the 0x0 oxygen occupying the apical position. The Tc atom lies 0.67 A above the 
plane defined by the four nitrogen atoms. The Tc=O distance is 1.668(7) A. ?he mean 
Tc-N distance of 1.98(1) A is intermediate between the values for dcprotonated 
(1.91A) and aminc nitrogen (2.08 A). The bite angles of the nitrogen atoms are 78.8 
and 79.0". [n-Bu~~II(TcO(HNCc,HJNH),I crystallizes in the orthorhombic space group 
P212121 with a= I1.644(3), b=15.303(4), c=16.950(5) A. and 2=4 1251. 

r-aniineoxime complexes of technetium have been extensively studied i n  order t o  
develop 99mTc radiopharmaceuticals for the measurement of regional cerebral blood 
flow. The oxo(tctradentate-amineoxime)-tcchnetium(V) coniplexcs of long-lived ""Tc 
were prepared by reaction of'l'c04 with the amincoxime ligand dissolved in 0.9 Yo sal- 
ine, when TcO, was reduced with Sn(T1)-tartrate. The neutral, lipophilic, orange to  
rust-colored coniplcxes are extractable into ether. 3.3.9.9-tetrarnethyl-4,8-diazauiide- 
cane-2,10-dione dioxime forms the prototype complex with an approximate square 
pyramidal core (Fig. 12.18.A). The 'Ic 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. 
'Thc bond lengths between the deprotonated N(imino) atoms and the Tc atom of  
'Ic-N(3)=1.908 and Tc-N(4)=1.917 A are much smaller than the N(oxinie)-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. 'Ihe O...O distance of 2.420(5) A is in the 
range o f  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=l1.060(4) A, /1=104.13(5)", and %=2 11321. 
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Fig. 12.18.A 3.3.Y,~)-'Iet~ame~li~l-J,S-diazaundecane-2.1O-dionc dioximnro-o~otechne~il lnl(~) ,  [IcO 
(pnao)]" [l32]. 

Other square pyramidal technctium(V) tetradentate aminc oxime complexes were 
prepared using the ligands 3.3.9-trinicthyl-, 3,9-dimethyl-, and 3.6.6.9-tetramethy1-4,8- 
diaza-undecane-2,lO-dione dioxime or 3.3,8,8-tetramethpl-4,7-diaza-dccai~e-2~9-dione 
dioxime. 'Ihe IK spectra show the Tc=O stretch between 908 and 927 cm-I that is at 
the low-energy end of the range (880-1020 cm-') thus far observed for nionooxo-tcch- 
nctium(V) complexes. This observation can be intcrprcted by weakening o f  the 'I'c=O 
bond through the multiple bond character of the two Tc-N bonds in the basal plane. 
Accordingly, the average l c = O  bond distance of 1.676(8) A is at thc long end or the 
range (1.610-1.672 A) found for monooxo-technetium(V) complexes [ 133,1341. 

There is some evidence for the synthesis of green oxo-octaethylporpliyrinato-tcch- 
netiuin(V) acetate, when TcO; and octacthylporphyrin were reacted in glacial acetic 
acid under a nitrogen atmosphcre. The apparently neutral product is soluble in 
CH2C12 and benzcne. 'The FAH ' mass spectrum corresponds t o  the cation [TcO(oc- 
taethylporphyrinatc)] ' [ 1351. 

The dark violet oxocliloro-bis-(l,lO-phenanthrolinc)technetium(V) cation [TcOCI 
(phen)2]2A was prcparcd by controlled potential cathodic reduction or dithionite reduc- 
tion of TcOj in aqueous alcoholic solution containing 1 ,lO-phenanthroline. The com- 
pound was also obtained by ligand exchange reaction of [TcOCIJ]- with phcn in methanol. 
The strong IR absoiption at 895 cin-' was attributcd t o  the Tc=O stretching vibration. 
The 'H NMR spectrum of the complex displayed 16 distinct resonances that were 
assigned by MH-COSY experiments t o  the non-equivalent aromatic protons of the two 
phen ligands. Ihe 'H NMR signals suggest that the oxygen and chlorine atoms assume a 
cis configuration yielding a completely asymmetrical environment [ 1361. 

A neutral oxo-technetate(V) complex based on the core TcO(N30) was obtained 
by reaction of [ T c O ( O C H ~ C H ~ O ) ~ ] -  with N-(2( 1 H-pyrolylmethyl)]N'-(4-pcntene-3- 
onc-2)ethane-l,2-diamine (I-13ped) in methanol. .lhc neutral complex [l'cO(ped)]" 
precipitated, yielding orange-red needles crystallizing in the orthorhombic space 
group p2,2121 with the cell parameters a=lI.701(.1), h=14.949(2), c=7.516(1) A, and 



Z=4. The T c - 0  stretch was observed at 953 cm *. Strong IR absorptions at 1580 and 
3524 cm-' \vc~-c ass iped  to thc C=h  and C=O stretches. respectively. X-ray analysis 
confirmed thc five-coordinate. distorted square pyramidal geometry of the core. The 
'I'c=O bond length is 1.666(3) A,  the l c - 0  distance 2.025(3) A, the shortest Tc-N 
bond length l.897(4) A [137.138]. 

Some complexes containing the '1cO(N302)-core with pentadentate ligands are 
known. The Schiff-base ligand, derived from salicylaldehydc and diethyleiietriamirie. 
reacts with rTcO(OCH-J'I120)21 in methanol to givc the neutral compound N.N'-3- 
azapentane-1 .j-diyl-bis(salicylideneiIninato)oxotechnetium(V), [I'cO (aps)]'. The red 
complex crystallizes in the monoclinic space group f%Ilc with ~/=9.459(8), />=9.437(7). 
c=21.768(12) A. /j=99.023(5)", and 2=4. 'I'he IR spectrum of the diamagnetic com- 
pound sh0n.s the Tc=O stretch at a low frequency of 888 cm '. l 'he structure reveals a 
highly distorted octahedral coordination geometry (Fig. 12.19.A) of Tc(V). The Tc 
atom lies out of the mean equatorial plane by 0.30 A towards the o x o  ligand. The 
O( 1) atom of the quinquedcntatc ligand is located r rum to the Tc=O group. while the 
remaining four donor atoms, K 3 0 .  occupy equatorial sites. The 0(1)-'1c=O axis of 
161.2(3)" is non-linear. The Tc-N(2) bond distance of I .894(2) A is much shorter than 
the Tc-N(l) bond length o f  2.101 (8) A. The reason is the deprotonation of N(2). ' lhe 
Tc=O(3) bond length of 1.685(6) is at the longer end of the range expected for oxo- 
technetiuni(V) complexes. Whcn the Schiff-base ligand is derived from salicylalde- 
hyde and e.g. 3,3'-diamino-N-methyIdipropylamine, in which the hydrogen atom of 
the central amine group is substituted by an alkyl group. the expected cationic oxo- 
technetium(\/) complex is obtained [ 1391. 

A similar oxotechnetium(V) complex of highly distorted octahedral coordination 
geometry was prepared using the pcntadentatc ligand N,N'-3-azapcntane-l,5-diyl- 
bis( 3-( 1 -iminocthyl)-6-niethy1-2H-pyran-2.4-dione) (H;apa). The purple-red. neutral 

C(4)  

Fig. 12.1Y.A N.N'-i-azapentanc-I ,5-diyl-hs(salicylide11~i~nato) oxotechneti urn(V). [TcO (aps)]' [ 1.391. 



complex crystallizes in the orthorhonibic space group Phcn with a=12.833(2), 
b=33.320(5). (.=9.942(4) A, and %=8. One o f  the two oxygcn donor atoms of the pen- 
tadentate ligand is located trnr7.7 to the Tc=O bond. The distance of 1.880(2) A 
between the dcprotonated K atom and Tc is significantly short [140]. 

Cationic complexes of the core Tc(N302) have been recently synthesized. The 
reaction of chloro(N-(2-oxidophenyl)salicylidenei1ninato}oxotechnetium(V) (l'cOCI 
(ophsal)]" with neutral, bidentate, aromatic nitrogen donor ligands gave the complex 
salts [TcO(ophsal)(bpy)]PFh, [TcO(oplisal)(plien)~Cl.H70. and [lcO(ophsal) 
(dpk . EtOHICI. whcrc bpy=2,2'-dipyridyl. phcn= 1 .lO-phcnanthroline, and dpk=bis 
(2-pyridy1)ketone. The dark grccn compounds are soluble in polar solvents. Spcctros- 
copic and analytical results suggest terdentate coordination of (ophsa1)'- in the equa- 
torial plane with the bidentate nitrogen donor ligands bridging thc fourth equatorial 
site and the position t r m s  t o  the 0x0 group 11411. 

The TcO(N202) corc is represented in anionic and cationic complexes and the core 
'l'cO(N202CI) in neutral complexes. N,N'-ethylenc-bis(2-pheiioxyacetamide), 
HOC~,HICONHCH2(:H2NHCOC~~HIOH(H4epa). reacts with [n-Bu4N][TcOCI4] in 
CH2C12 to form orange crystals of [n-B~,~N][TcO(cpa)], in  which Tc is coordinated by 
a distorted square pyramid. The 0x0 oxygen occupies the apical position and the base 
is dcfined by the two nitrogen and the two oxygen donors of the quadruply dcproto- 
nated ligand (Fig. 12.20.A). The Tc atom rests 0.65 A above the Nz02  base. The Tc=O 
bond length is 1.648(3) A, the average Tc-0 ligand distance 1.960(4) A. and the aver- 
age Tc-N distance 1 .Y77(6) A. (n-BuIN][l'cO(epa)] crystallizes in the  triclinic space 
group P i  with ~=12.067(3). h=12.110(4), c=12.289(3) A. %=109.59(1), ~ = l l l . l l ( l ) ,  
y=Y2.09(1)", and 2=2. The compound Is soluble in DMF. CH3CN or  CH2(:12 and 
proved to be diamagnctic [142]. 

The similar neutral complex 

Me c1 Me 

was obtained as a brown precipitate by rcfluxing [ ( ~ - B U ) ~ N ] ( T C O C I ~ ]  with N.N'-ethyl- 
ene-diyl-bis(3-(l-iminoethyl)-6-methy1-2H-pyran-2.4(3H)-dione] in ethanol. The 
v(Tc=O) frequency was found at Y60 cm-' [ 1431. 

The cationic complexes [TcO(bgo)2]+ and [ T ~ O ( b l o ) ~ ] + .  formed by reduction of 
T c 0 4  with S I O :  in the presence of the bidentate. monoanionic beii~imidazol~lalcoho- 
latcs @go)- and (blo)-, were precipitated as the green crystalline hcxafluorophos- 
phates [ T C O ( ~ ~ O ) ~ ] [ P F ~ ]  . 2 H 2 0  and [ T ~ O ( ~ I O ) ~ ] [ P F ~ ]  . 2iT20. 'llie green neutral 
compounds [TcO(bgo)?CI]" and [TcO(blo)2C1]" were synthesized b y  substituion of 
chloride in [Tc0Cl4]-. The four coordinating sites on the plane perpendicular t o  
Tc=O are occupied by rrms-N,O arrangements of the two bidentate ligands. The neu- 
tral complexes appear to have a distorted octahedral geometry around Tc(V) [ 1441. 
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Fig. 12.20.A N,N'-rthylene-bis(2-phcnox\.acetamido)-oxoteeli1ict~il~(V). [TcO(cpa)J- [ 1421 

The replacement of chloride ligands on [?'cOC14] ~ in ethanol by the tetradentate 
Schiff-base ligands K.N'-cthylcnc-bis(acety1acetoneimine) {H2(acac)2en} and N.N'- 
ethylene-bis(salicy1ideneitnine) [ H2(sal)2en} yielded the cationic acetylacetoneiininato 
complex [TcO(H20)( ( a c a ~ ) ~ e n } ] +  which exhibits a distorted octahedral coordination 
geometry containing a rrLiri.s-oxo-aqua-technetium(V) core and the neutral N,N'-ethyl- 
ene-bis(salicylidcneaminat~~) complex [T~OCl( (sa l )~enJ]" ,  which has pseudo-octahe- 
dral arrangement o f  the donor atoms with a rl.nrzs-oxo-cliloro-technetium(V)-core. 
The latter compound crystallizes in the orthorhombic space group P212121 with 
n=26.653(11), b=l1.697(5), c=10.529(3) A, and Z=8. The strong structural trans influ- 
ence of the 0x0 oxygens results in significantly lengthened bonds. the Tc-O(H20) 
bond of 2.282(2) A and the Tc-CI bond of 2.527(4) A [145]. 

Reduced pertechnetate reacts in aqueous alcoholic solution with N-acetylanthranil- 
ic acid to form the brown anionic complex [ T C O ( C ~ H ~ C O O N C O C H ~ ) ~ ]  n.hich also 
appears to contain the TcO(N202) core [ 146.1471. 

A Tc0(N2O3)-core complex is verified by the neutral compound N-(2-oxidophe- 
n y l ) s a l i c y l i d e n e i m i n a t o - 8 - q u i n o l i n o l a t ( V ) .  [TcO(ophsal)CI]" was 
precipitated from mcthanolic solution upon reaction of the tridentate Schiff-base lig- 
and with [TcOCI41 . and subsequently, [TcO(ophsal)C1]" in ethanol was reacted with 
X-quinoline(quin) to  form dark red crystals of  [TcO(ophsal)(quin)]". 'Ile complex 
crystallizes in the moiiocliiiic space group P21/n with Lr= 15.496(8), b=10.355(4), 
c=12.122(5) A. fi=109.03(6)", and 2=4. The coordination (Fig. 12.21.A) around Tc is 
approximately octahedral. 'l'he tridentate ligand (ophsal)2- occupies three equatorial 
sites and the bidentate ligand (quin) bridges the remaining equatorial and one apical 
site with the oxygen occupying the sixth position rrnns to the terminal 0x0 oxygen. 
The tridentate ligand is roughly planar and nearly normal to the 8-quinolinolate mean 
plane. The O( l)-Tc-0(2) angle of 160.8(3)' deviates significantly from linearity. The 
Tc-O(2) bond length of 2.014(6) A s e e m  to exclude considerable trans weakening 
[148]. 

The electrochemistry of six-coordinate oxotcchnetium(V) complexes containing 
Schiff-base and 8-yuinolinol ligands was studied in solutions of acetonitrile and DMF. 
The niain features ol' thc reactions are the reduction of' Tc(V) to Tc(IV), the subse- 



Fig. 12.21.A N-(2-oxidoptienyl)salicylide- 
neiniinato~S-quinola to-oxo tech net i um( V) . 
[I'c(>(ophsal)(quin) ]^ [ 1481. 

qucnt loss of a ligand located cis to thc Tc=O linkage, and the following isomerization 
of this unstable 'Ic(1V) product t o  a more stable complex in which the site trans to  the 
Tc=O linkage is vacant [149]. 

An oxotcchnctium(V) complex reprcsenting the Tc0(NO4)-core is the neutral 
amino-sugar-Schif-base cornpound (N-salicylidene-D-glucosaminato)(salicylaldchy- 
dato)oxotechnetium(V). The complex precipitates from a conc. solution o f  [TcOC14]- 
in methanol after reaction with excess N-salicylidene-D-glucosamine. Probably, the 
coordinated salicylaldehydato moiety originates from hydrolysis of a coordinated N- 
salicvlidene-l)-glucosaniinato ligand. 'L'he red, diamagnctic complex is nearly insolu- 
ble in common solvents, but slightly soluble in methanol and 1120 .  The IR spectrum 
shows a Tc=O stretch at 970 cm '. which is at the upper limit for this bond vibration. 
The complex crystallizes in the orthorhonibic space group P212121 with a=h.533(2), 
b=12.64c)(4), c=23.675(7) i\, and Z=4. The coordination environment around the ' Ic 
atom can bc described as a distorted octahedron (Fig. 12.22.A). If the axial positions 
are defined to bc thosc of the 0 x 0  group and thc carbonyl oxygen atom of the sali- 

c5 

Fig. U.22.A N-salicylidene-I~-glucosaminato-salicylaIdeliyclato-oxotechnetium(V). [TcO(gluca)(\al)]" 
[ lSO]. 



cylaldehydato ligand. the equatorial positions are occupied by the aldiniinc nitrogen 
atom, two oxygen atoms ol' the tridentatc ligand and by the phenolic oxygen atom of 
t h e  salicylaldehydato moiety. The principal distortion from octahedral geometry is 
exhibited by the 0.422(1) A displacement o f  Tc toward the 0x0 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=O( 1) distance of 1.656(8) A is indicative of a strong bond. The molecule dis- 
plays a long Tc-O(S) bond of 2.359 A, which can be explained by the structural t r m s  
effect. Kemarkably, the I I ' L I I Z S  position is occupied by the neutral carbonyl oxygen and 
not by the charged phenolic oxygen atom [ 1501. 

12.3.3.6 TcO(N&)-, TcO(N,S)-, and TcO(NS3)-corc complexes 

TcO; reacts with 2-aminobenzenethiol in alkaline aqueous solution, using S20i- as 
reducing agent, t o  yield the anion [TCO(NHC~H,S)~] that was prccipitatcd as a red 
crystalline solid by addition of [n-Bu,N]'. 'l'he diamagnetic complex salt is indefinitely 
stable and soluble in acetone, chloroform, methanol, and nitromethane. I/z-Bu4N] 
[ TCO(NFTC~H,,S)~] crystallizes in the orthorhombic space group P2,2,2, with 
n=17.1 13(6), b=15.573(5), c=I 1.677(4) A. and Z=4. The structure analysis confirmed 
the expected square pyramidal coordination geometry around Tc(V). The basal plane 
o f  the distorted square pyramid is defined by the N2S2 group. The K and S atoms arc 
in trans position. The 0x0 ligand occupies the apical position. The Tc atom lies 0.72 A 
above the basal plane towards the apex. An interesting phenomenon is the unusually 
long Tc=O bond distance of 1.73(2) I\. The avcrage Tc-S and Tc-N distances are 
2.30(1) and 2.08(2) A, respectively. The long Tc=O bond corresponds with the low 
'l'c=O frequency of 906 cni ' in the 1R [ 151,152]. 

In order to synthesize technetium complexes of kinetic inertness suitable for radio- 
pharmaceutical purposes, tetradentate NLS2 ligands that bind the Tc=O group and 
occupy the basal position in a square pyramid were proposed. N.N'-ethylene-bis(2- 
mercaptoacetimido)ox(~technetate(V). [Tc<.)(ema)] . was prepared by S2O:- reduc- 
tion of TcO; in alkaline aqueousiethanolic solution in the presence of  the ligand. The 
thiol groups were protected as bcnzoyl esters. The anionic complex was separated as ii 
yellow precipitate after addition of [ Ph4As]-. The tetraphenylarsoniurn salt is diamag- 
netic. air-stable, and readily soluble in polar, non-aqueous solvents. The Tc=O stretch 
was found at 945 cm '. 'Ihe configuration o f  [rcO(ema)]- containing three five-meni- 
bered rings appears to be most favored [153]. The structure determination of the 
methyl-triphenylarsoniuin salt demonstrates the distorted square pyramid core of the 
complex with thc oxygen at the apex (Fig. 12.23.R). The Tc=O bond length is 1.679(5) 
I\. the distance o f  the Tc atom above the square plane 0.771(5) A. 'L'he distortion is 
reflected in thc square plane. N(1) is 0.0863(6) A above and N(2) 0.076(6) A below 
the best N2S2 plane in which the two sulphur atoms lie. I('l13Ph3As][l'cO(cma)l has 
monoclinic symmetry. space group P2,ic; n=10.203(2). h=13.449(2). c=16.140(4) A. 
/{=110.37( I)", and 2 = 4  [154]. The structurally related complexes KJ-propylene- 
bis(2-mercaptoacetiniido)~~xoteclinetate(V). N,N'-ethylene-bis(3-mercapt(~pr~~pioni- 
mido)oxotcchnetate(V), and N,N'-2-phcnylene-bis(2-merc~1ptoacetin1ido)oxotcchnc~ 
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Fig. 12.23.A S,N'-ethylene-bis(2-mlcrcaptoacctiniido) oxotechnetate(V). [ I  cO(crna)l [ 1541 

tatc(V) have also been synthcsi7ed and characterized [ 1531 and, in addition, a series 
of isomeric oxotcchnetium(V) cliamido dithiolato complex anions, containing the tct- 

radentate ligand system, have been identified [lSS]. 
To develop a ""'Tc radiopharmaceutical as a rcnal tubular function agent. the 

anionic Tc(V) complex with 2,3-bis(mei-captoacctamido)pr~~panoatc (map) 

1- 

was prepared. The syn and anti epimers, configurationally based on the Tc=O and car- 
boxylatc group relationship. were isolated and structurally identified. Syn-[Ph4As] 
[TcO(map)] crystallizes in the monoclinic space group I-'21/c with a=12.729( I ) ,  
h=13.225(2). c=18.318(2) A. p= 91.67(1)". and 2=4, mzti-[PhJAs]lTcO(map)] in the 
same space group with rr=11.260(2), b=23.662(3). c=l1.834(3) A, /1=94.53(2)", and 
2=4. Both epimeric complex salts are yellow and very stable at 25-100 "C over a pH 
range of 1-1 1. Tc(V) is coordinated in an approximately square pyramidal geometry. 
The average distance of Tc fi-om the basal plane in syn-[TcO(map)] is 0.747 A. the 
Tc=O bond distance is 1.656(7) A. The carbosylic group exhibits no interaction with 
Tc. This epimer is excreted faster by thc  renal tubular system in humans than the m r i -  
epimer [ l  S6]. In addition, oxotechnctium(V) complexes with 4,S-bis(mcrcaptoacct- 
amido) pentanoic acid wcre prepared and the stereochemistry of the epiincrs assigned 
by NMK spectroscoy [ 1571. 

To vary the biological behavior of oxotcchnetium(V)-diaminodithiol complexes the 
dianiine portion of thc ligand was expanded from ethanediamine to butanediamine. 
thus producing complexes containing B seven-membered ring in addition t o  the two 
five-membered rings. N.K'-bis(mercaptoacetyl)butane-1.4-diaininc (H4DBDS). in 
which the thiol lunctionalities were protected as benzoylcsters, was dissolved in an 
alkaline aqueous solution of NH4TcOJ. Reaction occurred by reduction with S20i-. 
The anionic complex formed was precipitated with [Ph4P]-. The broan complex salt 
[ PhJ'][TcO(DHIlS)] was spectroscopically identified. The Tc=O stretching vibration 



appeared at 954 cm-'. [Ph4P][TcO(DBDS)] .1/4 CTIiOH crystallizes in the monoclin- 
ie space group P21/n with a=9.398(4), h=13.942(3), c=23.749(8) A, [1=98.54(3)", and 
2=4. The structure of the complex anion exhibits again the coordination of 'I'c(V) by 
an approximately square pyramidal arrangement with the 0x0 oxygen at the apex. 
'The 'I'c=O bond distance is 1.66 A. Tc lies 0.67 A out of the mean N& basal plane. 
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 Tc-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 established by 'H NMK. [?'cO(DBDS)]- is very stable in methanol or mixed 
methanol/water solutions. 'lhe kinetics of the isotope exchange (Sect. 6.3) 

[TcO(DBDS)]- + H2170 ++ [Tc"O(DBDS)] + 1320 

were studied in DMSO [ 1581. 
Neutral oxotechnetiuni(V) complexes with amide-thiol-thioether chelating ligands 

were synthesized to design potential radiopharmaceuticals of the general formula 
[TcO(emaK)]", where ema4 stands for (SCH2CONHCH2CH2NHCOCH2S)4.- and R 
for -CH3, -CH2Ph, -(CT-T2)loCOOH and -CH2CH2NC4Hs0. K forms mono-S-alkylated 
derivatives giving the ligand H3(ema)R. The complex [TcO(ema) (CHZCH2NCJH&)], 
where -CH2CH2NC4Hs0 is ethylenemorpholine (morph), was synthesized by ligand 
exchange reaction of [IcO(OCH2CH20)2]- with the ligand H3(ema)(morph) in alkaline 
methanol. The red compound [TcO(ema)(morph)]" . H20 crystallizes in the monoclinic 
space group P2Jn with u=12.120(1), h=7.172(1), c=18.933(2) A, &94.29(1)", and 2=4. 
The structure is a distorted square pyramidal l'cO(N2S2)-core with the ethylenemoipho- 
line side chain occupying the least sterically hindered position. nizti with respect to the 0x0 
ligand. The weaker Tc-S (thioether) bond distance of 2.387(3.) A is 0.13 A longer than the 
Tc-S (thiolate) bond distance of 2.257(1) A. The Tc=O bond length is 1.658(3) A [159]. 

The neutral complex N,N'-1,2-ethylcnc-bis(L-cysteine)diethylester-oxotechneta- 
te(V), [TcO(L,L-ECD]", which was found to be an excellent y 9 m T ~  marker of regional 
cerebral blood flow, is readily prepared by ligand exchange from the precursor 
[ T ~ 0 ~ ( p y ) ~ ] +  with K,N'-1,2-ethylene-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 P212121 with the unit cell parameters a=7.121 (l) ,  h=9.670(1), 
c=24.530(3) A, and 2=4. The structure (Fig. 12.24.A) of the complex core has again a 
distorted square pyramidal geometry 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=O bond distance is 1.666 A. The nitrogen donor K(2) is deprotonatcd, as evident 
from the 0.24 A shorter Tc-N bond length compared to the Tc-N(l) bond distance of 
2.168 A [160]. 

Another neutral diaminodithiolate complex, which showed high pulmonary accu- 
mulation in rodents, was synthesized by reduction of TcO; with S204 in a basic medi- 
um in the presence of 4-N-ethyl-2,9-dimethyl-4,7-diaza-2,9-decanedithiol dihy- 
drochloride. X-ray structure analysis of the pale-brown needle-shaped crystals con- 
firm a distorted square pyramidal arrangement around Tc(V). The ethyl substituent 



Fig. 12.24.A X K - I  .2-ethylene-l%( I~~c~s te inedie thyles te r )o~otcchnet ju ln~~~) .  [TcO( LLECL)]‘ 11 hO] 

adopts the syn configuration with respect to the 0x0 oxygen. The unsubstituted nitro- 
gen N ( l )  is deprotonated resulting in a neutral molecule. The Tc-S(1) bond frrins to 
the substituted quarternary nitrogen N(2) is shorter (2.265 A) than the Tc-S(2) bond 
o f  2.300 A. The ‘Ic-N(l) bond distance o f  1.921(2) A is 0.303 A shorter than thc Tc- 
N(2) distance of 2.224 A. S~~z-(J-N-ethyl-2,9-dimethyl-4.7-diaza-2.Y-decanedithiola~o) 
oxotechnetium(V). syn-[TcO(NEt-tmdadt)]” crystallizes in the monoclinic space 
group P2,ln with a=9.638(2), b=14.371 (j), cell .893(3) A. /1=100.79(2)”, and Z=4 
[162]. For the analogous neutral complex containing the 4-N-methyl group instead of 
4-N-ethyl. thc sydunt i  isomerism was conclusively establishcd by X-ray structure 
analysis [163]. 

To develop new brain perfusion imaging agcnts racemic mixtures of his( amino- 
ethanethiol) (BAT) derivates containing an N’-bcnzylpiperazinyl (RPA) sidc chain 
were reacted with TcO; and SzO$ to form the neutral syiz and unti isomers of the 
Tc(V)oxo complexes. Syn-[TcO-HAT-HPA]” 

crystallizes in the monoclinic space group f2 , / /7  with n=15.241(5). b=15.6%(7). 
c=11.3S5(3) A, fi=109.91(2)”, and 2=4, the m i i  isomer in the same space group with 
0=12.243(7), b=l1.022(2), c=19.180(5) A, fi=I02.19(3)”, and 2=4. The Tc=O stretch 
for both isomers was observcd at 900 cm-’. The .yyn form rcvcalcd a higher in vivo 
brain uptake and a longer brain rctention in rats than the anti form [ 1641. 

Contrary to [I’cO-HAT-RPA]”. the brain uptake of  the nnti isomer of (TcO-BTA- 
PPP]’ containing a phenylpiperidine side chain (PPP) showed slightly higher ccrebral 
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uptake than the s y z  isomer. The gold-brown svn and ~ i i z t i  isomers of  [TcO-HAI'-PPP]" 
were prepared by the reduction of TcO; with Sn?' under basic conditions i n  the pres- 
ence of the rcicemic HAT-PPP ligand. The ncutral. lipophilic complexes were isolated 
by column chromatography. *Ihe molecules exhibit Tc-0 stretching frequencies at 
919 and 900 cm ' for the s y  and anti I'orm. respectively. Syn-[TcO-HAT-PPT']" crys- 
tallizes in the monoclinic space group Z'21/t1 with a=12.390(2). b=l1.470(2), 
c=18.320(3) A. P=lO3.09( l)', and 2=4. ar?ti-[?'cO-BAT-PPP1" in the orthorhombic 
spacc group Z'iza2, with a=19.823(2), b=l 1.530(2), c=22.373(4) A, and 2=8. 'I'he Tc=O 
bond distance in the syn-form was found to be 1.681(2) A which is rather long and 
consistent with the low Tc=O stretching frequency [ 1651. 

A neutral oxotcchnetium( \')-2-thiohydantoin complex was prepared by reduction 
of TcO; with alkaline dithionite in the prcscnce of excess 2-thiohydantoin. The deep 
orange compound is soluble in water and is reported to contain, in the trans position 
of the 0x0 oxygen o f  the 'I'cON2S2 core. a hydroxyl group [ 1661. 

In context with the preparation of technetium-labeled steroids as agents for the 
diagnosis of breast cancer, the neutral complex 

was synthesized by treating the corresponding ligand with [n-Hu4N][TcOC14] in basic 
methanol. The syn and ariti products, defined by the position of the bcnzyl group relative 
t o  the 'lc=O bond, could be separated by flash column chromatography. The two diaster- 
comers were differentiated by ' H  NMK due t o  the upfield shifts ofthc methylenc protons 
on  the mfi benzyl suhstituent. An unainbiguous structural assignment was established by 
an X-ray analysis of the analogous rhenium compounds [ 1671. 

As a new approach toward the inhibition o f  ribonucleases, the water-stable ribonu- 
cleoside technetium-chelate 

was reported to be synthesiLcd starting from 2',3'-diaiiiino-2',3'-dideoxy adenosine. 
The compound was purified by reverse-phase chromatography. Analysis of the com- 
plex by HPLC showcd the product to be a 2.4:l mixture of diastereomers [168]. 



Neutral, mixed ligand complexes of oxotcchnctium(V) were prepared by reacting 
Tc(V)gluconate with a tridentate S,K,N, chclating ligand and a monodentate thiol. 
Thc reaction yielded for instance the compound 4-tnethylbenzenethiolato-~-(2-rner- 
captoetli~l)(2-p~rrolidine-l -yl)eth!;lamine-oxotechnetiurn(V) in dark red crystals that 
adopt the monoclinic space group p21/n. The unit cell parameters are n=10.223(1). 
b=9.283(1), c=18.337(2) A. 8=97.262(2)". and 2=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. 'I'c(V) lies 0.68 A out of the basal square plane 
(Fig. 12.2S.R) toward the oxygen. The 'I'c=O bond length is 1.677(3) A. l l l e  Tc-N(l) 
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(arninc) single bond. Other structurally related 
compounds have been synthesixd [169.170]. 

Kcduction of TcO; with stannous tartrate in aqueous solution in the presence of 
cthanc-l,2-bis(N-l -amino-3-ethylbutyl-3-thiol) (Fi,(RAT-TE)] yields the neutral com- 
plcx [TcvO(BAT-TE)]" in brownish-gold crystals that crystallize in the monoclinic 
space group P21/c with ~1=12.453(2), b=l1.747( I ) ,  c=12.645(2) A, /1=99.66(0)", and 
2=4. Tc(V) resides in a distorted square pyramidal coordination geometry with the 
oxygen in the apical position. The remaining proton of the arnine nitrogen is in syn 
position relative to the Tc=O oxygen. This structure appears to be maintained in solu- 
tion. as shown by 'H N M R  measurements. The Tc=O bond distance is 1.694(2) A. 
The S(1)-Tc-S(2) angle is 87.56(3)", the N( l)-'Ic-N(2) angle 79.83(8)"'. A similar 
Tc(V) complex is formed with the ligand biphcnyl-2.2'-bis(N-l -arnino-2-methylpro- 

s1 
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Fig. 12.25.A ( 4 - h . l e t h y l l ~ e n ~ e n ~ t h 1 ~ l ~ i ~ ~ ) - ( N - ( ~ - m ~ r ~ ~ ~ p ~ o ~ ~ l i y l ) ( 2 - p y r r o l i ~ l i n e - l - y l ) ~ t h ~ l ~ 1 n ~ 1 n e ] o x o t e c h -  
nctiuni(V) 11691. 



pane-2-thiol (H3( BP-BAT-TM)]. However. the proton of the amine nitrogen in the 
complex [Tc"O(BP-BA'I'-TM)]" is in uri t i  position to the Tc=O oxygen. Presumably. 
steric requirements for the biphenyl group dictate this nrzli position [ 1711. 

Several cationic diaminodithiol complexes of oxotechnetium(V) have been identi- 
fied. 3,6-dimethyl-3.6-diazaoctane- 1 ,S-cli thiolato-oxotechnetium(V)perkchnetate was 
synthesized by the direct reaction of the ligand with NH4Tc04 in sulphuric acid solution 
and isolated in red-brown. monoclinic needles of the space group P2,ic. The complex cat- 
ion, methylated at  both nitrogens, exhibits lipophilic character and may find use as a 
99"1T~ agent for imaging purposes. The donor atoms form a rough square pyramid. Thc Tc 
atom is located 0.770(3) A above the N& plane. The Tc=O bond lcngth of 1.646(8) A 
and the Tc-N distances of 2.137(7) and 2.186(8) A arc comparable to those in similarcom- 
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 structure o f  the similar complex cation 2,T-dimethyl-l . I -  
((N.r\"-'T-I~)-ethylenediamino)dipropane-2-thiolat~~-~.N'.S,S'-oxotechnetium(V) was 
determined [ 1731. 

Some oxotechnetium(V) complex cations containing N-(thiocarbamoy1)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-dialky1thiocarbamoyl)bcnzamidincs (HR2tcb) 
coordinate bidentatcly via the S and N donor atoms with single deprotonation of the 
NH? group. His(N-(N,N-dicthylthiocarbamoyl)benzamidinato~oxo-tcchnetium(V) 
chloride. [TcO(Et2tcb)2]C1. was readily obtained by displacement of the chloride ions 
of [TcOCI4]- with Et'tcb- ligands in methanol or acetone. The red-brown compound 
crystallizes in the triclinic space group P i  with a=10.872(2), h=11.587(2), c=12.374(2) 
A, a=91.94(2), /~'=106.04(2), 7=112.18(2)". and 2=2. The Tc=O stretch was found at 
978 cm-I. The coordination o f  the Tc atom (Fig. 12.26.A) shows a cis arrangement of 

Fig. 12.26.A U i s - ( N - ( N . N - d i e t h ~ l t h i ~ ~ c ~ ~ b a n i ~ ~ y l ) b e n z a m i ~ i ~ i ~ l ~ ~ ] o x o t ~ c h ~ i c t i u m ( V ) .  ['I'cO(Et~lcb)~]' 
[174]. 



the  S and N donor atoms resulting in ;i distorted square pyramidal geometry. The Tc- 
S(1) and Tc-S(2) bond lengths are 2.315 and 2321 A, respectively. the Tc-N(1) and 
Tc-N(4) bond distances are 2.015 and 2.027 A. respectively. The Tc=O distancc is 
1.651 A. In addition. the complex salts bis(N-(~-morphol inyl thiocarhonyl)-bei i~~imi-  
dinato)- and bis(r\’-(N-pipe~-idinyltliiocarbonyl)benzami~ii~ia~~~)ox~~technctium(V) 
chloride have been prepared and identified [ 1741. 

Diaminedithiol ligands of the type HSCR1CH2NR’CH2CH2NK’CH2(-’K~SH. where 
R = Me or Et and K’ = Me. Et or I I  react with [AsPh4][TcOCI4] in mcthanolic solu- 
tion to form cationic complexes containing again the distorted square pyramidal 
TcO(K2S1)-core. Thc orange tetraphcnylborate salt of the cation 

crystallizes in the orthorhombic space group f’22/212, with a=14.293(2). b=14.936(6), 
c=17.202(4) A, and Z=4. ’The Tc=O stretch was found at 960 em I. Ihc compound is 
air-stable and soluble in polar organic solvents. The ‘H NMK spectrum showed a s y z -  
configuration. ‘I’he chloride salt of the cation 

HI ,H 1’ 
Nx ? ,N 

Et / ’Tc’ \ >i. 
Et S S El 

adopts the monoclinic space group P2,/c with n=12.153(1), h=12.917(3), c=12.410(2) 
A. /1=94.76( 1)”. and 2=4. ’The ’J’c=O stretching frequency is 955 cni l .  X-ray structure 
analysis showed also a syrz configuration. The l c  atom is displaced from the mean 
N2S2 plane towards the oxygen atom by 0.773(3) A. The Tc=O bond distance of 
1.6S7( 1) A indicates strong multiple-bond character. Thc ‘re-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 11751. 

Reaction of N,N’-ethylene-bis(acctylacetoncthioimine) ( ( ~ a c a c ) ~ z c n H ~ ]  with [ P I -  

Bu4N][‘l’cOC14] in ethanol produces the brown complex salt ITcO(~acac )~en  
(H?O)]CI. The compound crystallizes in the orthorhombic space group Phcrz with 
n=24609( I ) ,  b=12.470S(6), c=10.995(5) A. and 2=8. The Tc=O stretch was found 
at  964 cni-’. The Tc atom is reported to be hcxacoordinate. because a water mol- 
ecule occupies the t r a m  axial position (Fig. 12.27.A). The Tc=O bond distance is 
1.643(3) A, the l‘c-O(water) bond length 2.384(3) A. O=Tc-O(water) form an 
angle of 172.3(1)‘. The Tc-S(l) distance is 2.304(1) A. thc Tc-S(2) distance 
2.31 l(1) A. l‘he Tc-N bond lengths are very similar. Tc-N(l) 2.092(3) A, Tc-N(2) 
2.089(2) A. l‘he ‘H NMR and UViVIS spectra of the complex in solution are sol- 
vent dependent indicating the presence of different ligands at the trnns axial posi- 
tion [176]. 

2-benzimidazole-2’-yl-ethanethiol (Hbls) reacts in methanoilwater with TcO; as 
both a reducing and a chelating agent to form the diamagnetic cation [Tc”O(b l~ )~] - .  



which precipitates as tetraphenylborate or as pertcchnetate. The complex salts are 
stable in air and soluble in polar organic solvents. The Tc=O stretching vibration of 
( 'l 'cO(bls)~][BPh~] appcars at 966 crn I .  Thc brown compound gives rise to green solu- 
tions. Tlie simple procedure for synthesizing the complex could prove practical as a 
route to the preparation of a variety of """'Tc(V) radiopharmaceuticals [177]. The 
reaction of [TCOCI.~] with the corresponding 2-benzirnidazol-2'-yI-ethanol (I-Tblo) 
leads to the neutral six-coordinatc complex [ T ~ O C l ( b l o ) ~ ] ~  [ 17SI. 

Some TcO(N3S)- and TcO(NS;)-core complexes have been synthesized. 'I'he lig- 
and exchange reaction of [/?-Hu4K][?'cOC14] in methanol with K-[2-[(2-((acetylami- 
no)rnethyl)(thioacctyl)amino]ethyl]-2-pyri~iinc-car~~~~xamide. FT?PIC(Acni). wherc 
Acm is the sulphur-protecting group (acetylainino)methyl~ yielded the neutral 
complex K-[2-((2-mcrcaptoacetpl)anii1io]etliyl]-2-pyridinecarboxamidooxotechtie- 
tium(V), [TcO(PIC)]". The protected ligand is deprotected upon coordination: 

0 
\ n 
i"" S(Acm' 

0 / Nw 
H2PIC(Acrn) [TcO(PIC)] 

Thc red complex crystallizes i n  the tetragonal space group f4-?2,2 with a=8.010(2), 
c=36.845(7) A. and Z=X. The crystal structure of [ I 'CO(PIC)]~  shows technetium t o  be 
five-coordinate in a square pyramidal geometry with an 0x0 ligand at the apical posi- 
tion and thc N3S chelate occupying the basal plane. The 'l'c-S and Tc=O bond dis- 
tances are unexceptional. while the Tc-N(amido) bond lengths of 1.963(4) arid 
I .Y66(4) A arc slightly shorter than observed for similar complexes with a TcO(N,S,) 
corc [ 1791. 

Recently, the standard agent for renal function imaging. mercaptoacctylglycylgly- 
cylglycine oxotechnetatc(V). I"""'?'CO(MAG)~] . was structurally characterized by 
using the long-lived ""Tc. [''qTcO(,\IAG):I]~ was most successfully preparcd by ligand 



1- 

Fig. 12.28.A Mercnptoacetvlplyc~lglyc~Iglyc~ne-osotechnctate( V), [TcC)(,MAG):]- [ I  SO] 

exchange reaction of [TcOCIJ]- with free MAG; in methanol and identified by UVI 
VIS spectroscopy. 'H and 13(. NMR and FAH mass spectrometry. [PhJAs][TcO 
(MAG)3] crystallizes in the monoclinic space group PZl/n with the lattice parameters 
a=l2.252(6), h=10.169(6), c=24.579(7) A, /1=92.04(3)", and %=4. ' the l'c(V) coordina- 
tion sphere is square pyramidal (Fig. 12.2X.A) with the bond distances 1.647(3) A for 
Tc=O, 2.279(2) A for Tc-S, and 1.987(15) c\, on average, for Tc-N. The chelate bite 
angle is 82.8(1)" for S(1)-Tc-N(4) and 78.5(1)' for N(4)-'I'c-N(7). Thc methyl ester 
derivative of MAG3 also forms a stable complex anion [TcO(MAG30Me)]- that is a 
side product generated during the formation of [7'cO(MAG3)]- . ' two different confor- 
mations of  the ligand in [PPh4][TcO(MAG30Me)] .21-120 were established crystallo- 
graphically [ISO]. The [ ' ICO(MAG)~]- derivative, inercaptoacctylalanylglycylglyci- 
nato-oxotechnetate(V), was prcparcd by reacting Tc04, inercaptoacetyl-I)L-alanyl- 
glycplglycine, and dithionite as the reducing agent in a phosphate buffer at pH 12. 
[ P ~ ~ A S ] [ ' I C O ( C ~ ~ H ~ , N ~ O ~ S ) ]  . CfIC13 crystallizes from an MeOH/CHCI; solution in 
the monoclinic space group P2,in. The unit cell dimensions are u=9.484(5), 
h=10.949(7). c=35.74(2) A, /I= 93.87(4)". and Z=4. The bond distances and bond 
angles are similar to those of [TcO(MAG)~] . 'Phe methyl group of thc complex 
adopts a s y z  configuration with respect t o  the Tc=O group [lXl]. 

Very recently the peptide dimethylglycyl-L-seryl-L-cysteinylglycinamidc (RP2Y4). 
a candidate for a bifunctional chelator for the labcling o f  small biologically important 
molecules. was reacted with TcOJ in aqueous solution containing sodium gluconate 
and SnCI2. l h c  red, neutral, mononuclear complex 

- 

QH lo 
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appears to exist in syn and anii conformations. The ,c(Tc=O) stretch was observed at 
977 cm I .  The structure o f  the complex was identified by 'H NMK and mass spec- 
trometry [181a]. 

Keaction of [TcOC14]- with pyridine in methanol/water produces [ I ' ~ 0 ~ ( p y ) ~ ] . +  in 
which irz s i i z i  three pyridine molecules can be easily displaced by adding 2.4,6-triiso- 
propylbcnzenethiol (Htibt). The reaction strongly ravors the formation of the neutral 
compound with one pyridine and three thiolatc ligands. [TcO(tibt),(py)]" nas  
obtained in red-orange crystals. The complex is diamagnetic. The 'l'c=O stretch is at 
914 cm-'. '"he coordination geometry of [TcO(tibt),(py)]", containing the TcO(NS3)- 
core, is intermediate betwecn a square pyramid and a trigonal bipyramid. The Tc=O 
bond distance is 1.665(3) A. The Tc-S bond lcngths range from 2.278(1) to 2.291(1) 
A. The Tc-N bond distance is 2.205(4) A. [TcO(tiht),(py)]" crystallizes in the mono- 
clinic space group P2//n with n=13.487(2), b=17.654(3), c=21.603(2) A, /j=96.676(9)". 
and 2 = 4  [ 1821. 

In order to design neutral. lipid-soluble oxotechnetium(V) complexes as potential 
brain perfusion imaging agents. a series of tridentate ligands of aza-substituted 2.6- 
dimcthyl-4-azaheptaiie-2.6-dithiols together with henzyl mercaptane as the coligand 
were used for complexation: 

'R 

Here R stands for N(C2T ,)?, piperidine-1 -yl, pyrrolidine-1-yl, o r  morpholine-4-yl. 
The grccn-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 square 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. 'Ihe T - S  bond lengths are in the 
range 2.2708(13) to 2.2877(12) A, which are consistent with those for other techne- 
tium thiolato complexes, while the Tc-N bond distance of 2.256(3) A is slightly longer 
than usual. The morpholine ring exists in the most stable chair form. ' lhe compound 
crystallizes in the monoclinic space group f211c with a=17.166(2), h=8.9252(7), 
c=17.738(2) A, /i=166.031(3)': and 2=4  [l83]. 

12.3.3.7 TcO(N3C12)-, TcO(N3Br2)-, TcO(N2CI3)-, and TcO(N2Hr3)-core 
complexes 

In order to introduce lipophilic character into technetium complexes that might be 
potentially suitable as '"'mTc r' 'I d iopharmaceuticals, the hydro-tris(1-pyra7olyl)borate 
anion (HHy7; ) was used as a ligand. Dichloro(hydro-tris( l-pyra~o1~~l)boratoJoxotech- 



netium(V) with the l'cO(N3C12)-corc was synthcsized by reduction of "TcO- in ' aque- 
ous 3 M HCl in the presence of HBpz.3. ion. The neutral. diamagnetic. light green 
complex (TeO(HRpz3)Cl2]'~ crystallizes in the triclinic space group Pl, with 
~=7.786(2), b=9.0.52(2), c=11.328(2) A, a=103.20(2), /$=92.07(3), ;!=I 13.83(3)". and 
2=2.  Tc(V) rcsidcs in a distortcd octahedral coordination environment. The Tc=O 
distance o f  1.656(3) A is typical for doubly bonded 0x0 oxygen. l 'hc Tc-N bond tivins 
t o  the 0x0 oxygen has a length of2.259(4) A. which is almost 0.2 A longer than the other 
Tc-N bond distances. In addition. the Tc=O group causes the cis ligands to bend away 
from the 0x0 group towards the [/'nns pyrazolyl ring. [ T c O ( H H ~ ~ ~ ~ ) C I ~ ] "  is insoluble in 
water and soluble in most polar organic solvents [ 184. 'l'he analogous complex 
[TcO(HBpz3)Rr2]" was prepared by first generating [TcOBr4]- in situ and subscquent 
reaction with HBpz3-. The yellow-brown product shows aTc=O stretch at 970 cm ' (871. 

Another TcO(N.1C12)-core complex was obtained by a ligand exchange reaction of 
[TcOClJ in a twofold molar cxccss with 2,2';6',2"-terpyridinc (terpy) in methanol. 'The 
cationic complcx [rcOC12(terpy-N,K',N') 1' forms an orange precipitate with pertechne- 
tate. ' f ie complex salt is moderately soluble in DMF, DMSO. and nitromethane. The 
Tc=O stretch was found at 979 cm-I. 'The room temperature reaction of [TcOCI,]-with an 
eyuimolar quantity o f  terpyridinc in anhydrous dichloromethanc led t o  the isolation of 
the neutral. orange-brown complcx [TcOC13(terpy-N,N')]" in which terpy acts ;IS a biden- 
tate ligand. The Tc=O strctching vibration appeared at 974 ern I [185]. 

2.3-Bis(2-pyridyl)pprazine (dpp) and 2,3-bis(2-pyridyl)quinoxalinc (dpq) react with 
[Tc0Cl4]- in ethanol to form the complexes ['TcOC13(dpp)]". 2H20 and [TcOCI3(dpq)]". 
IR and 'H NMR data suggest that thc coordination of dpp to Tc(V) occurs i n  a biden- 
tate manner through one pyrazinc and one pyridine nitrogen. The hidentate 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. 'I'he dark orange 
[TcOC13(dpp)]".2H20 displays a strong band at 9S2 cm * which is ascribed to the 
Tc=O strctching vibration, the green [TcOC& (dpq)]" complex absorbs at 963 cm 
[ 1861. 

The TcO(N2CI3)-corc has also been found in the neutral complexes trichloro(2,2'- 
bipyridine)oxotechnetiuni(V). (TcOC13(bpy)]". and trichloro(l.10-phenanthroline) 
oxotcchnetium(V) hydrate [TcOC13(phcn)]" . H20. In addition. [TcOHr3( bpy)] has 
been prepared. Ycllow-orange [TcOC13(bpy)]" and orange [TcOBr3(bpy)]" were 
obtained by reaction of 2,2'-bipyridine in ethanol with [TcO<llJ or [TcORr4] after 
addition of conc. HCl or  HBr, while ycllow-orange rrcOC13 (phcn)]" . HzO is accessi- 
ble. when 1 .10-phenanthroline is reacted in cthanoliwater with TcOj in the presence 
o f  conc. FICI. The Tc=O stretching vibrations of (TcOCl3(bpy)]". (TcORr3(bpy)]". and 
[l'cOC13 (p1ien)]".H2O arc 980,969, and 977 cm *, respectively [ 5 ) .  

12.3.3.8 TcO (N202CI) -, TcO (N202Rr) -, TcO (N20 Cl2)-, TcO ( N 2 0  Br2) -, 
TcO(NOCJ3)-, TcO(NOBr3)-, and TcO(N02C1)-core complexes 

The bidcntate ligand N-phenylsalicylidencini~nc (Hphsal) reacts in ethanol with 
[TcOCI4]- to yield chloro-bis(N-phcnylsalicylidcneimin~ito)~~xotechnetium(V), [TcO('l 
(phsal)2]". The neutral complex forms dark violet prisms that arc soluble in CH2C12. acct- 



onitrile or THE The coinpound crystallizes in the monoclinic space group P2,/11 with 
a=12.854(4). h=15.840(7), (-1 1.433(4) i\. /1=93.43(2)". and Z=4. The 'Ic(V) center is situ- 
ated in a distorted octahcdt-al environment (Fig. 12.29.A). Thc 0(2),  N(1). N(2), and ('1 
atoms define a planc with thc Tc atom located 0.19 A toward the 0x0 oxygen O( I ) .  The 
angles Cl-'Ic-N( 1 )  and 0(2)-Tc-N(2) are 171 .O and 168.7", respectively. The O( I)-Tc- 
O(3) angle of 167.1 ''is also significantly non-linear, while the bond angles in the equatorial 
plane arc rather close to 90". The Tc=O(oxo) bond distance is 1.67 A, thc Tc-0(2) dis- 
tance 1 .Y9 A. However, in spite of the expected trans weakening. the TcO(3) bond length 
trnns to the 0x0 ligand is only 1 .Y4 A. 'I'he 'l'c=O stretch was found at 940 cm-'. The coni- 
plex is diamagnetic. IJsing milder conditions of preparation the anionic compound 
[IcOCI3(phsal)] was obtained and precipitated with [hsPh4]- in the form o f  a y c l l o ~ -  
brown powder [ 1 871. 

?'he quadridentate Schiff-base ligand N,~'-propaiie-1.3-bis(salicylideneimine) 
(H2salpd) leads to the light orange, neutral complex [TcOCl(salpd)]" by reaction with 
[TcOC14] in ethanol. The compound crystallizes in the orthorhombic space group 
Pn21a with a=12.010(4). h=lJ  .702(4), c=l1.625(6) A, and Z=4. [IcOCl(salpd)]" cxhib- 
its a pseudo-octahedral coordination around the Tc(V). Thc Schiff-base ligand occu- 
pies the four equatorial positions, while the CI and the 0x0 oxygen are trans to each 
other in axial positions. l l ie angle between the two salicylideneimine groups is 13X.6", 
meaning that the groups are bent in an umbrella shape. The Tc=O(oxo) bond distance 
is 1.66 A, the l'c-0 distances 1.98 A. the Tc-N and Te-CI distances are 2.12 and 2.44 
A, respectively. The Tc=O( 0x0) stretching vibration appeared at the rather low lrc- 
quency of 930 cm-'. Tn addition, the complexes [TcOCI3(Hsalpd)]-, [TcOCl(salbd)]", 
and [TcOClj(Hsal bd)] { H,salbd = N,N'-butane-l,4-diyl-bis(salicylideneine) have 
been isolated and charactcrizcd [ 1881. 

Pyridincmcthanolate complexes of TcV03+ were synthesized recently from the 
reaction of n-Bu4[IcOC14] or n-Bu4[TcOBr4] with 2,6-di(hydroxymethyl)pyridine in 
methanol or ethanol. The isostructural brownish crystals of [l'cO(OCFT2py- 
CH20H)2CI]" and [TcO(OCH2pyCH20H)2Br]" adopt the triclinic space group PT 
The former has the lattice constants n=7.479(2). 0=8.043(2), c=14.940(4) A. 

Pig. 12.29.A Chlor-o-his(N-phcnylsalicylidrneiminato) oxotcchnetium(V), [IcOCl(phsal),]" 11871 



x=93.66(2), 8=102.16(2). ;'= 117.18(2)'. and 2=2. The coordination geometry is dis- 
torted oclahedral with the 0x0 and halide ligands in cis position to each other. 'I'hc 
pyridinc ligands are hidentate. 'The Tc=O and 'I'c-C1 bond distances are 1.675(3) and 
2.385(2) A, respectively. The mean single bonded Tc-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 each pyridine ligand is not bonded to Tc(V) and orient- 
ed away from the l ' c  atom. In the IK. v(Tc=O) appeared at 930 cni ' [ 1891. 

Neutral oxotechnetium(V) complexes with 8-quino-linolates of the composition 
ITcOI.,XI" (L = 8-quinolinolate and its 5,7-dichloro, S,7-dibromo, S-nitro. and 2- 
methyl derivatives: X=CI,Br) were synthesized by substitution o f  the S-quinolinolatc 
ligand onto [TcOX4]- in methanol. C'is-chloro-bis(2-methyl-8-quinolinolate)ox~~tech- 
nctium(V), obtained in deep red crystals, crystallizes in the triclinic spacc group P i  
with a=7.693(2), h=Y.337(2), c=12.739(3) A, 2=86.52(2), fi=85.99(2). ;.=84.12(2)", and 
2=2. The two methylquinolinolato moieties each act as bidentate 0 , N  donor ligands 
to the TC atom that resides in an approximately octahedral coordination environment. 
The oxygen atom of one quinolinolatc ligand is located [runs to the technetium-oxo 
bond, while the remaining three donor atoms and the chloride occupy the four equa- 
torial sites. The chloride ligand is trcins t o  one nitrogen atom and cis t o  the 0x0 oxy- 
gen. The Tc=O distance is l.h49(3) A. The bond length of l'c-0 trans to 0x0 oxygen is 
1.994(3) A and t h e  'T'c-C1 distance 2.360(1) A. In cis-[TcO(S-quinolinolate)2X]'~ the 
halide ligand is susceptible to solvolysis in methanol (1901. Also thc base hydrolysis of 
this complex in alkaline solution was studied [191]. 

Another mixed ligand, neutral complex containing the TcO(N202C1)-corc is 
[TcOCl(eg)(phen)]" (eg=1,2-ethanediolate, phen=l,lO-phenanthroline). The com- 
pound was obtained by reaction of [TcOC14] with 1.2-ethanediol in methanol and 
subsequent addition of l,l0-phenanthroline to the reaction mixturc. The green com- 
plex crystallizes in the monoclinic spacc group 1'2/lc with a=7.440(2), h=8.928(3), c= 
21.355(4) A, /=92.48(2)", and 2=4. The Tc atom is six-coordinate. but is significantly 
distorted from octahedral geometry. The Tc=O(oxo) bond distancc is 1.661 (4) A. The 
lengthening o f  the 'lc-N bonds is duc to  the t lwrzs influence of the 0x0 oxygen and of 
the strongly bonded ethancdiolato moiety. which may also causc thc long Tc-CI bond 
of 2.418(2) A. The phen ligand is significantly non-planar. probably its fold accommo- 
dates thc bonding to the Tc atom [192]. 

Oxotcchnetium(V) complexes of naturally occurring binding moicties like oxazoline 
and thiazoline derivatives, found in sidcrophores, have been synthesized recently. Chloro- 
bis( 2-( 2'-oxyphenyl)-2-thiazolinato)oxotechnetium( V), [ TcOCl( thoz):] .0.5EtOH, was 
obtained by reaction o f  [TcOC14]- with Hthoz in refluxing ethanol. The red, ncutral com- 
plex is air-stable and crystallizes in the monoclinic space group P21/12 with 0=16.506(1). 
h=7.664(1). c=16.3216(6) A. f1=111.154(4)". and Z=4. The coordination gcometry of Tc is 
a distorted octahedron. The Tc atom is located 0.19 A abovc the equatorial plane formed 
by the two nitrogcns, one oxygen, and one chloride atom. The Tc=O(oxo) bond distance 
is 1.661(3) A. One phenolate oxygen is trcins t o  the Tc=O bond; the Tc-O length of 
1.97243) A is typical of a Tc-0 bond trans to an oxo group. The Tc-N distances are nor- 
mal. the Tc-CI bond length is 2.362(1) A. ' f ie axial O='l'c-0 angle of 163.7(1)" is dis- 
tinctly below the ideal of 180" lor an octahedral complex. The 0-Tc-N bitc angle for the 



cquatorially coordinated ligand is 89.1 ( I)', the bite angle for the axial ligand 82.2( I ) " .  In 
addition, the compounds chloro-bis( 2-(2'-oxyphenyl)-2-oxazolinato} oxotechnetiuni(V), 
chloro-bis(2-(2'-oxy-3'-methylpheny~)-2-ox~~oli1iat~~}oxotechnetiuiii(V). and chloro- 
bis[2-(2'-oxyphenyl)benzoxali1iato]ox~~technetium(V) has been isolated and identified 
by IR and mass spectra [ 1931. 

Red-purple crystals of chloro-bis(2-(2-oxyplienyl)benzothiazolato}ox~~technetium(V). 
[TcO(hbt)?CI]" were obtained by evaporation of a solution of [lcO(sphsal)CI I" in 
dichlorometliane/heptane. The Hhbt ligand is reported to be formed from Hzsphal by an 
oxidative intramolccular ring closure reaction: 

HzSphsal Hhbt 

The Tc atom in [T~O(hb t )~Cl ] "  resides in an approximately octahedral environ- 
ment. The two hbt ligands coordinate through the phenolate oxygcn atoms and the 
nitrogen atoms of the benzothiazole rings. One of the phenolate oxygens is ~ ~ L I I I S  to 
the 'I'c=O(oxo) linkage. The Tc=O(oxo) bond distance is 1.63(1) A. l h e  sterie 
requirements of the 0x0 oxygen atom distort the geometry of the complex and result 
in non-orthogonal angles at 'rc. The Tc-0 bond trans to Tc=O(oxo) has n length of 
1.97(1) [194]. 

The TcO(N20CI2)-core was verified in the bis-(2-pyridyl)kctone complexes 
[TcOCl~{(CsH4N),C(0)(OEt)J1" and [TcOC12[(C5H4N)2C(0)(OH)]Jc that were pre- 
pared by reacting [TcOCI4]- and the dipyridylketone in refluxing ethanol and in ben- 
zene containing 0.02 % water, respectively. Dipyridylkctone has thc ability to undergo 
metal-promoted addition o f  various nucleophiles. including water and ethanol, at the 
carbon atom of the carbonyl group. to produce the uninegative ligand 
(CjI-14N)2C(0)(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 
[ ReOC12[(CsH4N)2C(0)(OH)}]c, the Tc 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 0x0 ligand is t ram t o  the 110- oxygen 
atom [ 1951. 

Dibrornoethoxy-bis(J-nitropyridinc)oxotcclinetium(V), \vhich contains the corre- 
sponding TcO(N20Br2)-core. was obtained by dissolving 4-nitropyridine and 
[TcOBr4] in ethanol and collecting the green precipitate. The neutral compound 
[T~OBr2(4-nitropyridine)~(OEt)]' crystallizes in the triclinic space group P i  with the 
cell constants a=10.820(1). 0=11.146(2). c=9.006(1) A. 2=102.82(1). /klO,S.ll(l). 
;1=64..53(1)", and 2 = 2 .  The coordination geometry of the technetium atom is approxi- 
mately octahedral (Fig. 12.30.A). The 'Tc=O(oxo) bond distance is 3.684(6) A, while 
the lc-O(1) bond length of l.SSS(6) A retlccts a lower bond order assignment to the 
ethoxy ligand. 'I'hc 0(1)-Tc=0(2) bond angle is 172.9(3)". The bromine atoms arc at 



Fig. 12.30.A I>i l~romo-cthosy-bis(4-ni t ropyn~i1i~)~~~ote~t i1i~t iu1n(V),  ITcO(~tO)Rl~(J-nitropyridine)LI" 
[ 1961. 

an average distance of 2.55(2) A with a Br(l)-'lc-Br(2) bond angle o l  174.3(1)". The 
average Tc-N distance is 2.146 A. the N( l)-T-N(2) bond angle 178.7(3)". The pyri- 
dine rings are twistcd, 59" for the N(1) ring and 49" for the N(2) ring, from a plane 
defined by the two nitrogcns and the two bromines. The Tc=O(oxo) stretching vibra- 
tion occurs at 938 cm-I. All but the 0x0 ligands appear to be readily substituted in 
various solvents. I n  addition, other compounds o f  the type [TcOX2lo(RO)]" where X 
= CI or Rr. L = 4-cyanopyridine or 4-nitropyridine. and R = CI-I; or C2H5 have been 
synthesized (1961. 

Another 'lcO(NLOC12)-core complex. l-(8'-quinolyli1ninomethyl)-2-naphtholato- 
tr.an,s-dichloro-oxotechnetium(V). was preparcd by ligand-exchange reaction of 
[TcOCI4]- with l-(S'-quinolyliminomethyl)-2-naphthol (quinini-naphH) in methanol. 
Thc green. neutral complex [TcOC12(quini~n-naph)]o crystallizes in the monoclinic 
space group P2,ia with a=23.262(8), b=7.301(4), c=l1 .444(5) A, /j=98.98(5)". and Z=4. 
The Tc envir-onment is scvcrely distorted octahcdral. with the equatorial plane formed 
by the tridcntate ligand with the N 2 0  donor atoms and the 'I'c=O(oxo) oxygen. The 
two chlorine atoms are t rms to each other in axial positions. The N?0 ligand is coordi- 
nated in an unusual fashion. because the central imino nitrogen is located tmz.s t o  the 
Tc=O group. The chelate ligand is \-cry nearly planar. The small angle N-Tc-N of 
75..5(2)" corresponds to the very large O=T-0  angle of I 13.4(3)". Similar neutral 
oxotechnetium(V) dichloro complexes have been prepared using the chelating Schiff- 
base hTZO donor set ligands N-(S'-quinolyl)salicylideneiniiiia~e, 3-1ncthoxy-N- 
(s'-quinolyl)salicylidcneiminiinate and N-(2'-dimethylaminoethyl) salicplideneiminatc. 
The compounds arc air-stable and non-conducting in  acetonitrile [ 1971. 

Reaction o f  [AsPh4][TcOX4J ( X  = CI.Hr) with 2-(3~hydroxyphenyl)ben~othia~ole 
(Hhbt) in isopropyl alcohol under mild conditions yields a red-orange prccipitatc of 
the composition [AsPh4][TcOX~(hbt)] containing the TcO(NOX-i)-core. 'Ihc complcx 
salts are soluble in CH&12, CHCI;. and acctonc. [ AsPli,][TcOCl.i(libt)] crystallizes i n  
the orthorhonibic space group P2J12, with 0=12.104(2). 0=13.772(3). c=20.539(4) A, 
and 2=4. The coordination geometry ai-ound the 'l'c atom is nearly octahctlral (Fig. 
12.3 1.A). The three chlorine atoms and the ncutral nitrogen atom o f  the hbl ligand 
are located in the plane that is normal to the Tc=O(2) linkage and the anionic phcno- 
lato 0(1) oxygen frm/.s t o  the Tc=O linkage. Thc distortion from octahedral symmetry 



Fig. 12.31.A TrichloIo(2-(2-liyd1-ox~~plicnyl)ben- 
zotliiazolato)oxotechnetatc(v). [TcOC'l,(hbt)l 
11981. 

is mainly caused by repulsion between the stcrically demanding 'l'czO(2) group and 
the coordinate chloride ligands. The 0(2)-Tc-C1(2) and 0(2)-?'c-C1(3) angles are 
98.5(2) and 99.7(2)", respectively. The Tc=0(2) distance is 1.6.50(6) A. The hbt ligand 
is remarkably planar. The complex anion is diamagnetic. consistent with the spin- 
paircd d2 configuration [ I%]. 

The triden late Schiff-base ligand N-(2-hydroxyphenyl)salicylideneimine (Hzophsal) 
reacts with [TcOC14] in methanol to form the dark purple, neutral complex 
[?'cO(ophsal)Cl]" with the TcO(NOzC1)-core bl- simple ligand exchange. By the sanie 
route the analogous complex [TcO(sphsal)C'l]" was obtained by using the ligand N-(2- 
mercaptophen~~l)salicylideneimine (Hzsphsal). Both compounds arc only slightly solu- 
ble I n  methanol, but more soluble in chloroform and dichloromethane. [TcO(oph- 
sal)C'I]" crystallizes in the monoclinic space group 1'2,la with a= 13.423(6). 
h=12.570(5), c=7.769(3) A. /1=106.S3(S)0. and 2=4. The complex has a distorted square 
pyramidal coordination geometry with the 0 x 0  ligand in the apical position. The steric 
requirement of the Tc=O group causes the 'Tc atom to be displaced 0.67 A out of the 
mean equatorial plane of thc four donor atoms. I l ic  Tc=O bond distance is 1.634(7) 
A. the basal T - 0  Icngths are 1.948 A. The Tc-CI distance of 2.302(3) A is similar to 
that in [Tc0Cl4]-. The Tc=O stretching vibration appears at 980 cni-' [ 1991. 

12.3.3.9 TcO(NzOS)-, TcO(N2OS2)-, TcO(NOSZ)-, TcO(NOzS)-, 
TcO(N2S2CI)-,TcO(NOSCI)-, and TcO(N2SC1)-core complexes 

The tetradentate ligand N-(me~captoacetyl)-N'-(4-(pe1it~ne-3-one-2)}-ethane-l,2-dia- 
mine (T13mpd) reacts with [TcOC14]- in mcthnnol to yield an orange crystalline preci- 
pitate. The neutral TcO(N~OS)-corc compound [?'cO(mpd)]' crystallizes in the tri- 
clinic space group f 1. with tr=7.7650(3), /I=% 1969(6), c=10.4043(7) A. a=92.944(6), 
j=1  lO.SOS(5). ;.=109.957(5)". and %=2. Tc(V) is five-coordinate with the O(1) 0x0 oxy- 
gen at the apex of a distorted square pyramid (Fig. 12.32.A). The 'I'c atom lies about 
0.709(1) A out of thc plane, formed by the four donor atoms of the organic ligand. 
towards the 0 (1 )  oxygen. The Tc=O bond distance of 1.657(2) A is in the normal 
range, as is the Tc-S distance of 2.2720(7) ;I. The Tc-K( 1 )  and Tc-N(2) distances of 
1 .959(2) and 2.041(2) A, respectively, are remarkably different. The bite angles S-'l'c- 
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N(l )  and 0(3)-Tc-N(2) arc 83.21(6) and 87.79(9)", rcspectivcly. In the 1K the intense 
absorption at 952 ctn-l is attributed to the Tc=O stretching vibration [200]. 

The anionic complex 2-mercaptoacetyl diglycinato-oxotechnetate(V) [TcO 
( MAG.)]-(HJMAG~) represents another instance o f  the TcO(N20S)-core. Reaction 
of mercaptoacetyl diglycinc with 'l'c(V) gluconate in alkaline aqueous solution forms 
['L'cO(MAG2)] , which can be precipitated as the tetraphenylarsonium salt. 
[ AsPh4][TcO(MAG2)] . C2H50H forms dark brown crystals o f  the monoclinic space 
group P2,/r? with tr=l2.478(5), 0=14.922(5), c=17.183(9) A, /i=103.13(4)", and 2=4. 
l 'he coordination geometry of 'Ic(V) is again a distorted square pyramid with the 0x0 
oxygen at the apex. The Tc=O(oxo) bond distance is 1.644 A. The Tc=O stretch was 
found at 960 cm-'. Kemarkably, the hydroxyl oxygen atom o f  the carhoxylic group is 
bonded to 'lc: carboxylatc ligands in Tc complexes have scarcely been described. The 
corresponding Tc-O bond length is 2.016 A. Both Tc-N bond distances are 1.968 A. 
The Tc-S distance is 2.271 A. The 'l'c atom is displaced by 0.756 A towards the 0x0 
ligand from the equatorial plane [201.202]. 

To characterize potential 99mTc radiopharmaceuticals such as 091nl.~ pcnicillamine 
complexcs, the neutral TcO(N20S2)-corc complcx I)-penicillaminato-(N,S,O)-D- 
pcnicillaminato-(N.S)-oxotechnctium(V) was obtained by reaction of [TcOC4] in 
hydrochloric acid with D(-)-penicillatiiine. After evaporation of the dark reddish 
brown solution, crystals were isolated, crystallizing in the orthorhombic space group 
1'2,2121 with a=21.878(5), 0=11.711(2). c=S.924(1) A. and Z=4. The structure com- 
prises a distorted octahedron of donor atoms about the Tc(V). 'Itchnctium is bonded 
t o  the S,N, and 0 atoms of ;I D-penicillaminc diaiiion deprotoaated at S and 0, and to 
the S and N atoms of another D-penicillamine anion deprotonated at S. The 
Tc=O(oxo) bond distance is 1.657(4) A. The S and N atoms of the two D-penicilla- 
mine groups are cis arranged in the cquatorial plane and are bent away from the 0x0 
oxygen. Also this complex reveals a bonding t o  Tc via the ionized carboxylate group. 
The 0 atom is t m z s  to thc 0x0 oxygen. Its bond distance of 2.214(4) A is comparable 
t o  the Tc-N distances. The l'c-S bond lengths of 2.296(2) and 2.283(2) A are normal. 
The molccular structure of the technetium pcnicillamine complex was. in addition, 



extensively elucidated by NMK and vibrational spectra [203]. The mixed complex 
[(D-penicillaminato)(L-pen~c~llaminato)TcO]- is fluxional. racemizing by exchange of 
carboxylates at the site traizs to  the 0x0 ligand 12041 (Sect. 6.3). 

The neutral, mixed tcr- and bidentate Schifl-base oxotechnetium(V) complex 
[l'cO(haf)(pac)]" (Hzhaf = S-methyl-~i-N-(2-hydroxyphenylethylidene)dithiocar~~a- 
zate. Hpac = S-methyl-~~-N-(isopropylide~ie)~ithiocarba~~it~],  with the TcO(N20Sz)- 
core, was synthesized by reaction of [TcOCI4] with H2haf in methanollacetone with- 
out adding Hpac. The isolated dark red crystals crystallize in the monoclinic space 
group f 2 J c  with n=14.799(5), h=7.470(2), c=19.272(5) A, /j=104.31(10)". and 2=4. 
The formation of the ligand (pac)- from Hzhaf is unexpected and surprising. As re- 
ported. this may be the result of ketone cxchangc between the solvent acetone and 
the 2-hydroxyacctophenone group of a H2haf molecule, if the H2haf used for com- 
plexation was not contaminated with Hpac. 'Ihe six-coordinate Tc(V) complcx [ l c O  
(haf)(pac)]' is diamagnetic. The IR spectrum displays an intense band at 926 cm-'. 
attributed to the Tc=O stretch. l 'he coordination environment of 'l'c(V) is distortcd 
octahedral (Fig. 12.33.A). The phenolic oxygen O(2) occupies the site trms to the 0x0 
oxygen O( 1) .  The S and iK atoms of the two ligating ligands form a cis arrangement in 
the equatorial plane. Distortions lrom an octahedron are primarily due to the steric 
requirements of the O(1) 0x0 oxygen and to the bite anglcs N(2)-'lc-S(1) o f  78.9(3)" 
and N(4)-Tc-S(2) of 81.0(3)". The Tc=O( 1 )  distance is 1.633(8) A. 'I'he Tc atom is dis- 
placed by 0.20 A from the mean equatorial plane toward O(1). 'Ihe distortion also 
results in a non-linear O( l)=Tc-0(2) axis o f  157.0(4)" [205.206]. 

A compound containing the TcO(NOS2)-core was obtained by reaction of 
tris(2,4.6-triiso~~ropyl-ben~enethiolato)-pyridino-oxot~chnetium(V) (Sect. 12.3.3.6) 
with (phcny1azo)formic acid 2-phcnyl-hydrazide i n  methanol. The neutral, purplc- 
green complex [TcO(SC~,H2(isopropyl)~}~( PhNNCON2HPh)]' crystallizes in the tricli- 
nic space group f i  with a=13.3613(8), b=14.0268(6), c=13.0857(6) A, a=113.949(4), 
/?=100.265(4). 7=76.019(4)", and 2=2. The Tc atom is five-coordinate with the coord- 
nation geometry interinediate between square pyramidal and trigonal bipyramidal. 
The Tc=O(oxo) distance is 3.658(2) A. 'Ihe Tc-S bond distances are typical for 
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Fig. 12.33.h (S-meth\ . . l -P-~-(3-o~~phenvlc . th~l idcne)  dithiocarhaiatoj. [S-methql-/i-~-(isoprop!.lidene) 
cli t hioc;irbai.ato) 0 x 0  tcchneti u m  (V), [TcO( haf) (pic) 1- [ 2051. 



Tc(V)-thiolate sulphur bonds. TLVO coordination sites are occupied by the x-nitrogen 
and the carbonyl oxygen atom of the five-membered chelate ring. In the IR spectrum 
the Tc=O(oxo) stretching vibration occurs at 950 cm ' [207]. 

Another neutral. mixed ligand TcO(NOS2)-core complex, benzenethiolato-(N-(2- 
sulphidophenyl)salicylidcneiminato)-oxotechneti~iin(V) was synthesized bv reaction 
of [TcOCI4] , dissolved in chloroform. with an ethanolic solution o f  benzenethiol and 
2-(salicylideneiniino)l~cn~encthiol. The red-brown compound crystallizes in the  
monoclinic space group P2, with a=7.901(1), />=10.147( l ) ,  c=11.370(2) A, [j=93.60(1)", 
and 2=2. 'tc(V) is surrounded by a distorted tetragonal pyramid (Fig. 12.34.A) o f  
donor atoms. The basal plane is defined by the thiolatc S(1) atom, the nitrogen N(1) 
and the phenolic oxygen 0 ( 2 )  of the tridentate, dianionic N-(2-sulphidophenyl)sali- 
cylidene-iminato ligand and the S(2) atom of the bennenethiolato group. The Tc atom 
lies 0.66 A above the basal plane towards the O(1) 0x0 oxygen in the apical position. 
The Tc=O(l) bond distance is 1.661(7) p\. The angle between the Tc=O(l) axis and 
the normal of the basal plane is 177.2". The mean plane of the benzenethiolato ligand 
and the basal plane form an angle of 102.4". The T - S ( l ) ,  Tc-S(2), Tc-N(1), and 'l'c- 
0 ( 2 )  bond distances are 2.225(5), 2.265(5), 2.126(1 l ) ,  and 2.037(11) A, respectively 
[208:209]. In addition, other TcO(NOS2)-core complexes were synthesized by repla- 
cing benzenethiol b y  ~-CH~OOCC~HJSH,  /z-CXH17SH or  C2HsOOCCH2SH. Further- 
more, 2-(salicylidencimino)benzenethiol was substituted by the Schiff-base ligand N-  
acetylacetone-2-aniinothiophenol [209]. 

N-salicylidine-cystcine-oxotechnetium(V), a brown, neutral, diamagnetic complex, 
probably containing a TcO(N02S)-core, was prepared by reaction of an ethanolic so- 
lution of salicylaldehyde with an aqueous TcO; solution. alkaline S20$- as a reductant 
and an alkaline solution of L-cysteine. The amino acid Schiff-base ligand is quadridcn- 
tate and appears to  coordinate through the carboxylate. phenolate. and thiolate group 
and the uncharged azomethine group: 

,c= 

O lo 
Similar Schiff-base ligand Tc(V) complexes were obtained with L-serinc, L-histi- 

dine. L-threoninc. L-glutamic acid. and L-tryptophanc [210]. 
A series of oxotechnetium(V) complexes with bidentate. monoanionic Schiff-bases 

derived from S-mcthyldithiocarbazate have been synthesized. The neutral. six-coordi- 
nate. diamagnetic, rcd compounds are suggested to contain the TcO(N2S2C1)-core. 
The complexes were prepared by ligand exchange reaction of [TeOC14] with the cor- 
responding Schiff-base ligands in ethanol or methanol. According to IR spectra thc 
complexes show a definite correlation between the strength of the Tc=O bond and 
the degree of doublc bond character of the coordinating C=N bonds. The stronger the 
Tc=O bond. the weaker the nitrogen coordination and the more double bond charac- 
ter is in the coordinating C=N bond [211]. 



Fig. 12.34.A Benzcn~tliiolato-(N-(?-mrrcaptoplie~i~~l)s~licylideneiminato)oxotechnetium(V), [TcO(bt) 
(sphs;il)]" [ 2081. 

Other TcO(N2S2C1)-core complexes were obtained when [TcOC14] was reacted 
with 2-amino-1-cyclo-pentene-l -dithiocarboxylic acid (FIacd) or its N- and S-alkyl de- 
rivatives in acetone. Orange-red crystals of [? '~OCl(acd)~]" and of the dcrivative com- 
plexes were isolated. The diamagnetic, neutral compounds are fairly soluble in accto- 
nitrilc and DMF. According to 1R and ' H  NMR spectra, Tc(V) is coordinated 
through the thiolatc and the amino group in the equatorial plane, while the chloro lig- 
and resides in the ~ r a n s  position t o  the Tc=O(oxo) oxygen. The 'I'c=O stretching vibra- 
tions occur at 964 cm-' [212]. 

The tetradentate Schiff-base ligand N,N'-ethylene-bis(acety1acctonethioimine) 
rcacts with [TcOC'14]- in acetonilrile in an inert atmosphere to give a grccn precipitate 
of the neutral complex ( T c O ~ l ( ( s a c a c ) ~ e n ) ~ ~ ' .  The ligand coordinates in the  equatorial 
plane orthogonal to the Tc=O linkage. The Tc=O stretch was found at 938 cm I .  The 
complex is unstable in solution. When dissolved in CH2CI2. CHCl3 or acctonitrile the 
color of the grccn solution turns red-brown mainly due to the high lability of the 
chlorine ligand m z s  t o  the Tc=O group. Traccs of moisture lead to the substitution of 
chlorine by H 2 0  [213]. 

The 'l'cO(NOSC1)-core has also been found in some complexes. The reaction of the tri- 
dentate Schiff-base ligand N-(2-mercaptophcnyl)salicylideneimine(I~2sphsal) with 
[1'cOCl4]- in methanol yields dark red crystals o f  the neutral complex [TcOCl(sphsal)]" 
that crystallizes in the monoclinic space group P2]/a with u=14.255(9). h=12.495(7). 
c=7.S65(6) A. /1=105.22(5)". and 2=4. The complex is soluble in dicldoromcthane. chloro- 
form or DMF. The preparation of the coinpound requires that ['1cOCl4]- and the Schiff- 
base ligand be used in stoichiometric amounts. [TcOCl(sphsal)]" proved to be diamag- 
netic. 'J'he coordination geometry of Tc(V) is square pyramidal. The ligand occupies thrcc 
of the four coordination sites of the basal plane. The Tc atom is displaced from the mean 
equatorial plane towards the 0x0 oxygen by about 0.7 A. The Tc=O(oxo) bond distance is 
1.62(1) A, the Tc-CI, ' I -S ,  Tc-N, and Tc-O distances are 2.31(1): 2.33(1), 2.15(2) and 
1.92(2) A, respeclivcly [214]. 

The same corc o f  donor atoms has been verified in the complex chloro(S-methyl-3- 
(2'-hydroxy-l-naphthylniethylen~)dithiocarba~at~~}-~~xotech1ietiu1n(V). which was 



synthesized by treating ['TcOCL,] with the Corresponding tridentate, dianionic Schifl- 
base ligaiid (H2tcbn) in ethanol. The red compound [TcOCl(tcbn)l" crystallizes i n  the 
orthorhombic space group 1'212/21 with ~r=7.102(3). h=14.697(5). c=14.732(4) A. and 
2=4. l 'c(V) resides again in a distorted square pyramidal environment (Fig. 12.35.A). 
The tridentate 0. N, S ligand and the chlorine atom t r m s  t o  N(2) form the basal plane. 
'Ihe 'Tc atom is displaced by 0.693(1) I\ from the plane defined by N(2). S(1). O(2) 
and CI, pointing towards the O( 1) 0x0 atom. The Tc=O(l) distance is 1.645(7) A, indi- 
cating strong multiple bond character. The Tc=O stretch was found at Y80 cm. I .  The 
complex is diamagnetic in solution (2151. 

Some years prior to the appearance of [215], i t  was shown that the very similar fridcn- 
tate Schiff-base ligand S-methgl-~~-K-(2-hydrox~phenyl-ethylidcne)dithiocarbazate 
reacts with [TcOC14]- 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 electrons. in con- 
trast with previously synthesized square pyramidal oxotechnetium(V) coinplexes found 
to be diamagnetic. One explanation would be to consider a trigonal bipyramidal geometry 
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]. 

with derivatized amino acids in CH2Cl2/F;,tOH. The tridentate N2S Iigands (H2L) were 
Very rccently, TcO(N2SC1)-core complexes were obtained by reaction of [TcOC14] 

synthesized 
bazate. The 

SIZI 

by conjugating N-protected amino acids with S-mcthyl-2-methyldithiocar- 
purple compounds [Tc"O(L)Cl]" are stable and possess a square pyrami- 

I" 

Fig. 12.35.A C'hloro-(S met h~1-3- (2 ' -oxy-1-naphthvlmeth~le1i~)d~l l~ i~c~1 ba7nto}ouotechnetiuin(V). 
[ I cOCl(tchn)] [215]. 



dal geometry. The ligands (L) and the chloride form the basal plane. Structurally ana- 
logous, yellow complexes [Tc"N(L)( PPh3)]" were preparcd when [ TcNC12(PPh3)2]" 
was reacted with H2L (217al. 

12.3.3.1 0 TcO(N20P2)-, TcO ( P2S2CI)-, TcO( P202CI)-, TcO ( P203)-, and 
TcO(NP3CI2)-core complexes 

In this section we describe those oxotechnctium(V) complexes which contain. in addi- 
tion t o  other donor atoms, coordinated phosphorus. 

(2-Aminophcnyl)diphcnylphosphine, (2-NH2C6H4)PPh2 (Happ), reacts with 
[NBu4]Tc04 in methanol or ethanol at the controlled stoichiometric molar ratio of 
Tc:Happ=l:3 to produce the neutral ?'cO(N20PI)-core complex [T~O(app)~(0R) ] : '  (K = 

Me or Et) in which the amino groups are deprotonated. Pcrtcchnetate is reduced to oxo- 
technetiuni(V) by 1 mole of the Happ ligand. The dark purple compound is soluble in 
acetonitrile. dichloromethane, and chloroform. ITcO(app)2(OEt)]o is quite stable in the 
solid state, more stable than [TcO(app)2(OMe)l'. Hou.cvcr, both complexes slowly 
decompose in solution. [T~O(app)~(OMe) l  crystallizes in the monoclinic space group 
P2,lc with ~=12.156(3), h=26.005(6), c=10.953(2) A, /J=102.49(2)", and 2=4. The coordi- 
nation geometry 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(l) and P(2)-Tc-N(2) are 79.8(3) and 
79.6(3)", respectively. Each pair of' hidentate PN ligand donor atoms is nearly coplanar 
with their benzene ring. however, the rings are bent away from the 0x0 oxygen. The angles 
between the Tc=O(I) bond and the equatorial nitrogen donors O(l)-71c-N(l) and O( 1)- 



'I'c-K(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. Thc Tc=O(l) 
bond shows a reinarkable weakening as demonstrated by the bond length o f  1.700(8) A 
accompanied by a vcty low valuc of  the Tc=O(l) stretching vibration of 878 cni I for thc 
methoxo derivative and S57 cm ' for the ethoxo one. The unusually low frequency values 
much below the Ion-frequency end of the range thus far observed for monooxotechne- 
tium(V) complexes and tailing into the region characteristic of [rims-dioxo asymmetric 
stretching (750-850 cn-'), is due to the presence of both the t~~~ns-oxo-alcoholate group 
and mainly the amido groups in the equatorial plane [218]. 

Reaction of the tetradentate. dianionic ligand N,N'-bis(2-(diplienylpliosphino~phetiyl]- 
propane-1.3-diainiiie (H2dppd) with T c 0 4  in methanol yielded the neutral. stable, six- 
coordinate complex ITcO(dppd)(OMe)]". The red-brown compound, which is soluble in 
chlorinatcd solvents. crystallixs i n  the monoclinic space group P21/m with a=9.157(2). 
h=20.391(3), c=9.948(1) A, /I=114.76(1)". and %=2. The tetradentate P2N2 ligand occupies 
the four equatorial positions of a distorted octahedron around the metal atom. In the axial 
positions reside the 0x0 oxygen atom and the methoxo ligand. The angle O=Tc-O is only 
155.2'. The 'Ic atom is displaced from the equatorial PINz plane by 0.31 A towards thc 
0x0 oxygen. The Tc-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-'I'c-N bite angle is80.4(1)" [210]. 

The bidentate, monoanionic phosphino-thiol ligand 2-(diphenylphosphino)benzene- 
thiol (Hpbt). treated with [TcOC14]- in the exact molar ratio of 2:1 in CH2CY2 at -80°C. 
produces the neutral complex [ T ~ O C l ( p b t ) ~ ] ~ .  T h e  purple complex contains the 
'I'cO(P2S2C1)-core and shows a strong Tc=O stretch at 940 cni ' [220]. 

2-Hydroxyphenyldiplienylphospliine reacts in ethanol with [I'cOCl4] to form the 
purple crystalline product [ T c O C I ( O C ~ T I ~ P P ~ ~ ) ~ ] " .  The compound is soluble in 
chloroform and dichloromethane. The Tc=O stretching vibration occurs at 940 cn-I 
1221 1. The same compound was recently obtained by reduction-substitution reaction 
o f  TcO; with (2-hydroxyphenyl)diphenylphosphine in ethanol/H(:l. The dark violet 
rhomboids crystallize in the orthorhombic space group P212121 with a=lO. 1S3(9). 
h=14.028(9), c=21 .40(1) A, and %=4. The coordination geometry of the 'lcO(P202C1)- 
core is distorted octahedral. The chelating, bidentatc, uninegative ligands I'orin with 
Tc(V) two five-membered rings with bite angles o f  78.1 and 81.9". Te(V) is o u t  of the 
mean P20Cl equatorial plane by 0.29 A towards the 0x0 atom. The Tc=O(oxo) dis- 
tance is 1.665(7) A and the Tc-CI distance 2.389(4) A. The ~ l c - 0  singlc bond dis- 
tances arc about 1.99 A. The axial 0-Tc=O angle is 164.5(3) A 12221. 

[I 'c0Cl4] was also treated in EtOIT with bis(2-hydroxyphenyl)phenylphospliine 
[Ph(OH)2PPh], a potentially tridentate. dianionic ligand. A brown powder o f  the m u -  
tral complex [I'cO( Ph02)PPH(PhOOH)PPh]". soluble in DMSO and DMF, was iso- 
lated and characterized by ' H  NMR, mass spectrometry, and IR spectroscopy. The 
Tc=O stretch was found at 965 cin-'. The compound has a TcO(P20;)-core 12211. 

A cationic oxotcchnetium(V) complex containing the TcO(NP3Clz)-core was pre- 
pared by treating TcO; in  ethanol with conc. HCI and with thc tetradentatc tripodal 
ligand 2-diplie1iylphosphino-lv.N-bis(2-dipti~1iylphos~~hi~ioethyl)ethaneamitie (h'P3). 
After addition o f  the tetraphcnylborate anion. the orange crystalline product 
[TcOCl,(KP3)][HPhl] was obtained and identified 1223). 



'I'he structural data of ('l'cO).'--core complexes discussed in Sects 12.3.7.1-12.3.3.10 
are summarized in Table 12.6.A. 

Table 12.6.A Some structural dat:i o f  selected (l'cO)3+-coi-c coinpleses described in Sects. 12.3.3.1 t o  
12.3.3.10. 

Complex Geometry Tg=O v('Tc=O) Tc K e f e r e n c e s 
1'41 IR [cm-'1 (displacement) 

1.41 

12.3.3.1 

rcoc'i.+j 

[ I  cOnrJl 

[TcOBr I (H20)J  

[TcOLJ 

[TcOC'I ,I' 
[ I con1 ,]' 

[ IcO(<'u)5]~ 

12.3.3.2 

[ I  cO(("),(OMe)]' 

[TcO(Ch),(NCS)J?- 

[TcO(C h)1(1120)1- 

[ I  cO(h< S ) \ ] 2  

12.3.3.3 

['l'cO(cg) .I- 
[TcO(cat),] 

[TcO(n~troc'it)~] 

[ rcO(chlorocdt)~] 

[I cO(hmpo):CI]' 

[TcO(dpl>),CI J 

[TcO( hnipo)CI1] 

[TcO(m).( Hox)]' 

12.3.3.4 

[TcO(S(C'H,),SJ,] 

[TcO( S(C'H2);S),] 

sq.pyr. 

sq.pyr. 

oc ta tl. 

sy.pyr. 

octah. 

octah. 
. . . .  

oct:ih. 

octah. 

octah. 

octah. 

octah. 
.~ 

sq.pyr. 

sq.pyr. 

sq.pyi-. 

sqpyr. 

octah. 

octnh. 

octah. 

octah. 
... 

sq.pyr. 

sq.pyr.  

1.593(8) 

1.613(9) 

1.618(0) 
- 

- 

.. 

- 

- 

- 

- 

.. 

- 

1.648(5) 

1.634(4) 

1.945(4) 

- 

- 

1.647(2) 

1.640(6) 

1.64(1) 
- 

- 

1.672(8) 

1.646(4) 

1.655(6) 
- 

.. 

. .  

.. 

1025 

1010 

J O(Ml 

093 

956 

962 

910 

Y32 

~ 

~ 

945 

970 

Y72 

9x3 

969 

965 

950 

965 

OX5 

940 

945 

02.5 

Y.50 

9 7 2 i 9 X 0 
Y47 

030 

~ 

0.67 

- 

0.37 
- 

- 

... 

- 

- 

- 

- 

.... 

0.7014(4) 

0.6947(5) 

- 

- 

0.2 

0.25( I )  
.~ 

0.701(2) 

- 

- 

0.79 I 

0.759 

0.742(3) 

- 

0.732(1) 



Tahle 12.6.A Continued. 

Complex Geometry TF=O vcrc=o) TC References 
[A1 IH ~CIII-'] (!isplacement) 

lAl 

sq.pyr. 

s q . p y r . 
sq.pyr. 

sq.pyr. 

Sq.pyK. 

sq.PYr. 

Sq.PYr. 
sq.pyr. 

sq . pyr . 

Sq.pyK. 

sq.pyr. 

sq.pyr. 
... 

s q . p y r . 
sq.pyr. 

sq.PYr. 
octah. 

octah. 

octah. 

octah. 

octah. 

sq.pyr. 

sq.PYr. 
octah. 

octah. 

octah. 

octah. 

octah. 

sqq.pyr. 

sq.pyr. 

sq.pyr. 

SQ.llVK. 

1.659(11) 
- 

- 

- 

1.661 (6) 

1.672(6) 
- 

- 

- 

1.64(1) 

167(2) 

..... 

1.668(7) 

1.679 (3) 
- 

1.666(3) 

1.685(6) 

1.678(2) 

- 

- 

1.648(3) 

I .648(2) 

1.626(11) 

1.659(7) 

1.656(8) 
.. 

1.73(2) 

1.679(5) 

1656(7) 

1.66 

... 

940 

940 

960 

933 

975 

- 

9501940 

980 

935 

895 

948 

965 

970 
..... 

891 

923 

9181962 

953 

888 

9 101915 

965 

957 

957 

925 

952 

945 
- 

- 

948 

970 

906 

945 

945 

954 

.... 

0.846 
- 

- 

- 

- 

0.78 
- 

- 

0.720( 1) 

0.88 

- 

.. 

0.67 

0.678(1) 
- 

- 

0 30 

0 28 

- 

- 

0.65 
- 

- 

0.39 

0.2510.28 

0.08 

0 422 

0.72 

0 771 (5) 

0.747 

0.67 



Table l2.6.A Continucd 

Complex Geometry Tg=O u(Tc=O) TC References 
1.41 IR [cm-'l (displacement) 

1A1 
[rcO(ema)(morph) 1' 
[rco(L..i 

[TcO( NEt-tmdadt)J^ 

[?'cO(NMe-tnidadt)l" 

[l'cO(BA'l'-I3PA)]' 

[TcO( BAT-PPP)] ' 
[TcO(ddd)]+ 

[TcO(dcdt)]- 

[l'cO(Et,tcb),]- 

[I'cO(Et.,dadt)l+ 

[rcO(sacac),en(H?O)] 

[ TcO( pic)] 

[TcO(bls)-J- 

[TcO(R.IAG?)] 

[I'cO( MAG q0Me)J 

[re()( tiht )(py)]" 

sq.pvr. 

5q.pyr. 

sq.pyr. 

sq.pyr. 

sq.pyl. 

sq.pyr. 

sq.pyr. 

sq.pyr. 

sq.pyr. 

sq.pyr. 

octah. 

s q . p y .  

sq.PYr. 
sq.pyr. 

sq.pyr. 

s11.pyr.l 
trig.hipyr. 

sq.pyr. 
. .  . 

1.658(3) 

1.666 

1.681 

1.67811.671 

1.681/1.691 

I .646(8) 

1.646(4) 

1.6.51 

1.657( I )  

1.643(3) 

1.653(4) 

1.647(3) 

I .654/1.65S 

1.665(3) 

1.664(3) 
. .  

octah. 1.656(3) 

octah. 

octah. - 

octa h ,  - 

octah. 

octah. - 

octah. - 

octah. - 

.. . . ~ 

octah. 1.67 

octah. 

octah. 1.66 

- 

octah. I .649(1) 

oct a h. 

- 

940 

9161924 

YO0 

90019 19 
- 

- 

97s 

955 

964 

966'972 

965 

- 

914 

928 
.. . 

970 

979 

974 

982 

966 

980 

969 

917 

940 

95 1 

930 

943 

94.5 

945 
(TcOCl(es)(phcn)]" octah. I .661(4) 952 - [ 1921 



Table 11.6.A Continued 

Complex Geonietry T+ v(Tc=O) Tc (dis- References 
1111 IR [cm-'I placement) 

[Al 

oct a h . 

oc t ah. 

octah. 

octah. 

octah. 

sq.pyr. 

Sq.PYr. 
sq.pyr. 

octah. 

octah. 

sq.pyr.1 
trighipyr 

sq.pyr. 

sq.py1. 

octah. 

sqq.pyl-. 

Sq .Q y r . 

trig.bipyr 
. .  ~ 

octah. 

octah. 

octah. 

octa h . 

1 .hh 1 ( 3 )  
I .675(3) 
1.61( I )  

1.6SJ(6) 

1.6JS(5) 

1 .650(6) 

1.634(7) 

- 

1.657(2) 

1.644 

1.657(4) 

1 .658(2) 
1.633(8) 

1.66 l(7) 

l.62( I ) 

1 .h45(7) 

- 

1.700(S) 

1.69 I ( 2 )  

1 .665 

- 

970 0.19 

930 

0.20 

039 - 

03s 

956 - 

045 0.154 

980 0.67 
. .  

Y.52 0.709( I )  

960 0.756 

958 

926 0.20 

950 - 

Y50 0.66 

XY 2 
9 64 

Y79 0.7 

980 0.693( 1) 

9x5 - 

- 

- 

.. 

87s 0.22 

X82 0.31 

940 

040 0.29 

~ - 

12.3.4 (T~S)~+-core complexes 

12.3.4.1 TcS(S4)-and TcS(N3C12)-core complexes 

From the reaction of K2[TcCI6], suspended in methanol, with excess cthane-1,2-dithiol 
(H?edt), the anionic tcchnetium(V) sulphido complex [TcS(edt)z]- was prepared in 
low yield. l l ie  mixture was heated at reflux temperature under an argon atmosphere. 



After addition of tetraphenylarsonium chloride, [A~Ph,][TcS(edt)~] was isolated as a 
blood-red solid. The complex salt is diamagnetic in acetone solution and was charac- 
terized by IR, 'H NMR and FAB mass spectra. The IK absorption at 520 cni-' was 
assigned to the Tc=S stretching vibration. [TcS(~d t )~ ] -  can be converted to the corre- 
sponding orange [TcO(edt)?] by refluxing in CH2C12 in the presence of air [224.225]. 

['I'cOCl~(HR(pz)~}]" (HH(pz3) = hydro-tris(1-pyrazolyl)borato, see Sect. 12.337) 
reacts in dichloroinethane with suspended R2S3 at 80°C under argon t o  form dark 
green [?'cSC12(HI3(pz)3}]". 'Ilie neutral compound is unstable in solution and easily 
converted back to the corresponding 0x0 complex in the presence of air. Therefore 
the preparation requires the careful exclusion of oxygen and water. Also this complex 
proved to be diamagnetic. IR/IJV/VIS spectroscopy, and FAB mass spectra identified 
the sulphidotechnetium(V) compound [224,225]. 

12.3.5 Trans-(Tc02)+-core complexes 

12.3.5.1 Tc02(N4)-core complexes 

Reaction of TcOCI; with ethylenediamine (en) in THE' yielded tr-ans-dioxo- 
[T~O*(en)~l+  that could be obtained as the chloride salt in orange needles. The dia- 
magnetic compound crystallizes in the monoclinic space group P21/c with a=5.637(1), 
h=11.177(2), c=16.112(3) A, /J=101.11(1)", and 2=4. 'Ilie [ T ~ O ~ ( c n ) ~ l +  cation exhibits 
a distorted octahedral geometry. The four nitrogen atoms are coplanar. Thc average 
Tc-N distance is 2.15 A. The O=Tc=O moiety is nearly linear and perpendicular to 
the plane of the nitrogens. The Tc=O distances are 1.752(1) and 1.741(1) A. 'Hie 
mutual lengthening of the Tc=O bonds is consistent with the trans effect exerted by 
the respective 0x0 ligand. The intense IR absorption at 833 cm-I, which has been at- 
tributed to the O=Tc=O group, differs appreciably from the higher Tc=O stretching 
frequencies observed in the monooxotechnetium(V) complexes 12261. 

[Tc02( en)2]+ has recently been prepared through an alternative route involving the 
reaction o f  excess ethylenediamine with [TcC14(PPh3)2Io in acetonitrile at room tempera- 
ture. In similar procedures the analogous tmns-dioxotechnetium(V) cations [T~o, (pn)~]+  
(pn = 1 ,3-propanediamine), [Tc02(tad)lT (tad = 1.,5,8,12-tetraaza-dodecane), [Tc02(cy- 
clam)]- (cyclam = 1,4,8,11 -tetraaza-cyclotetradecane), [?'c02(monooxocyclam)]- (mono- 
oxo-cyclani = 1.4,8,11 -tetraazacyclotetradecane-5-one), and [ TcO2(dioxocyclam)]+ 
(dioxocyclam = 1.4S.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]. [? '~O~(en)~]-  and [1c02 (pn),]+ are 
rather stable in aqueous solution and inert to substitution [228]. 

Very recently the structure of [ l ~ ~ O ~ ( p n ) ~ ]  ' was determined. The cation was 
synthesized by reduction of 'I'cO; with S2Of in aqueous solution in the presence of 
1,3-propancdiamine. To the pink solution obtained, a large excess of NaI was added 
resulting in a pink solid of [ T C ~ O ~ ( ~ ~ ) ~ ] I . H ~ O .  The complex salt crystallizes in the 
orthorhombic space group 1'2,2/2/ with a=14.873(2), h=16.994(2), c=5.5945(5) A, and 
2=4. The coordination geometry around 'lc(V) is a tetragonally distorted octahedron. 



The bond distances of O-'Ic=O are 1.748(4) and 1.754(4) A. 'llie Tc-r\: distances 
range from 2.163(5) t o  2.179(5) A. The ( ' 1 ~ 0 ~ )  +-core is nearly linear and perpendicu- 
lar to the plane defined by the four nitrogens [229]. 

[Tc02(cyclam)]C104~ 1 1 2 0  crystallizes as yellow orange rectangular plates i n  the 
triclinic space group P i  with u=9.964(3), h=9.473(2), c=l 1.815(3) A, r=l01.38(2)", 
/j=112.54(2)", y=113.50(2)", and 2=2. The coordination geometry of [Tc02(cyclam)]+ 
is slightly distorted octahedral. The average Tc=O distance is 1.751(4) A, and the 
average Tc-N distance 2.125(11) A. The N-Tc-N angle and the K-Tc=O angle are 
96.2( 1) and 90.4( l)", respectively. The asymmetric stretching vibration of the 
O=Tc=O group was observed at 790 cm-' [189]. 

By reaction of [TcOC14] with 1,4,8,1l-tetraaza-undecane (2,3,2-tet) in THF the cat- 
ion trans-dioxo-[Tc02(2.3.2-tet)] ' was obtained and precipitated as hexalluoropho- 
sphate in yellow crystals. A strong IR absorption at 790 cm-' was assigned to the 
trrms-dioxotechnetium moiety [231]. 

Some amine oxime complexes contain the (Tc02)+-corc. When 3,3,11,11-tetra- 
methyl-4,10-diazatridecane-2,12-dionedioxinie [I-Ipent(a~)~] is reacted in aqueous so- 
lution with TcOJ after its reduction with Sn(I1) tartrate, an orange, crystalline, neutral 
compound tmn,s-dioxo-[TcO~(pent(ao)2]]" is obtained, which crystallizes in the tricli- 
nic space group Z'l with a=11.418(2), h=13.940(7), c=18.992(10) A, r=69.29(4), 
/1=90.00, ;1=83.69(3)", and 2=4. [Tc02(pcnt(ao)2)]" has a slightly distorted octahedral 
geometry with the Tc atom lying in the plane of the four nitrogens The O=Tc=O 
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 Tc-N single bonds and the 
average I'c-0 bond distance of 1.74 A is typical for trrins-dioxo-technetium(V) com- 
plexes. Bands at 794 and 789 cm-' are attributed to the asymmetric stretch of the 
O=l'c=O moiety [134]. 

Imidazole (im), 1-methyl-(1-Me-im), and 4-methyl-imidazole (4-Me-im) react with 
[TcOCl,]- in ethanol to form the pink rruns dioxo compounds [Tc02(im)j]C1, [Tc02(l - 
Me-im),]Cl, and [T~0~(4-Me-im)~]Cl.  l~rms-dioxo-[TcO~(irn)~]Cl~ 2H20 crystallizes in 
the monoclinic space group C2/c with a=13.249(3), h=l1.239(2), c=14.358(3) A, 
/1=115.56(2)", and %=4. The cation core is a tetragonally distorted octahedron (Fig. 
12.37.A) with Tc=O bond distances of 1.71(2) A and Tc-h' distances of 2.15(2) A. The 
dihedral angles between the imidazole rings and the Tc-N equatorial plane are 75" and 
82". The IR vibration frequency V , , ~ ~ ( T C O ~ )  is 810 cm-'. The imidazole complexes are 
diamagnetic due to the strong tetragonal distortion exerted by the 0x0 ligands. They are 
unstable in aqueous solution. The formation of dioxo instead of monooxo complexes is 
probably due to the attack of water during the reaction 12321. [T~O~(thiazole)~]CI.  3H20 
was obtained in orange crystals by reaction of [TcOCLJ with thiazole in methanol. The 
complex is unstable in solution in the absence of excess thiazole [ 1921. 

The first report on a trans-dioxo-pyridine complex, [Tc02(py)$, dates back to 
1972. [TcC1612 in hydrochloric acid solution reacts at pH 4-5 with pyridine to produce 
orange, highly hygroscopic crystals of [Tc02(py)j]C1. 10H20. The complex salt readily 
dissolves in water, methanol and ethanol. An intense band at 825 cm was attributed 
to the O=Tc=O stretching vibration [233]. The same complex cation was also obtained 



l+ 

Fig. 12.37.A T~trakis(imida~ole)-/i.rm~-dioxotechnetiu~n(V), [l'cO~(im) I]* 12321. 

in later work, when [7'~"'0(tnitu)~]' (tmtu = tetramcthylthiourea) was reacted with 
pyridine in acetone. [Tc02(py).,]PF, forms yellow needles [llS]. 

'/i-~azs-dioso-[7'cO~(tbpy)l]' (tbpy = 4-tert-butylpyridinc) was prepared by reacting 
[TcOC14] with tbpy in ethanol. By adding [F3CS03]- the complex salt [Tc02 
(tbpy)4][F;CS03] was precipitated in yellow crystals belonging to the triclinic space 
group P L  I h e  cell constants are a=13.876(5). h=15.429(4), c=11.822(2) A. 
z=lJ1.83(2), 8=303.77(2)". ;3=65.24(2)", and %=2. The coordination sphere of 'l'c is 
again tetragonally distorted octahedral. The average Tc=O bond distance is 1.743(5) 
A, the average Tc-N distancc 2.15(2) A. The pyridine rings are twisted away from the 
O='l'c=O axis by varying degrccs 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 rlniz.s-dioxo cations [ T ~ O ~ ( p i c o ) ~ ]  ' (pico = 4-methylpyridine=pi- 
coline). [?'c02 ( l ~ t ) ~ ]  ' (lut = 3,S-diniethylpyridine=lutidinc), [TcOz (spy)]+ (apy = 4- 
aminopyridine), and [Tc02(dmapy)]+ (dmapy = 4-(dimcthylamino)pyridine} were 
synthcsized. IK absorptions, assigned to the asymmetric O=Tc=O stretch. were found 
bct\vccn 818 and 828 cin I .  All these compounds were shown to bc diamagnetic [234]. 

The substitution kinetics o f  the rmns-dioxo cations [ T ~ O ~ ( p y ) ~ l - .  [ T ~ O ? ( p i c o ) ~ ]  ' . and 
[ T ~ O ~ ( l u t ) ~ ] .  were studied with 4-aminopyridine, 4-(dimcthylamino)pyridine, imidazole. 
cthylcncdiamine, cyanide. and cyclam as substituting ligands in methanol, ethanol and 
partially in DMF. In alcohols the reactions proceed by a solvent-mediated mechanism 
and arc independent of the concentration of both the substituting and leaving ligands. In 
DMF the reactions were described by a dissociative mechanism. In methanol/DMF mix- 
turcs specific solvation effects can significantly alter the substitution rates [235]. 

[Tc02(bptz),]C1 (bptz = 316-bis(2'-pyridyl)-1,2,4,5-tetrazinc} was synthesized by the 
reaction of [l'cOC14]- 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 
asymmctric O=Tc=O stretching vibration appeared in the IR at 7Y8 crn-~' [6]. 



12.3.5.2 'IcOZ(N2S2)-, TcO?(N03)-, Tc02(N202)-, and 
'l'c02(N02S)-core complexes 

The reaction of 1.4-dithia-8.1l-dia~acpclotetradecane ( 14ane-h'\':S2) with (TcOBr,]- in 
1 H F  and addition of 1 PF6]- yielded yellow crystals of tr~rz.s-dioxo-[7'~02( 14- 
ane-N2S7)][PF6], which crystallizes in the monoclinic space group P2///1 with 
n=9.726(3). h=9.668(2). c=19.262(3) A. 8=95.84(2)", and 2=4. The coordination 
around Tc" has the geometry of a distorted octahedron with the Ii& donor atoms 
located i n  the equatorial plane. The 'I'c=O bond distances are I .748(2) A. The average 
Tc-N and 'Tc-S bond lengths are 2.150(4) and 2.395(1) A. respectively. The O=Tc=O 
axis is almost lincar with 176.6(1)". The bite angles N-'Tc-N and S-Tc-S are 82.9(2) 
and 84. I (l)", respectively. The IR spectrum shows a strong absorption at 800 cm-' 
assignablc t o  the asymmetric O=Tc=O stretching vibration 1236,2371. 

The t~r~r~s-dioxo-Tc02(N2S~)-corc is also represented by the complex anion [IcOz 
(hem)?]- which contains the monoanionic, hidentate Schiff-base ligand benzylidine-2- 
thioaniline (Hbcm). [ T ~ O ~ ( b e m ) ~ ] -  (v;,,(Tc=O) = 743 cm-') was obtained by reaction 
of the ligand with dithionitc-reduced TcO;. I n  a similar route [ T ~ O - ( a t p ) ~ ]  (Hatp = 

2-aminothiophenol) [ i~as ( ' l~=O)  = 743 cm-l) was synthesized. The anions 
[Tc02(hbh)(HzO)]- (Hzhbh = 2'-hydroxybenzylidine-2-hydroxyanilinc) (vas('Ic=O) = 

7Y8 cm-'). [ T ~ O ~ ( h b a ) ~ ]  (Hhba = 2'-hydroxybenzylidine-aniline) ( I ~ ; ~ ~ ( T C = O )  = 808 
cm I ) ,  [Tc02(hpa)(H20)]- (Hzhpa) = 4'-hydroxypentyl-2'-idine-2-hydroxyanili1ie) 
(v,,(Tc=O) = 781 cm l}, and [ 7 ' ~ O ~ ( a p ) ~ ]  (Hap = 2-aminophcnol) (vas(Tc=O) = 798 
cm l }  contain the 'IcOz(N03)- or the Tc02(N20z)-core. Tlic TcOz(NO?S)-corc has 
bcen verified in [l'c02(hbta)(H,0) I- (H2hbta = 2'-hydroxybenzylidine-2-thio~1iiiliiie) 
[v2,Jrc=O) = 748 cni-l) and [TcO?(hpt)(H20)]- (H2hpt = 4'-hydroxypcntyl-2'-idine-2- 
thioaniline) (I~~\(?'c=O) = 747 cm-'). The Tc atom is six-coordinate in all these com- 
plexes. which are diamagnetic. The I BudN]' salts are crystalline red solids [238]. 

12.3.5.3 Tc02(P4)-, Tc02(P3)-, and Tc02(P2N2)-core complexes 

Reduction of pertechnetate with excess bis( I ,2-dimethylphosphino)ethane (dmpe) at 
ambient temperature under mild alkaline conditions and short reaction time yields 
yellow ~rnns-dioxo-[7'cO2(~irnpe)~~' which was precipitated with [F3CSOi]-. The 1R 
stretching vibration of vas('l'c=O) appeared at 775 cm-'. The protonated form of  this 
complex cation was obtained by dissolving [ T ~ O ~ ( d r n p c ) ~ ] [ F ~ C S 0 ~ ]  in hot 2-propanol 
and adding several drops o f  conc. F3CS03H. Addition of dicthyl ether, followed by 
cooling to -4 Y', produced a dark orange precipitate 0 1  [ T c 0 ( O H ) ( d m p ~ ) ~ ]  
[F:ICSO-,]~. At the ionic strength of 0.5 M and 25 "C the pK,, of the cation is 0.80. Ked- 
dish orange iieedles of this salt crystallize in the monoclinic space group PZ/lr with 
a=S.052(2). h=l1 .S27(2), c=16.070(3) A, /1=101.96(2)", and Z=2. Tc(V) is approxi- 
mately octahedrally coordinated with four equatorial P atoms at an average distance 
of 2.477(5) A. The oxygcn atoms occupy mutually t m r i s  positions in the (0= 
Tc-OH)"-core. 'Ihc average 'l'c-0 bond length is 1.795(3) A. An EXAFS (extended 
X-ray absorption fine structure) study gives a 'I'c=O distance o! 1.66 and a Tc-OH 
distance o f  1.96 A 12391. 



In addition. the myocardial perfusion imaging cationic agent [TcO?( tetrofosmi~i)~]+ 
(tetrofosmin = 1.2-bis[bis(2-ethos).eth~l)phosphino]ethane] contains the ti-rrns-dioxo 
TcOz(P4)-core. The compound was prepared by mixing TcO; and tetrofosmin in aque- 
ous ethanol. A pink precipitate of [Tc02( t e trofos~nin)~][ Cr(SCK)J( h'HR)?] was 
isolated by addition of [Cr(SCN)J(NH3)2]-. The structural forinula shows the axial 
tmiis-dioxo core (Fig. 12.3X.A) with the four P atoms of  the two bidentale diphosphine 
ligands forming an exactly planar array. The coordination geometry of Tc is nearly 
octahedral. 'l'he 'I'c=O bond distance is 1.738(17) A, the average Tc-P distance 2.473 
A. [T~O:(tctrofosmin)21[Cr(SCN)~(NH~)~] crystallizes in the triclinic spacc gIoup P i  
with a=12.635(3). b=12.939(3). c=12.021(3) A. 2=106.95(3). /1=113.1 l(3). ;,=6O.S3(3)". 
and %=1 [240]. 

Very recently 'I'c02(P3)-core complexes have h e m  found in  the cations ['IcOz 
(Pet?) 3 ]  and [Tc02(PPrR)3]', which were synthesized by reacting TcO; with the per- 
tinent phosphine and precipitated as tetraphenylborate. [ T c O ~ ( P E ~ ~ ) ~ ] [ B P ~ ~ ]  crystal- 
lizes in t w o  crystallographic forms occurring in thc monoclinic space groups P21/n and 
P21/c. [ T C O ~ ( P P ~ ~ ) ~ ] [ R P ~ ~ ]  belongs to the monoclinic space group CYc. Dark brown 
[I'c02(PEt3)3][BPh4] of the space group P21/n has the unit cell dimensions 
a=14.354(3), b=11.731(2). c=26.478(6) A, /3=101.220( 10)'. and %=4. The cations show 
a distorted trigonal bipyramid structure. not yet known for cationic dioxo tcchne- 
tium(V) complexes. The two 0x0 ligands and thc P(2) donor atom form t he  trigonal 
plane (Fig. 1 2 . 3 9 4 .  This c i d i o x o  structure was also found for [Tc02( PPr3)R]+. The 
Tc=O 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=O angles vary between 141.5(2) and 143.4(2)". 
The v(Tc=O) stretching vibration was observed around 850 cm-'. The compounds are 
paramagnetic. Reaction of the complexes with pyridine in methanol produced the 
TcO2(P2N2)-r/.a/7s,~i.~,ci.~-co~e cations [TcOz(PR,),(py)?]- of distorted octahedral 
structure. Their tetraphenyl borate salts are diamagnetic, indicating a significant distor- 
tion of the octahedral gcomctry 12411. 

+ 

Fig. 12.38.A Ris(tetrofos~iiin)-~nii~c-dioxotcchnetium(V). ['I'co,(tctrofosmin)7]- [240]. 



Fig. 12.39.A T~is(triethylp1iosphinc) 
tiurn(\'). [ t c 0 7 ( E t 3 ) 3 ] -  (2411. 

-cis-diowotechnc- 

12.3.5.4 Trans-dioxotetracyanotechnetate(V), [TcOz (CN),I3- 

Reaction of trms-dioxo [TcO,(py)l]+ with a large cxccss of KCN in aqueous solution 
leads to the formation o f  K ? [ I C O ~ ( C N ) ~ ]  that can be recrystallized from methanol/ 
water to yield lemon-yellow needles. The compound can also he obtained by repeated 
hydrolysis of either K4[Tc(CN),] .2H20 or K*[TcO(CN)s] . 4H20. The asymmetric 
O=Tc=O stretching vibration of [Tc02(CN),]' appears in thc 1K at 785 cm [SO]. 
The diamagnetic anion represents a highly deshicldcd 99Tc environment as obscrvcd 
in 09Tc NMK spectroscopy [3 ] .  

The structural data of dioxotcchnetate(V) complexcs are summarized in Table 12.7.A. 

Table 12.7.A Sonic structural data for ~ l c c t e d  (Tc02)+-corc complexes treatcd in Sect. 12.3.5 
~ 

References Complex Geometry Tr=O "a' 
[A1 (O=Tc=O) 

IR [cm-'1 

12.3.5.1 

[Tc07(en)2] octah. 1.746( 1) 833 12-26] 

[ Ic02(rad)2]-  octah. - 810 12271 

['Ic07(c! clam)]- octah. 1.751(4) 790 1227.2301 

[Tc02(2.3.2-tct)] ' octah - 790 12311 

[1'cO2(im),] octah. 1.71(2) 810 12323 

[~1'CO2(PY)4lf octah. - 825 12.331 

ITcOz(p11)~I' octah. 830 I2271 

ITc02(pent(so),)l" octah. 1.743(3) 7891794 11341 



Table 12.7.A Continued 

Coiiiglex Geometry Tc=O V,, References 
"41 (O=Tc=O) 

IH Icm-'I 

[rcO?(lbpy)J]' octah. 1.743(6) 82 1 12341 
- [l'cO:(bptz)>] ' octah. 79s [61 

. . ~ ~ ~  

12.3.5.2 

[l'c02(14-ane-N2S2)1 ' octah. 1.748(2) 800 [236,237] 

octah. 

octah. 

octah. 

octah. 

octah. 

octah. 

octah. 

octah. 
..... 

octah. 

743 
- 743 

- 798 

sos 
- 781 

- 798 

748 

741 
.... 

I .795(3) 77s 

12381 
[238] 

[233] 

[23S] 

[23S] 

[23S] 

[23S] 

[238] 
. . . . . . ~  

[239] 

12.3.6 Diniiclear 0x0 complexes 

12.3.6.1 p-Oxo compounds 

The quadridentatc Schiff base N,I\"-propanc-l,3-bis(salicylideneimine) (H2salpd) reacts 
with [IcOC14] in ethanol to produce an orangc precipitate o f  [p-O(Tc0 (~a lpd)}~]" .  The 
red-violet crystals adopt the monoclinic space group P2,/c with a=15.041(2), h=12.630(3), 
c=16.522(4) A. /i=YS.35(3)". and 2=4. The structure of thc dinuclear pox0 complex is 
characterixcd by the almost linear [O=?'C-O-TC=O]~+ group. l h e  coordination geomctiy 
of both Tc atoms is nearly octahedral. Each central atom is displaced by 0.12 A from the 
mcan plane of the N202 donor atoms towards the terminal oxygens. The bridging Tc-0 
distance is 1.W( 1 )  A which is distinctly shorter than the average Tc-0 distances of 2.01 A 
in the equatorial plane. The mean Tc-N bond length is 2.12 A, the mean Tc=O distance 



1.6'9 A. The O=Tc-O angle is 167.0(5)". The IK absorption at 685 cm-I is attributed to the 
'I'c-(l-'lc vibration. [ji-O('l'cO ( ~ a l p d ) } ~ ] "  melts at 215 "C [18X]. 

Reaction of the very similar Schiff base N.N'-2-hydroxypropane-l.3-bis(salicylide- 
ncimine) (H+alhpd) with [l'cO('I in methanol yieldcd a deep red crystalline solid 
which is soluble in DMF, TIMSO. CH2C12, and ('IIC13. The neutral diamagnetic com- 
pound [u-O(TcO ( H ~ a l h p d ) } ~ ] "  crystallizcs in the same monoclinic spacc group PZl/c 
with a=9.423(6). h=19.666(9), ~=22.785(1 I )  A, /{=9Y.41(4), and 2=4. The structure 
involves two distorted octahedra of Tc(V) (Fig. 12.40.A) bridged by a single oxygen 
atom of the nearly linear Tc1034- group. The average jc-0-Tc bond distance is 1 . Y 1  A 
and the average terminal Tc=O bond length is 1.71 A. 'lhc Tc and Tc' atoms are dis- 
placed by 0.14 and 0.10 A, respectively. from the mean equatorial plane of the "20, 
donor atoms towards the terminal oxygcns. The structure of [jc-O(Tc0 (H~a lhpd) ) , ]~  
is strongly related to the structure of the parent compound [p-O(TcO ( ~ a l p d ) } ~ ] ~  
[188]. The 1R bands at 625 cm-' and 912 cm-' are assigned to the asymmetric Tc-0- 
'Ic and thc terminal Tc=O vibration, respectively. 'lhe redox reaction of [ji-O(TcO(H- 
~ a l h p d ) } ~ ] " ,  dissolved in DMF, reveals a one electron transfer for the T C , O ~ ~ + / T C ~ O ~ ~ +  
and Tc2034-/Te203'+ couples [242]. 

Amine phenol ligands like N,N'-bis(2-Iiydroxy-ben~yl)-1,3-diaminopropane 
( Hzhbdp), and some derivatives, form highly lipophilic poxo-bis(oxo) dinuclear coni- 
plcxes of Tc(V) by reduction of Tc04 with Sn(I1)-tartrate in the presence of the ligand 
in aqueous alcoholic solution. The brown compound [p-O(T~O(hbdp)}~]"  crystallizes 
in the tetragonal space group P42,c with rr=29.505(6). c=Y.544(3) A. and Z=8. The 
coordination geometry of the Tc atoms is distorted octahedral. similar to the pox0 
coniplexes mentioned before. The O=Tc-0-Tc=O backbone shows significant dcvia- 
tion from linearity. The O=Tc-()(bridging) angle is 164.4". The Tc=O(terminal) and 
Tc-O(bridging) bond distances are 1.677( 1) and 1.917(27) A, respectively. The Tc 



atoms are 0.1 A out of the planes defined by the N 2 0 2  donor atoms, toward the termi- 
nal oxygen atoms. The 'I'c-O(p1ienol) and Tc-N bond lengths are 1.99( 1 )  and 2.17(3) 
A, respectively. 'I'he 1K vibration frequency of 674 cni ' was attributed to  the 'Ic-0- 
Tc group, the vibration at 920 cm-' to the terminal Tc=O bond [243]. 

Another aiiiine phenolate ligand containing a nitrobenzyl group for binding the 
'Ic(V) complex to biomolecules. ru',N'-bis(2-hydroxybenzyl)-1,3-diamino-2-(4-nitro- 
benzy1)propane (Hzhbdnp), reacts with [TcO(eg)?] to form the brown. neutral dinuc- 
lear complex (p-O(TcO( hbdnp)}2]". The cornpound crystallizes in the monoclinic 
space group 1'2,/c with rr=10.633(2), h= 13.705(1), c=1.6.364(3) A, /1=94.65(1)", and 
2=2. Two distorted octahedral T~O(N~O~) -co res  are connected by a p-0x0 ligand. 
The structure is similar to those described before. The terminal Tc=O and the bridging 
Tc-0 bond distances are 1.655(7) and 1.903(1) A. respectively. The IR vibration fre- 
quency at 950 cm-' was assigned to the Tc=O stretch. The Tc-0-Tc unit is linear and 
forms an angle of 163.4(4)" with the terminal 0x0 ligand. The l c  atoms reside 0.117 A 
outside of the N202 plane towards the terminal oxygen [244]. 

A dinuclear p-0x0 complex containing an SzC12 plane was obtained by reaction of the 
bidentate thioether 5,8-dithiadodecane (C4H9SCH2CH2SC4H9) with [?'c0C14]- in aee- 
tone/methanol solution. The yellow-green compound [pO('l'~O(dithiadod)CL]~]" crys- 
tallizes in the orthorhombic space group PBcn with a=16.474(7), b=17.044(6), c=23.756(9) 
A. and 2=8. Each Tc atom is centered in a flattened octahedron with the equatorial plane 
formed by the S2C12 donor set. The S and C1 atoms of the octahedra are in the anti position 
with respect to the bridging oxygen. The Tc atoms reside 0.12 A out of the S2CI2 planes 
towards the terminal oxygens. The average terminal Tc=O bond distance is 1.670 A. The 
IR vibration of the Tc=O group appeared at 920 cm-'. The mean bridging Tc-0 distance 
is 1.899 A and the mean Tc-CI and Tc-S bond lengths are 2.402 and 2.442 A, respectively. 
LJsing 3,6-dithiaoctane (C?H5SCI 12CF-T2SC2Hs) as a bidcntate thioether ligand, the reac- 
tion with [Tc0C14] yielded the analogous pox0 compound [,~~-O(TcO(dithiaoct)Cl~]~]" 
showing the Tc=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 [Tc0(8-hydroxy-3,6-dithiao~tane-l-oIato)C1~]~ was obtained and 
contains the [O=?'C-O]~' group [245]. 

The tetradentate Schiff-base ligand N,N'-ethylene-bis(thioacetylacetony1idenei- 
mine) ((sacac)?en H2] reacts with [Tc0Cl4]- in refluxing methanol to produce the red- 
brown, dinuclear complex [ ,~~-0(Tc0(sacac)~en]~]"  which is poorly soluble in common 
organic solvents. The frequencies at 910 and 680 cm.-' are attributed to the terminal 
Tc=O and Tc-0-Tc stretching vibrations. respectively [213]. 

The cationic dinuclcar complex [p-0(Tc0Cl(terpy))2]2' was synthesized by reac- 
tion of excess terpyridine with [TcOCl4] in refluxing ethanol. The blue-violet chloride 
precipitate is soluble in DMF and DMSO. TK absorptions at 679 and 936 cm are 
ascribed to v('1c-0-Tc) and v(Tc=O), respectively [185]. 

12.3.6.2 Other ligand-bridged compounds 

The remarkable sulphur-bridged dinuclear complex [ ~ - S , S ' ( ( ' ~ C ~ ) ~ ( S C H ~ C H ? S ) ~ J ~ ~ )  
was obtained by reaction of [Tc0C14]- with ethanedithiol in  methanolic solution. 



The orange compound crystallizes in the monoclinic space group P - ~ , / C  with 
a=8.833(2), h-15.034(3), c=I 1.350(2) A, /1=108.17(1)”. and 2=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 0x0 oxygen atom (Fig. 12.41.A). The Tc=O(l)  and Tc=0(2) 
bond distances are 1.665(3) and 1.661(3) A, respectively. ’rc(1) is 0.7410(3) A. 
Tc(2) 0.8025(4) A above the sulphur atom planes. The bonds to the unique ethanc- 
1,2-dithiolate group arc quite short, with ’Tc(l)-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  
syii configuration. The Tc( 1 )-Tc(2) distance is 3.654( I ) A. The pyramids sharc an 
edge with an angle of 106.0(1) between the basal planes. ‘two Tc=O stretching 
vibrations arc observcd in the IR at 953 and 946 cni-’. ‘The compound is soluble in 
CI-I2CI2. acetone and acetonitrile [246]. The reaction o f  1.3-propanedithiol with 
ITcOCI4]- gives the corresponding compound [p-S,S’[  ( T c O ) ~ ( S C H ~ C H ~ C ‘ H ~ S ) ~ )  1‘’ 

An uncommon dinuclear oxo-complex o f  “lantern” structure was produced by reac- 
tion of N,N’-ethylene-bis(2-mercaptoacetamide) (H4cma) (HSCH2CONHCH2CH2 
NHCOCH2SH) with [‘TcOC14]- in methanolic sodium methoxide. The blue, micro- 
crystalline complex salt [ A ~ P h ~ ] ~ [ T e ~ 0 ~ ( H ~ e m a ) ~ ]  . 6 H 2 0  was formed. It crystallizes 
in the monoclinic space group P2,/n with n=19.099(4). b=14.144(6), c=15.809(5) A. 
8=109.17(2)”, and Z=2. The dianion is ccntrosymmetric and consists o f  two square- 
pyramidal OTcS4-cores bridged by four (H2ema)’- ligands. Each Tc atom is posi- 
tioned 0.769 A above the S4 basal plane. The 0x0 ligand occupies thc apical position 
of each square pyramid (Fig. 12.42.A). A most interesting feature of this anion is that 
the 0x0 ligands are found inside thc cage created by thc 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. 

[ 1281. 
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Fig. l2.41.A Ris(cthane-l.2-dithiolato-S.~r-S’)oxo-tcchnetium(V)-(~tt~~nc- 1,2-dithiolato-S.S’)o~otech- 
nctium(V). [p-S,S’ ((TcO)? (SCI17CH2S)qJJ^ 12461. 



12.3 Trchneti~rni(V) 2 1 c) 

Fig. 12.42.A Lantern dimer, ~~'c~~~~(SC'II~(.ON€ICH~C'H~NHCOCI~~S)J] 12471. 

The intramolecular Tc-Tc' distance is 7.175(4) A. and thc distance between the 0x0 
ligands O(1)-O(1)' 3.96(2) A. The Tc=O stretch was obscrved at 962 cm-'. [AsPh4]? 
[ T ~ ~ O ~ ( H , e r n a ) ~ j  decomposes immediately in aqueous basic solution to give two 
equivalents of [AsPh4][TcO(ema)] [247]. 

2.3,5,6-Tetrakis(2-pyridyl)pyrazine (tppz) reacts with ITcOCI41- in  ethanol to give a 
dark green precipitate of [~.c-tppz(TcOClz(oEt)}~]~' which is soluble in CH2C12. aceto- 
nitrilc, DMF, and nitromethane. As indicated by the presence o f  two distinct Tc=O 
stretching vibrations at 938 and 916 cm I ,  the two Tc(V) centers are reported to 
experience diffcrent coordination environments, one Tc atom is deduccd to be scvcn- 
coordinate and the other six-coordinate [24S]. 

The dinuclear complex [(T~OCl~)(p-dpp)(TcOCl~(~Et))]~, with dpp = 2,3-bis 
(2-pyridy1)pyrazine. was synthesized by heating excess [l'c0Cl4]- with dpp in ethanol 
undcr reflux. The orange-brown precipitate proved to be diamagnetic. Tho strong IR 
absorptions at 986 and 936 cm-' arc observcd, which are related to the Tc=O(oxo) 
bonds. The dpp coordination is bidentate through a pyrazinc and a pyridine nitrogen 
atom [1S6]. 

Some structural data of dinuclear 0x0 complexes are reviewed in Table 12.X.A. 



Tahle 12.8.A Structural data o f  selectccl dinticlear o x o  complexes tlcscribed in Sect. 123.6. 

Complex <;cometry lc -L V(R-L) Ref. 
Distance IR Icmi ' ]  
l A l  

12.3.7 (TcN)2+-core complexes 

12.3.7.1 Nitridohalogeno-, nitridothiocydnato-, and nitridocydnotechnetate 

In contrast to the well characterized nitridohalogeno coinplcxcs [TcNCI4]- and 
[?'cNBr4] of Tc(VI), the existence of the corresponding complexes of 'Tc(V), 
[TcNX4I2 . could not yet be proved. Only spectroelcctrochemical studies at -60 T 
showed a reversible one-electron reduction o f  [Tc"NX4]-, but the reduced species 
have not been isolated [249]. 

The reaction of [TcNC:14]- in acetonitrile with an excess of thiocyanate in aqueous 
solution results in the reduction of Tc(V1) to Tc(V) and the formation of 
[ TC;"J(NCS)~(CH~CN)]~- ,  which was precipitated as tetraethylammonium salt and 
recrystallized from acetonitrile to give red-brown crystals. Its composition is based on 
elemental analysis and IR absorption. A band at 1081 cm-' was attributed to the 
Tc"=N stretch [53] .  In a similar preparation route [ A S P ~ ~ ] ~ [ T ~ N ( N C S ) ~ ]  was 
obtained, which crystallizes in orange-red ncedles and dissolves in  CHClj or acetone 
[43,250]. Crystal structure determination rcvealed that the compound crystallized 
from acetonitrileiethanol is thc ftms-aqua complcx [AsPh4l2[TcN(OHz)(NCS)4] . 
E t O H  1251). In the distorted octahedral complex anion ['i.~N(r\rcS),(cH,(..n)]~ . the 
Tc atom is disordered over two sites with the N atom of  the acetonitrile ligand sharing 
equally thc tl-oris-axial coordination sites with the nitrido N atom [252]. 

'The neutral nitrido-isothiocyanato complex [rcN(NCS),(CHj<:N)(PPhj)21" 
0.SCH3CN was synthesized by substitution of the chloride atoms in [TcNCl2(PPh3)2]" 
with NCS in water/ethanol followed by the reaction o f  [TcN(NCS),(PPh,),]" with 



acetonitrile. The orange-red crystals are monoclinic. space group 1’2,ic with 
n=9.296(3). h-18.614(5). c=23.307(6) A, /j=109.63(2)”, and 2=4. The technetium coor- 
dination environment is distorted octahedral. Thc terminal Tc=N bond distance is 
1.629(4) A, the 7’c-N stretching frequency in the IR 1OSS cm I .  ’The bonding of the 
thiocyanato groups is through the nitrogen atoms, the Tc-N single hond distances of 
Lvhich are 2.045(4) and 2.063(3) A. Both NCS groups are linear with N - C S  angles of 
177.6(5) and 179.3(3) ). The two t m z s  PPh3 ligands are bonded t o  technetium also in 
an approximately linear fashion with a P-l’c-P angle o f  174.0(1). The Tc-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 acetonitrile group is a result o f  the t r a m  influence o f  the nitrido 
ligand. Dissolution of [I.cN(luCS),(CH,CN)(PPh,>21” in chloroform resulted in the 
complete loss of  acetonitrile and the formation of [lcK(NCS)2(PPh3)2]’ [253]. 

The reaction of [7’cV‘NC14] with CN- in acetonitrile/water leads to the reduction of 
Tc(V1) to Tc(V) and the formation of [TcN(CN)4(OHz)]2 , which was isolated as the 
tetraphenylarsoniuni salt i n  ycllow. water-soluble crystals. [AsPh412[?’cN(CK)4 
(OH?)]. 5H20 crystallizes in the monoclinic space group P2,lrz with a=17.107(5). 
b=19.965(7). c=1.5.473(5) A, /j=l01.70(2)“, and %=4. Tc(V) is coordinated in a dis- 
torted octahedron containing the terminal nitrogen. ‘Ihe cyano ligands occupy the 
equatorial positions (Fig. 12.43.A). The TcEN bond distancc is only 1 .596(10) A. The 
long Tc-O bond length of 2.559(9) A for the coordinatcd water molecule is again a 
consequence of the strong t r a r i s  influence o f  the nitrido ligand. The N_Tc-O angle o f  
177.9(5)” dcnionstrates an almost linear arrangement. The Tc atom is displaced by 
0.35 ;\ abovc the plane of the four equatorial cyano ligands towards the terminal 
nitrogen. The 7‘c-C:N angles of 171(1) t o  179(1)” are also close to linearity. ESR 
results confirm that [LCN(CN)~(OH~)]’- is diamagnetic. The CIN absorption in the 
IR occurred as a single sharp peak at 2112 cni-’, indicating thc equivalence of the 
cyano ligands. The Tc=N stretch appeared at  1100 cni-’ [254]. 
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Fig. 12.43.A ~~r;~ns-aqua-tctracynno-~iitridoteclin~tate(V), I [254]. 



' f ie  structurally charactcrixed t r ~ i i ~ s - ( l ' c N ( C : N ) ~ ( N ; ) 1 '  is obtained by ligand 
exchange of [TcK(CN),CI]' with a large excess o f  NaN3. [ICN(C?J),]~- was synthe- 
sized by reaction 0 1  [ l ' ~N( tu )~Cl ]Cl  with CN- [249]. 

12.3.7.2 TcN(04)-, TcN(02S2)-, TcN(S4)-,TcN(Se)4-, and TcN(S4C1)-core 
complexes 

'l'echnetium(V) nitrido P-diketonate complexes were readily prepared by ligand 
exchange reaction of ITcNC12(PPh3)2]" with the P-diketonc ligands acetylacetone 
(Hacac). benzoylacetone (Hbza). dibenzoylmethane (Hdbm) and dipivaloylmcthane 
(Hdpin) in CH2C12/ethanol solution containing potassium bicarbonate. The formula- 
tion of the neutral, red. TcN(04)-core complexes as [TcN(aca~)~]" ,  [?'cN(bza):]". 
[T~h ' (dbin)~]" ,  and [ T ~ N ( d p n i ) ~ ] "  was supported by elemental analysis and IR spectra. 
The T c e N  stretching vibrations were observed around 1045 cn-l. The lipophilicity of 
the /I-dikctonato compounds increases in the given sequence [255]. Thiodibenxoyl- 
methane rcacts with [TcV1NC'l4] in acetone to form the dark brown, crystalline 
TcN(02S2)-core complex bis(thiodibenzo)ilmethanato)-nitridotechn~tium(V). 
[TcN(S=C(C~H~)-CH=C(C,HS)o),l., which is soluble in acetone, benzene and 
chloroform [256]. 

Isotrithionedithiolatc (dmit'-) liberated from the benzoyl-protected compound 
through reaction with NaOH. was reacted with (TcvrCIJ] in CH3CN. Addition of 
[BuJN]C1 to the reddish reaction mixture finally yielded red needles of 
[ B ~ , N ] ~ [ T c ~ N ( d m i t ) ~ ] .  The TcN(S4)-corc compound crystallizes in the monoclinic 
space group C2/c with 'Tc(V) and the nitrido ligand located on a two-fold crystallo- 
graphic axis. The unit cell dimensions are ~=23.143(5), b=8.342(2), c=26.382(5) A, 
/i=95.12(3)", and 2=4. ' lc(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 plane, 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(Tc-N) stretching vibration appeared in the IR at 1055 c1n-l [257]. 



Ris(diethyldithiocarbamatv)nitridotcchnetium(V), [ T c N ( S ~ C N E ~ ) ~ ~ " ,  thc first com- 
pound containing the 'lc=N'+ core, was synthesized by the reduction of Tc04 with 
hydrazine and the following rcaction with diethyldithiocarbamate in aqueous solution. 
The nitrido nitrogen atom presumably originates from the deprotonation o f  hydra- 
zine. The yellow crystals o f  the neutral complex are monoclinic, space group f 2 ] / c  
with n=14.823(1), b=Y.l59( I ) ,  c=12.X65(1) A, /1=107.98(1)", and 2=4. The 'rc atom is 
again in a distorted square pyramidal environment with the nitrido nitrogen in the api- 
cal position and four sulphur atoms forming the base. The TEN 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 o f  the four sulphur atoms. The angle bctwccn the two 
(S2CNEt,) planes is 59.4". The S-TEN bond angles are betwecn 107.0(2) and 
108.9(2)". A strong IK absorption at 1070 cm-' was assigned to the TEN stretching 
frequency [258]. Later. [TcN(S2CNEt2)2]' was prepared by reacting [Tc'"NCI4]- with 
diethyldithiocarhamatc in acetonitrile, resulting in the reduction of Tc(V1) to Tc(V) 
1531. 

A series of nitrido-bis(dialkyldithiocarbamato)-technctium(V) complexes were 
obtained by reaction of hyrazine-reduced pertechnetate with dialkyldithiocarbamate 
or by ligand exchange reaction starting from [ T c N C ~ ~ ( P P ~ ~ ) ~ ] " .  The 'I'c=N stretching 
vibrations in the 1R were found in the 1050-1100 cm-' region. The compounds are 
diamagnetic and stable in solution [259]. 

Very reccntly, unusual, mixed ?'c(V)nitridoferrocenedithiocarboxylate coniplcxcs 
have been synthesized. When [I'cVNCI2(PPh3)2]" is reacted with pipcridinium fcrro- 
cenedithiocarboxylate in CH2C12, a deep-violet microcrystallinc precipitate is 
obtained. The isolated product [TcVN(Fe"(C5H4CS2)(C5H5)}2]" is insoluble in water 
and soluble in CH2C12. In the IR, v(Tc=N) was found at 1040 cm-I. The probable gc- 
ometry of the coniplex 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 CH3CN/CH2C12. Reaction of ferrocenedithiocarboxylate with 
[l'cV1NCI4] ~ yielded. among other compounds. an ink-blue product. the analytical and 
spectroscopic data of which correspond to the mixed-valence, monocationic complex 
[Tc"N(FeTT(C5H4CSZ)(C~~~~)}{Fe1"(C~H~CS~)(CsH~)}]-.  The presence of the mixed 
iron valency was supported by electrochemical measurements [260]. 

'retrayhenylarsonium-bis( 1,2-dithiooxalato)nitridotechnetate(V). [AsPh4I2[TcN 
(SCOCOS),], was prepared by rcaction of dithiooxalate, dissolved in acctone/watcr: 
with [AsPh4][TcV'NC14] in acctonitrile. The pale purple TcN(S4)-corc compound crys- 
tallizes in the triclinic space group P i  with a=14.225(5), 6=17.778(2), c=10.993(3) A, 
r=101.52(2), fl=111.74(2), ;1=100.68(2)", and 2=2. The geometry about Tc(V) is again 
distorted square pyramidal. The distortion arises from 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 Tc-S bond dis- 
tances are between 2.378(2) and 2.391 (2) A. In the corresponding compound 
[ASP~~][ 'TC~O(SCOCOS)~],  the 'l'c=O bond distance of 1.646(4) A proved to be sig- 
nificantly longer, indicative of a weaker n-interaction with the Tc atom. In the 1R 
spectrum of thc nitrido complex the 'l'c=N stretching vibration appeared at I07 I cn- '  
[I 101. IAsPh4j2[TcN(SCOCOS)2] may also be synthesized from [TcNC17(PPh;)210 by 



ligand exchange and crystallizes in a second modification. space group CYc, 
a=-19.424(3), h=l1.254(2). c:24.958(3) A. /-107.68(1). and Z=4. 'This monoclinic mod- 
ification is reported t o  be deep purple. l'he bond distances and angles show no signifi- 
cant deviation from those in the triclinic compound [261]. 

The mixed ligand complex compound [AsPhl][ 'l 'c~'N(S2CN~t?)( S<Y)COS)] was 
obtained by reaction of ITcV'NC12(S,(7NF,t,)]" with K2(SCOCOS) i n  acetonitrile/ 
water and addition of (AsPh4]C1. The red-brown crystals are monoclinic. spacc group 
P2//11. with tr=20.670(10), h=15.740(6), (-=10. l62(5) A, P=W.61(4)", and %=S. The '1-c 
atom resides again in a distorted square pyramidal environment and is displaced by 
0.66(1) A above the S.$ basal plane. The TCEN length o f  1.54(2) A is noticeably 
shorter than is generally found for nitridotcchnetium complexes. The Tc-N stretching 
vibration in the IR was found at 1071 cm-' [67]. 

[ T C N C I ~ ( P P ~ ~ ) ~ ] '  reacts with K(S2COEt) i n  a dichloromethane/benzcne mixture to 
give pale yellow [l'cN(S2COEt)21" which. when treated with a water-ethanol mixture. 
forms by hydrolysis of the ester the crystalline potassium bis(dithiocarbonato)nitrido- 
technctate(V) complex salt K2[TcN(S?C0)2]. Dithiocarbonate complexes generally 
cannot be obtained directly from the ligand because o f  its instability. The complex salt 
crystallizes i n  the monoclinic space group P2///2 with n=8.353(5), b=15.630(4). 
c=9.230(5) A, p=90.94(3)". and 2=4. Tc(V) has a distorted square pyramidal cnviron- 
ment and is bonded t o  the two dithiocarbonato dianions and t o  the apical nitrogen. 'l'c 
is displaced by 0.71 A from the base plane of the lour sulphur atoms. All Tc-S-C 
angles are essentially 90". 'l'he Tc-S bond distances are about 2.39 A, the TcEN bond 
length is 1.621(6) A. The 1K spectrum shows the TEN vibration frequency at 1060 
cm-' 12621. 

The reaction of [TcNC12(PPh3)2]" with the bis(diphenylthiophosphory1)amidc 
anion in a refluxing mixture of CH2CI2IMeOH yiclds a yellow. air-stablc solid of 
[ ~ ' C N ( N ( S P P ~ ~ ) ~ ) ~ ] ' ' .  The amide anion acts as a chelating ligand coordinated via the 
sulphur atoms. [I'cN( N(SPPh2)2J2]" . CH2C12 crystallizcs in the monoclinic space group 
1'21/c with a=18.078(4), b=21.250(3), c=13.168(6) A, /1=103.16(4)", and %=4. The com- 
plex is five-coordinate with the nitrido nitrogen atom at the apex of a square pyramid. 
Tc(V) is displaced by about 0.60 A from the basal plane. The Tc-nitrido nitrogen 
bond distance is l.h08(5) A. The Tc-S distances range from 2.405(2) to 2.451(2) A. 
Thc TEN vibration was assigned to an absorption in the 1K at 1081 cm-I. The mixed 
ligand complex [ T c " N ( C ~ ) ( P P ~ M ~ & ( N ( S P P ~ ~ ) ~ )  1'' can be obtained when 
[ T C N C ~ ~ ( P P ~ M C ~ ) ~ ] "  is rcacted in refluxing methanol with equimolar amounts of 
Na[h'(SPPh2)?]. The yellow compound crystallizes with onc molecule of methanol in 
the triclinic space group PT The lattice constants arc a=10.453(3). b=ll.790(5). 
c=18.9 l9(6) A, a=90.54(2), &92.52(2). ^~=110.43(2)", and Z=2. Tc(V) resides i n  a dis- 
torted octahedral coordination geometry with the chloride bonded trans to the nitrido 
nitrogen. The exceptionally long Tc-CI bond of 2.6hl(l) A is due to thc  trans labiliz- 
ing influence of the nitrido ligand 12711. 

Ris( 1,2-dicyanoethcnedithiolato)nitridotechnetate(V) [TcN(rnnt)2J2- . (innt = 1,2- 
dicyanoethenedithiolate) was prepared by reaction of [AsPhl][TcV'NCl,~] with 
Ka2mnt in acetonitrilciethanol and concomitant reduction of  Tc(V1) to Tc(V). Thc 
bright yellow crystals of [A~Ph~] , [TcN(mnt )~ ]  are monoclinic, space group I'ri, with 



li=l 1.369(2). b=15.530(2), c=14.421(3) A. /{=97.58(2)". and %-2. The T c  atom in 
[rcN(mnt)._]* is five-coordinate. The four sulphur atoms form an almost exact plane 
with the disordered TC atoms displaced in equal distances (0.6 A) above and below 
the plane. Each (N2C4S2)'- ligand deviates slightly from planarity. The Tc-S bond dis- 
tances rangc from 2.367(4) to 2.419(4) A. The 'l'cEN bond length is 1.59(1) A. The 
N=Tc-S angles vary between 101.8(8) and 106.8(8)". The TEN stretch appeared at 
1060 cm [263]. 

[ T ~ N ( n i n t ) ~ J ~  ~ was also obtained by ligand exchange reaction o f  [TcKCI$Th~)2]" 
with (mnt)?. in acetonic or ethanolic solution. In analogous preparation routes. a scr- 
ies o f  new neutral, anionic or cationic nitrido complexes of Tc(V) were synthesized 
using similar ligands. The yellow to orange crystalline compounds are highly soluble 
in chloroform or niethylene chloride and the solutions arc air-stable for several days. 
The Tc-N stretching vibrations in the TR range between 1071 and 1089 cm-.' 
[264.265]. I n  addition. ['l'cV'NC14]- or [TcV'NBr4]- react by ligand exchange in acetone 
with dialkyldithiocarbamates, diisopropyldithiophosphate. 1.2-dicyanoethenedithio- 
late, thiocyanate, pyridinc, and imidazole to give 'I'c(V)-nitrido complexes containing 
S4 or N4 donor sets [43]. A new synthesis of Tc(V)-nitrido complexes of the composi- 
tion (TcNC12L3] (L = dimethyl- or diethylphenylphosphine) in very good yield by 
rcaction of TcJT1Cl3L3 with NaN3 i n  boiling ethanol was suggested 12661. 

The complex anion his( 1.2-dic~~anoethcnediselenolato)nitri~otechnetate(V) 
[TcN(nin~),]~- was obtained by reaction of K2[CN),C=CSe2] with [NBu4][TcV'NC1~] 
in  acetonitrile. l h e  yellow compound [NB~&[TcN(rnns)~] precipitated after addition 
of [NRu4]Br. The complex salt crystallizes in the triclinic space group PI with 
a=Y.620( I ) ,  6=10.567(1), c=26.774(1) A, cr=91.453(4)? fl=92.395(5), ;1=112.546(5)", and 
Z=2. 'Ihc structure (Fig. 12.45.A) of  the anion resembles that of [ T c N ( ~ n n t ) ~ ] ~ - .  The 
basal plane of the distorted square pyramid is formed by the four selenium atoms. The 
l c  atom resides 0.768(1) A out o f  this plane towards the nitrido ligand. The ' 1 c ~ N  
distance is 1.61(1) A. the mean Tc-Se bond length 2.52(1) A. The compound is soluble 
in acetone and dichloroniethane. The Tc=N stretching vibration was found at 1072 
cm-' [267]. 
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Fig. 12.45.A Uis( l . 2 - d i c ~ a n o e t h c n e d 1 ~ ~ ~ c n o l a t o ) n 1 t ~ i d o t ~ c h n ~ l a t e ( V ) .  [Tch ((CN)2C=CSe,)7]2- 12671. 



The reaction o f  excess thiourea ( tu)  with the [TcV'NC14] anion in acetonitrile 
gives an orange crystalline product of ['lcVN(tu).~CI]CI which is readily soluble in 
water to produce a strongly acid solution, indicating extensive hydrolysis. ?'he pres- 
ence of the Tc=N group in [TcN(tu)4Cljt is confirmed by the 1R absorption at 
1042 cm-'. This value is consistent with the presence o f  a ligand (CI) t ram to the 
nitrido group. Substitution reactions on [TcN(tu)4Cl]+ may he performed in aquc- 
ous solution leading to  t h e  preparation of new Tc(V) nitrido complexes in good 
yield (2681. 

Cationic nitridotechnetium(V) complexes with thiacrown ethers also contain a 
TcN(S4C1)-core. Ligand exchange reactions on [NBu4][TcV'NC14] with the thiacrown 
ethers 1,4?8.1 I-tetrathiacyclotetradecanc (14S4), 1,5,9,13-tetrathiacyclohexadecanc 
(16S4), 1,5,9,13-tetrathiacyclohexadccane-3,1 I-diol (16S4-(OH)?} or 1,4,7.10,13,16- 
hexathiacyclooctadecane ( 1  8S6), proceeding in acetone/niethanol solutions, result in 
the formation of cationic complexes containing always only four coordinated S-atoms. 
The X-ray structures o f  [TcNCI( 14S4)]', [TcNC1(1XS6lf, and [TcNCI(l6S4-(OH)2]' 
reveal Tc(V) to be in a distorled 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 (TcNC1(14S4)]+ the Tc atom is displaced from the plane by 
0.236 A toward thc nitrido nitrogen. The TEN bond distance is 1.615 A and thc Tc- 
CI distance is 2.178 A, which is lengthened by the trans influencc of the nitrido ligand. 
The mean Tc-S bond length is 2.410 A and the N-l'c-CI angle is 176.4(1)". The struc- 
tures of the cations [TcNC1(18S6)]+ and [ T c N C I ( ~ ~ S ~ - ( O H ) ~ ] -  arc similar t o  that of 
[l'cNCl( 14S4)]. . Coordination of Tc(V) by four sulphur atoms in the equatorial plane 
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 1XS6 or  two hydroxyl groups in 
( 16S4-(OH)2} [269,270]. 

12.3.7.3 TcN(N4)-, TcN(N40)-, TcN(N4CI)-, TcN (N4€5r)-, 
and TcN(N3Br2)-core complexes 

So far only a few TcN(N4)-corc complexes are known. Phthalocyanine-nitrido-tcchnc- 
tium(V) was obtaincd by melting NH4Tc04 and phthalodinitrile at 280 "C. Thc dark 
blue compound dissolves completely in conc. H2S04 and sublimates in vacuum with- 
o u t  decomposition. The formation of the compound presupposes the presence of 
NH4+. Phthalocyanine-nitrido-technetium(V) is diamagnetic and was characterized 
by elemental analysis, mass spectrometry and IR spectroscopy. ' f i c  absorption at 1078 
cm was assigncd to the 'I'c-N stretching vibration [272]. [ T ~ N ( p y ) ~ l "  and 
[ T c N ( i ~ n ) ~ ] ~ '  were prepared by reaction of [TcV'NC14]- with pyridine or imidazol in 
retluxing acetone. The red [J '~N(py)~]Cl2 and the orange-brown [ T ~ N ( i r n ) ~ ] C l ~  show 
the TEN stretching vibrations at 1072 and 1075 cni I .  respectively [43]. 

The nitrido-technetium(V) complex containing the 'I'cN(N40)-core with the tetra- 
dentate amine oxime ligand pnao (propylcncamineoximc). i.e. 3,3.9,9-tetramethyl-4.8- 
diazaundecaiie-2.10-dione dioxime, was synthesized recently. Ligand exchange reac- 
tion of [TcNC12(PPh3)21" with pnao in CHzClz/cthanol yielded yellow [TcN 
(pnao)(H20)]' which was precipitated with [BPhJ]-. Thc coordination around the Tc 



atom is distorted octahedral (Fig. 12.46.A). The four IK atoms of the pnao ligand are 
located in the equatorial plane, the nitrido and the O(3)(H20) ligand in the axial posi- 
tions. 'The 're atom resides at 0.399 A from the plane, defined by the four basal N 
atoms, toward the nitrido nitrogen. The Tc=N(1) bond distance is 1.610(5) A. The 
N(l)=Tc-O(3) arrangement is approximately linear with an angle of 176.0(2)". The 
Tc-O(3) bond of 2.481(4) A is lengthened by the trans effect 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 Tc-N(4) with 2.094(4) and 'Tc-N(S) with 2.113 A can be explained 
by a weak interaction between Tc(V) and the proton bearing nitrogens. In the 1K 
spectrum the absorption at 1061 em-' indicates the TEN stretching vibration. 
[TcN(pnao)(H20)][HPh4]. 2C2FIsOH crystallizes in the triclinic space group P i  with 
a=14.897(2), h=17.075(3), c=9.731( 1) A, x=104.50(1), &104.39(1), y=62.12(1)", and 
Z=2 [273]. Very recently the corresponding structures of analogous nitridotechne- 
tium(V) amine oxime complexes of longer carbon chains was communicated [273a]. 

The tetraammacrocycle 1,4,8,11-tetraazacyclotetradecane-5,7-dione (H2dioxocy- 
clame) reacts with [TcNC12(PPh3)2]" in dichloromethane/ethanol to produce yellow 
crystals of the neutral complex [TcN(dioxocyclame)H20]". 2H20 which crystallizes in 
the monoclinic space group P21/c with a=l0.154(5), 1>=10.453(5), c=28.937(4) A, 
/i=92.69(3)", and 2=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 
plane and the nitrido N atom and one € 1 2 0  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(H20) angle of 173.7(2)" is approximately linear. The TEN bond length is 
1.612(4) A and the 'I'c-O(H20) distance is 2.688(4) A. The mean N-Tc-N angles in 
the five- and six-membered cycles are 80.8 and 92.4", respectively. The TEN stretch 
was found in the IK at 1080 cm [274]. Using the monooxocyclame ligand 1,4,8,11- 
tctraazacyclotetradecane-5-one for the reaction with [ T C N C ~ ~ ( P P ~ ~ ) ~ ] " ,  the orange, 
monocationic complex [TcN(oxocyclame)(H20)]- was obtained through deprotona- 
tion of one amide group [275]. The structure closely resembles that of the before-men- 
tioned neutral [TcN(dioxocyclame)(H20)]" complex [274]. 

Fig. 12.46.A 7i.nnr-aqua-3,3.9.9-tetrametliyl-4.8-diazaundecane-2.10-tlione dioximato-nitlidotcchne- 
tium(V), [TcN(pnao)(H20)]' 12731. 



Another complex cation. ['I'cN(OH)(py)J]', containing the TcN(N,O)-core, is 
formed by reduction of [TcV1NCIJ in the presence of pqridine in methanol solu- 
tion. ['I'cS(OH)(py)J][HPhJ] precipitates in feathery orange crystals. 'l'hc T c k N  
strctching vibration appeared at 1050 cn- '  in the IK.  As in the 0x0  analogue 
[ T ~ 0 2 ( p y ) , ~ ] -  the pyridine ligands are labile and undergo exchange with free pyri- 
dine in  solution 12761. 

The reaction of  [TcKCI2( PPh3)2J" with ~ X C C S S  diethylenetriaminc in a benzene/ 
ethanol niixturc and in  the presence of air leads surprisingly t o  the formation of the 
dicationic complex [TcN(en)z(aec)]". n.hcre en = ethylcnediamine and acc = K-(2- 
aminoet1iyl)carhaniic acid. The compound [ l ' ~ N ( c n ) ~ ( a c c ) ] ( B P h ~ ] ~  crystallizes in the 
monoclinic space group Cc with a=22.903(6), h=9.346(3). c=25.731(5) A. p=91.76(2)". 
and Z=4. The two ethylcnediamine ligands are coordinated in the plane normal t o  the 
'I'c=N7+ group, and a unique structural form of N-(2-aminoethyl)calbatnic acid is 
coordinated in a trot75 position through one oxygen atom of the carboxylic group. The 
rcsulting coordination around the 'Ic atom is distorted octahedral, the l c  being dis- 
placed from the plane defined by the N atoms o f  the two ethylcnediamine ligands hy 
0.3268 A towards the nitrido group. The ligand aec is in the zwitterionic form 
-OOC:NHCI-12CJ [?NET3 ' stabilized in an intramolecular hcad-to-tail hydrogen bond. 
The species en and aec of this TcN(N40)-core complex may be generated as ii conse- 
quence of the Tc-promoted dcgradation o f  diethylenetriaminc during the reaction 
with [TcNCI2(PPh3)]" [277]. 

Substitution reactions of [ l ' c N C I ~ ( P P h ~ ) ~ J "  with ethylcnediamine (cn), 1,3-propanc- 
diamine (pn), o r  1.5.8,12-tetraazadodecanc (tad) in CH2CI2/EtOH solutions lead to  
the monocationic, light yellow complexes [TcN(en)2Cl] ', [PcN(pn)2Cl]+ and 
[l'cN(tad)CI] ', containing the TcN(N,Cl)-core, which were precipitated as [ BPhJ]- 
salts. The compounds are diamagnetic. [TcN(en)2C1][BPh,] crystallizes in the niono- 
clinic space group 1"2,/12, with a=9.316(1), h=12.404(1). c=24.367(5) A, p=93.76(1)", 
and %=4. The coordination around the Tc atom is approximately octahedral \vith two 
molecules of ethylenediamine in the basal plane and the C1 atom at the apical position 
t r m s  to the nitrido group. The Tc atom is displaced from the basal plane by 0.3231(3) 
A toward the nitrido nitrogen. The t r m s  intluencc of the nitrido ligand causes an 
extreme lengthening o f  the Tc-CI bond distance which is 2.7320(8) A. The l c -N  
bond length is 1.603(3) A and the Tc-N stretching vibration appears in the I R  at 1085 
cm '. The average Tc-N(K'IT2) bond distance is 2.156 A. [TcN(tad)Cl][ BPhl] crystal- 
lizes in the orthorhombic space group P1za2,. with n=9.966(2). b=31.203( l o ) ?  
c=9.706(4) A, and 2=4. The coordination geometry of ITcN(tad)Cl] ' is likewise dis- 
torted octahedral. The Tc atom is displaced from the equatorial plane by 0.2163(6) A 
toward the nitrido nitrogen. The l c = K  and the Tc-C1 bond distances are 1.626 and 
2.663 A. respectively. The Tc=N strctch was found again at 1085 cn-I. 'I'he mean Tc- 
N(a;ra) bond length is 2.158 A and the CI-Tc=N(nitrido) angle 176.6(2)" [2781. 

The 1,lO-phcnanthroline complex c i~- [TcN(phen)~ClJCl .  IT20 was prepared by 
reaction of [TcV1NC141 with phenanthroline in methanol. The reddish-yellow cotn- 
pound was precipitated upon addition of diethyl ether. I t  crystallizes in  thc triclinic 
space group P i  with rr=l1.4148(8), h=12.332(1). c=X.S83S(h) A. r=101.244(3). 
/1=107.363(1). ;'=80.326(6)'. and %=2. The coordination geometry of cis-[Tc"N 



1' 

Fig. 12.47.A C'cr-chloro-his( 1 . lO-phenantI i rol ine)-ni~ridorcchnrt ium(~).  [TcS(phen)?Cl] 12791. 

(phen)2CI I ~ '  is essentially octahedral (Fig. 12.47.A) with an N( l)=Tc-N(3) angle of  
170.0". The equatorial plane is formed by the nitrogen atoms N(2). N(4). N(5). and 
the chlorine atom CI. The dihedral angle bctiveen the tuo phenanthroline molecules 
is 73.85'. The Tc-N(nitrido) distance is I .603(5) A and the Tc-Cl distance 2.412(2) A. 
The 'Ic-N(3) bond distance of 2.399(4) A is, as expected. considerably longer than the 
average 'Ic-N distance of 2.127 A for the phenanthroline nitrogens in thc equatorial 
plane. Two TcGY stretching frequencies appeared in the IR at 1071 and 1054 cni I .  

The small value o f  the magnetic moment peff=O.h B.M. is probably due to tempera- 
ture-independent paramagnetism [279]. The structure of [TcN(phen)?CI]+ resenibles 
closely that of [T~O(phen)~Cl ] '  ' [136]. 

Reaction of [TcV1NHr4] with an excess o f  2,2'-bipyridyl (bpy) in methanol givcs 
the orange cation [?'~"N(bpy)~Hr]+ isolated as the tctraphenylborate salt. However, 
when the reaction is carried out in absolute ethanol a deep red product is obtained 
showing the composition cis-(l'cVN(bpy)2Hr]2[Tc"13rJ] with the new tetrahedral 
[Tc"Rr4]' counter anion. This complex salt crystallizes in the monoclinic space group 
PZl/c with a=9.143(2), b=35.014(7), c=IS.S81(3) A, I;= 105.06(2)". and 2=4. The 
TcN(N4Br)-core cation [ ' l '~N(bpy)~Rr]+ exhibits distorted octahedral coordination 
about the 'l'c(V) with the feature that the nitride and bromide ligands arc in cis config- 
uration. Ih i s  may reflect both the small bite angle exerted by the bipyridyl ligand and 
the steric difficulties o f  accommodating two bipyriclyl ligands i n  the equatorial plane. 
'Ihe Tc=N bond distance is 1.621 (20) A. The tn-o bipyridyl ligands are folded towards 
one another with a mean dihedral angle between the plane o f  these l i p i d s  of 70.8". 
The strong /rnizs inllucnce of the nitrido nitrogen is again reflected in the lengthening 
of the Tc-N bond. 2.415(19) A, t rms  t o  the nitrido atom. The angle N=Tc-K is 
161.6(8)' showing a strong deviation from linearity. 'The 'I'c=N stretching vibration 
appeared in the I K  at 1050 cm-l 1280-2821. 



[ T C N ( P P I ~ ~ ) ~ B ~ ~ ] "  reacts with the tridentate ligand bis(3-pyridylmethyI)-2-beilz- 
ylthio-2,2-dinietliylethyl~imine (pybta) in acetonitrile under rcflux to give an orange 
solid o f  [TcVNHr2( ( ~ s ' C H ~ ) ~ ~ \ ' C I ~ ~ C ( C ~ I . ~ ) ~ S ~ € I ~ P ~ ) ~ " .  'Ihe neutral ~l'cN(N3iHr2)-core 
complex crystallizes in the triclinic space group P i  with u=7.458( 1 ), h=10.852(3). 
c=16.598(6) A, cr=84.07(2), /1=86.24(2), ;3=72.44(2)", and Z=2. It is stable in air and sol- 
uble in most polar organic solvents. The IR spectrum showed the TCGN stretching 
vibration at 1072 cm I .  The geometry about Tc(V) is distorted octahedral. the S atom 
is uncoordinated. The Tc-N(nitrido) distance is 1.61(1) A and the Tc-K bond length 
tmris to the nitrido nitrogen 2.47( 1)  A. The average of the Tc-Br bond lengths is 2.535 
A. '13 NMR spectroscopy showed that in CDCll solution o f  the complex there is an 
equilibrium between this structure and one in which a bromide ion is expelled and the 
thioether sulphur is ligated [283]. 

12.3.7.4 TcN(N&)-, TcN(NZPZCI)-, TcN(N,S,O,P)-, TcN(NSOZ)-, 
TcN(N,S,CI,P)-, and TcN(N0zP)-core complexes 

[TcV1NCI4] undergoes reduction upon reaction with 8-quinolinethiol in acetonitrile 
to yield neutral bis(8-quinolinethiolato)nitridotechnetium(V), [ T c ~ N ( C ~ H ~ N S ) ~ ] ' .  
' h e  orange compound crystallizes in the monoclinic space group C2/c with 
0=15.92(1). h=7.347(6). c=15.33(2) A. /I= 110.89(8)". and 2=4. Thc 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 K2S2 donor atoms are markedly distorted from 
coplanarity. The Tc-N(nitrido) bond distance is 1.623(4) A, the Tc-N distance 
2.135(2) A. and the Tc-S distance 2.3559(7) A. Each 8-quinolinethiolate ligand is 
almost planar. The N=Tc-N angle and the NFTc-S angle are 98.98(6) and 112.19(2)". 
respectively. The bite angle of the 8-quinolinethiolato ligand N-Tc-S is 82.1 6(6)". 'The 
strong absorption in the IR  at 1064 cm 

?'he bidentatc ligand S-methyl-3-isopropylidenedithiocarbazatc reacts with 
[TcV'NC4]. in ethanol/mcthylene chloride or with [TcVNC12( PPh3)2]o in benzene to 
produce [Tc"N( (CH,),CN~'cS(SCH;)),l". The compound crystallizes in the mono- 
clinic space group C2/c with 0=16.707(3), b=8.838(1). c=12.514(2) A, 1=106.85( l)', 
and 2=4. The Tc=N stretching vibration appears in the 1R at 1070 cm I .  The coordi- 
nation around the 'I'c atom is again distorted square pyramidal. The Tc atom resides 
0.8443(3) above the mean N,S2 plane towards the nitrido nitrogen atom. The 
l'c=N(nitrido) distance is 1.613(3) A,  thc Tc-N and the Tc-S distances are 2.161(2) 
and 2.3442(6) A. respectively. The bite anglc S-Tc-N is 80.80(4)". The basal ligands 
are bent away from the nitrido nitrogen 12841. 

The tetradentate. unsaturated Schiff-base ligand IY.r\"-cthylenc-bis(thioacety1accto- 
nylideneiminc) (H2(sacac)2en) reacts by a reduction-suhstitution route with (TcV1NCI4]- 
in a mixture of CH2C12/EtOH to yield orange. neutral [TcN{ (saca~)~en)] ' .  The compound 
crystallizes in the monoclinic space group P2/liz with 0=14.654(7), 0=12.62(5), c=7.819(4) 
A, /1=92.60(3)", and E 4 .  'Ihe coordination around Tc(V) is nearly square pyramidal with 
the nitrido nitrogen at the apex and the N2S2 atoms of the tetradentate l i pnd  composing 
the basal plane (Fig. 12.48.A). The ligand around the (TcN)~+  moiety is almost planar. 

may be attributed to the Tc=K stretch [53]. 



Fig. 12.48.A N,N'-~tliylene-bis(thio~c~tylacetonylidcncin~inato)nitridotechn~tium(V), [TcN((sacac)2 
en)]" [213]. 

'lhel'c=N bond distance is 1.621(8) A, the average Tc-N(2),Tc-N(3) distance is2.112 A, 
and the average Tc-S(l), Tc-S(2) distance is 2.351 A. The displacement of Tc(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 'I'c=N stretching vibration was found in the IR at 1075 
cm-I [213]. 

Reaction of a similar diaminodithiol ligand, N,N'-ethylene-bis(methyl-2-aminocy- 
clopentane-1-dithiocarboxylate) (H2mact) with [TcNC12(PPh3)2j0 in refluxing ethanol 
produced the brown complex [TcN(mact)]", which crystallizes in the monoclinic space 
group I-'21/c with n=13.380(6), b=9.945(2), c=15.839(9) A, /)=113.91(3)", and Z=4. The 
Tc atom resides in a slightly distorted square pyramid and is displaced by 0.59(6) A 
from the mean basal N2S2 plane towards the nitrido nitrogen. The Tc-N bond dis- 
tance is 1.629(7) A. Bond lengths and angles resemble those of the before-mentioned 
complex. The TEN stretch appeared in the IR at 1060 cni ' [285]. 

A series of tetradentate, symmetrical. methyl and ethyl derivatives o f  diamino- 
dithiol (H&) was reacted with [ T c N C ~ ~ ( P P ~ ~ ) ~ ] "  in CH2C12/EtO€I to form neutral, 
yellow nitridotechnetium(V) complexes of the general formula [l'cN(L)]''. All these 
complexes are air-stable, diamagnetic solids. Their IK spectra showed the absorptions 
of  the Tc=N group in the range 1060-1070 cm-' [175]. 

N-(N'-morpholinylthiocarbony1)benzamidine (Hmorphtcb) undergoes reaction 
with [TcV1NC14] in acetone to yield the TcN(N2S2)-core complex [TcVN 
(m~rphtcb)~]" .  Ihe yellow, diamagnetic compound shows the 'I'cfiN 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 o f  the amino group by phenyl derivatives 
were characterized [287]. 

Refluxing of [ T c K C ~ ~ ( M ~ ~ P ~ P ) ~ ] "  with N,K-diethylthiocarbamoylbenzamidiiie 
(HEt2tcb) in methanol produces lemon-yellow crystals of [T~N(Et?tcb)~]"  that adopt 
the triclinic space group Pi with a=Y.749(4), h=11.264(c)), c=12.359(4) A, a=75.34(2), 



p=79.69(2). ;,=87.55(2)". and 2-2 .  The Tc(V)-core is a square pyramid. the basal plane 
of which is formed by the c i s  coordinated N& ligands. Tc is located 0.607(2) A above 
the basal plane toward the nitrido atom. 'lhe TEN distance of 1.610(5) A is compara- 
tively short [2S8]. 

The nitridotcchnetiuni(V) complex cation [l'cNC1(PPh2C~,HINHI)zI ' . containing 
the TcN(N2P2('1)-core. was synthesized eithcr by ligand exchange from 
[TcNC12(PPh3)2]" or by reduction-substitution from [TcV'NC141- with 2-aminophenyl- 
diphenylphosphine in acetonitrile. The pale yellow chloride is stable both in  the solid 
state and in solution. The ionic nature was established by conductivity measurements. 
[ T C N C I ( P P ~ ~ C ~ , H ~ N H ~ ) ~ ) C I  . CII3CN Crystallizes in the triclinic space group 1'1 with 
0=10.688(5). h=11.910(5), c=15.753(7) A, a=70. I8(3), fl=Sl.S0(4). :=74.96(3)", and 
%=2. The ' I c i N  stretch appeared in thc IR at 1046 cm-I. The coordination goemctry 
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 neutral ligands 
are symmetrically coordinated in the equatorial plane. The 'lc atom is displaced from 
the mean plane of the PzNz donor set by 0.26 A towards thc nitrido nitrogen atom. 
The two PCCN rings arc bent away from the nitrido nitrogen resulting in an umbrella 
arrangement o f  the complex. The TEN, Tc-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 t h e  trrrns influence of the nitrido nitrogen, the Tc-CI distance is as long 
as 2.503(2) A. The N-Tc-CI angle is almost linear with 179.5(1)" [289]. 

Reaction of the tridentate, dianionic dithiocarbazic acid derivative 2-C6H?OH- 
CH=N-NH-C(=S)SCH3 (H1dtcb) with [l'cV1NC14] and triphcnylphosphine in a mix- 
ture of ethanol/methylene chloride gives yellow crystals o f  the neutral complex 
[TcN(dtcb)(PPh3)]". The same compound can also be obtained by using 
[TCNC:I~(PPI~~)~]" as starting material. [Tch'(dtcb)(PPh3)1" with the core 
'IcN(N.S.O,P) crystallizes in the triclinic space group Pi with a=8.309(1.), h=12.294( 1 ). 
c=13.308(3) A, 1=96.22( I ) ,  fl=95.07(1), :/=101.34( I)", and 2=2. 'Ihc coordination 
around the ' lc atom is distorted square pyramidal. The Tc atom is displaced by 
0.569(1) A towards the nitrido nitrogen I'rom the plane defined by the atoms N,S,O.P. 
The Tc=N bond lcngth is I .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 
PPh3 t m s  to the nitrogen in the base. The Tc-P and Tc-0 distances are 2.4195(6) 
and 2.0215( 14) A. respectively. The complex is diamagnetic. The Tc=N stretching 
vibration was found in the 1R at 1060 cm-' [284]. [TcN(dtcb)(PPh3)]" may also be pre- 
pared directly by reaction of TcO8 with H2dtcb in the presence of HCI and PPli.1. 
I12dtcb and other derivatives of S-mcthyldithiocarbazate behave as sources of the 
nitrido nitrogen. giving risc to the formation o f  various technetium nitrido complexes 

The unusual cyclic nitrido-bridged tctrameric complex [( 'l '~"N(tu)}~(edt~i)2]"~ 6 H 2 0  
containing TcN(I\'SO1)-cores was synthesized by reaction of [TcVN(tu)~Cl]CI with 
Na2H2edta in aqueous solution. The deep brown. neutral compound. which is insoluble in 
water and organic solvents, crystallizes monoclinic in thc space group P21 with 
a=16.374(2), b=12.525(1), c=12.205(1) A. /1=107.77(1)", and 2=2. A medium peak at 084 
cm. ' in the IR is assigned to \*(Tc=N). The low value is consistent with a bridging nitrido 

[ 290 I .  



ligand in the presence of a t r~117.5  ligand. Thc structure ofthe complex shows a cyclic tetra- 
meric configuration for technetium with four asymmetrical Tc=N--Tc bridges and with 
each diagonal pair of 'I'c atoms bridged hy an (edta)+ lignnd, one edta over and the other 
under the 'l'c4N4 core rcsulting in an open cage-likc structure. 'I'he Tc=N(nitrido) dis- 
tances range from 1.681 (7) t o  I .695(7) A.lhe coordination geometry about eachl'c atom 
is distorted octahedral with the nitrido nitrogen atom in an axial position [2Y1]. 

Another mixed donor atom nitrido technctium(V) complex [7'cN(CI) 
(PPh3){ PhN=('(OEt)S}]" with the TclV(N,S,Cl,P)-core was prepared by reaction o f  
[TcNC12(PPh3)2]o with thiazetidine {PhN=C(OEt)SH] in toluene. The orange. nculral 
complex crystallizes in the triclinic space group Pi with a=9.428(5). b=10.237(5). 
c=15.603(5) A. 2=89.29(3), [{=102.74(3). ;,=115,61(3)". and 2=2.  Tc(V) has a distorted 
square pyramidal coordination geometry (Fig. 12.49.A) with the nitrido nitrogen atom 
at the apex. ' lhe TEN bond distance is 1.615(7) A. ' lhe 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 CI. 
The bidentate ligand PhN=C(OEt)S is approximately planar. The 'lc-Cl, T-N(2),  
Tc-S, and Tc-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 IK at 1 I00 cm was attributed t o  v(Tc-N). Whcn [TcNCI2(PYh.;)2]" was reacted 
in THF with the ligand salt PhN=C(OEt)SNa, generated in situ by treating 
PhlV=C(OEt)ST-I with NaH, the orange complcx [TcN(PhN=C(OEt)SJ2]" was 
obtained containing the TcN(N2S2)-core [292]. 

Synthesis and charactcrization of nitridotechnetium(V) complexes with L-cysteine- 
ethylester (IlcysOEt). L-cysteine (Hcys) and cysteamine (Hsca) were reported recently. 
[rcNCl2( PPh3)*]" was reacted in CH2CI2/CH30H with the appropriate ligand. Yellow, 
air-stable crystals of [lcNCl(cy~-OEt)(PPh~)]~. [lch'Cl(cys)(PPh3)]". and [T~N(csa )~ ]"  
were obtained in high yicld. Their IR spectra showed the Tc-N absorption in the range 
106(k1090 cm-' and denote that the carboxylic group is not coordinatcd to the 'I'c atom. 
Magnetic susceptibility measurements established diamagnetism o f  the compounds. 
[TcNCl(cys-OEt)(PPh,)]" has a distorted square pyramidal geometry around the Tc(V) 

1 0  

Fig. 12.49.A Cliloro~(O-ethyl-(ph~.nylim~- 
no)ttiiocarhonatoJtriplienylpliosphinc-nit- 
ridotechnetium(V), [TcN(Cl)(l'l'ti~) 
{I'hN=C(OEt)S]]" [292]. 



which is displaced from the mean plane. defined by N. S: CI, and I-'. towards the nitrido 
nitrogen atom by 0.594(1) A. The Tc=N bond distance of 1.605(3) A is indicative o f  a 
strong triple bond. ' f ie bite angle N-Tc-S is 82.6( 1 )" 12931. 

Several complexes containing the core TcN(N02P) were synthesized. The triden- 
tate azomethine ligands N-(2-ethox~carbonyl-~-oxo~~~it(l)en(l)yl]aminoacetic acid 
and N-[2-acctyl-3-oxobiit( I)en( I)yl]aminoacetic acid react with [l'cNC12(PPhj)2]'' in 
refluxing acetone/ 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(l)cn(I)yl}-2-aminophenol (H2ecbap). Yhe 
neutral complex [TcN(ccbap)(PPh3)]" crystallizes in the monoclinic space group C2/c 
with rr=27.480(5). b=l1.414S( 10). c=18.443(3) A, /l=103.22(2)", and %=8. 'I'he techne- 
tium atom is five-coordinate with the phosphorus atom of the triphenylphosphine 
group and the 0 .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. 
Tc(V) is displaced by 0.66 A towards the nitrido nitrogen from the plane. The Tc-N 
bond length is 1.605(7) A. the 'I'c-P distance 2.398(2) A [295]. 

12.3.7.5 TcN(PS4)-, TcN(P2S2)-, 'CcN(P2C12)-, TcN (P2BrZ)-, TcN(As2Cl2)-, 
TcN(As2Br2)-, 'CcN(P,Cl2)-, TcN(P3Rr2)-, TcN(PC13)-, TcN(PBr3)-, 
and TcN(P4C1)-core complexes 

A l'cN(PS4)-core complex, ITcN(Me2PhP)(Et,dtc),J", was obtained in orange-yellow 
crystals when [ T C N C ~ ~ ( M ~ ~ P ~ P ) ~ ] "  was refluxed in methanol with sodium diethyl- 
dithiocarbarnate (NaEt2dtc). The compound crystallizes in the monoclinic space 
group P2,lc with n=17.369(5), 8=1S.O24( l), c=9.906(3) A. b=76.47( I)", and 2=4. 'I'he 
coordination geometry of Tc(V) is distorted octahedral (Fig. 12.50.A) with the chelate 
angles S(l)-Tc-S(2) of 72.54(3)" and S(3)-Tc-S(4) of 66.57(3)". The Tc-N distance is 
1.624(3) A. The Tc-S(4) distance of 2.S26(1) is remarkably long by the t ra in effect 
of the niti-ido ligand [288]. 

[TcN(Me2PhP),(nint>]" (nint = 1,2-dicyanoethene-l,2-dithiolate) represents a 
TcN( P2S2)-core complex. 'I'he compound was recently prepared by reaction of 
(TcNCl2(MezPhP)~]" with Nazinnt in refluxing methanol. The yellow. air-stable. dia- 
magnetic crystals adopt the triclinic space group Pi with ~=10.000(5), h=14.182(6), 
c=17.77( 1)  A, r=08.77(3), p=103.7(3), ;,=104.S5(3)0, and 2=4. The coordination geom- 
etry of Tc(V) is a distorted square pyramid with the PISz donor atoms as basal plane. 
The Tc atom lies out of this plane by 0.56 A towards the nitrido ligand. The Tc=N 
distance is 1.611(4) A, the average Tc-S distance 2.374(2) A. The TEN stretching 
frequency was found at 1060 em '. With a large excess of Nazmnt the reaction with 
[l'cNCL( M C ~ P ~ P ) ~ ] "  yields [T~N(rnnt)~]'- [296]. 

Bis(2-diphe1iylphosphinobenzenethio~ato)1~itridotech~1etium(V). (T~N(dppbt )~]" .  
was synthesized by reaction of [TcNBr2(PPh3)z]" with Hdppbt in acetone. The bright 
yellow product showed the Tc-N stretching vibration at 1070 cm-' 12201. 

[ T c N C I ~ ( P P ~ ~ ) ~ ] "  containing the TcN(P2C:l2)-core was frequently used as  starting 
compound for the synthesis of various nitridotechnetium(V) complexes. Its first prep- 
aration succeeded in reacting TcOJ with hydIaziuedihydrochloride, triphenylphos- 
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Fig. 12.50.A Ris(dictliyldithiocarhamato)(dimethylphcnylph~sphiii~)nitridot~chtic~ium(V). 
1rcN (Me,I'lil')(EtZdtc)2]" 12881. 

phine, and hydrochloric acid in  ethanoliwatcr and adding benzene. After removal of 
the ternary mixture o f  benzeneiethanoliwatcr by distillation. the brick-red 
[TcNC12( PPh3)2]0 was obtained [297]. [TcV'NC14] undergocs reduction upon reaction 
with PPh3 i n  acctonitrile t o  give [ T c N C I ~ ( P P ~ ~ ) ~ ] " .  Its melting point is  23-232 "C and 
the Tc-N strctch appears in  the 1R at 1088 cm-I. [TcNCI4] obviously strongly favors 
substitution by soft rather than by hard ligands. Soft ligands are often reducing. result- 
ing in the ready reduction of the [Tc'"N]"-core to the inorc stable [TcVN]' '-corc 
[53] .  Furthermore, the reaction of TcO; with the S-incthyl ester of dithiocarbazic acid. 
H2N-NH-C:(=S)SCH3, in the presence o f  HCI and PPh3, surprisingly leads t o  

When 1 ,l-diphenylli~draxine and [TcC14(PPh3)2]' arc refluxed in dichloromcthane 
for several hours, orange crystals of [TcNC12(PPh3)2] . 0.25CH2C12 are obtained. 
[TcNCL( PPh3)2] . 0.25CH2CI2 crystallizes in the monoclinic space group C2/c, with 
a=24.081(9), h=9.539(4), c=15.650(6) A, /1=116.18(1)', and 2=4. The coordination ge- 
ometry about Tc is distorted square pyramidal with the nitrido nitrogen atom at the 
apical position and P2CI2 defining the equatorial plane. The ?'c atom resides 0.59 A 
above this plane displaced towards the apical nitrogen. The TEN bond distance is 
1.602(8) A. ?he mean Tc-P and Tc-CI distances are 2.463 and 2.376 A, respectively. 
and the P-Tc-P angle 162.0(1)". The IR band at 1078 cn - '  is attributed to the TEN 
stretching vibration and t h e  absorption at 350 cm ~' to v(Tc-Cl) [298]. 

[ ?'cNC12( PPh3)2]" [290]. 



l l i c  corresponding ai-siiic complex ['lc3i(l?( AsPh,);) crystallizes in the monoclinic 
space g roup  /?;([. \\.it11 II =15.~23(-1). 0 : - 0 . 6 3 ~ ( 2 ) ,  (,=22.-100(7) A .  /i= 101.91(2) , and %=-I. 
l'c(\') resides in  ;I distorted syunre pyramicl. Thc ?'c--As bond distance i s  3.5140(1) A. 
otherwise the molcculai. qtructure. includin? bond distances ;ind boncl angles. closely 
resembles that of [TcN( ' I 7 (  P P I I ~ ) ~ ]  . According to clectron spin 1-esoniincc studies thc 
oxida t ion  of j'l'c' h'Cl,( i'Ph ;)*I and ['re' NC12( / \ ~ l % ~ ) ~ ] ~  with SOCI? at room temper- 
ature leads t o  ITc"'hCI ] ] -  via the intennediatc species [Tc\'%'(~-I ;(Pl'h3)]. and 
['l'c' 'NCli( XsPh ;)I". rcqxctiwl!.. Thc cisidation of [Tc\'SCl2( AsPh is more rapid 
than that o f  ('l'cVNC12(PPh,)2] I?(". 

l ' hc  reactions ol [rcvlNCI.,]- or [Tcv'l\'Br4]- with PPh?. AsPh3 o r  I'Mc2PIi in 
rclluxing acelonc resultcd i n  the lormation of brick-red ll.cN(12( PPli;)21" {i,('rc=N) = 
1005 cm-I ) ,  1-ed-brown 17'cNHr2(PPh3)2]c {v('l 'c=N) = IOQO em-'], yellow-brown 
ITcNC'II(AsPh { i .(l 'cS%) = 1091 c i n  I ) .  red-brown [l'cNJ3r2(AsPh,)2]' (1f1'ci.N) 
= I091 cni-'1. ycllow (TcNCII(PMc2Pli);]'~ (i,(l'c-N) :. 10-1s cn-!] .  and or:inge 
['l'cNBr2(PMe2Ph);J ' [i#(Tc::!V) = 1028 cni-I] [297.301]. 

['l'cKC12( PMezPh)l]" wiis also synthesizcd by the rcaction of /nc~r-['l'c"lClj 
(PMe2Ph)lj with N a N j  in refluxing ethanol. The nitrido coniplcx crystallizes in the 
orthorhoinhic space groiip J'/XYI, with ( I  =16.6h.q(l). b =19.710( I ) .  c 16.760( 1 ) A m d  
%=X. 7 1 ~  coordination geometry of 'Tc(V) is distorted octahedral with thc three 
d i m e t h ~ l ~ ~ h e i i g l p l i ~ i s p h i n e  ligands i n  meridional positions (Fig 12.51 .A).  'Jlic Tc EN 
hond distance is 1.624(4) A. Hccause o f  the strong [ r m s  intluence of the nitrido nitro- 
gen the Tc-CI(7) bond length is 2.665(1) K. \vhilc the 'l'c-CI( I )  bond distance is only  
7.4J1( 1 )  A. The T - P ( l ) .  Tc-P(2) and Tc-P(3) bond distances arc 2.144( 1). 2.187( 1). 



and 2.486( 1 )  A. respectively. 'The P(2)-Tc-P(3) angle of 170.68(5)' shows some devia- 
tion from linearity. l'hc N--Tc-P angles are almost rectangular. l h e  CI atoms are in cis 
configuration 13021. 

The chelating phosphiiies 1.8-bis(diphenylphosphino)-3,6-dioxaocta~ie (ppuo), his 
(diphenylphosphinoet hy1)propylamine (pppa). and I ,  1.1 -tris( diphenylphosphino- 
mcthy1)ethane (ppme). react with ['i'cV1NC14]- in a mixture of ethanol and dichloro- 
methane to form the yellow complexes (TcNC12(ppoo)J", (TcNCI.(pppa)]". and 
[TcN<:lz(ppme)]" containing the 'TcN(P2Cl2)-core. [TcISCl2(ppoo)]'' crystallizes in the 
orthorhombic space group Fdd2 with a=28.714(7). 6=23.915(5), c=S.779(2) A, and 
%=8. [TcNCI2(pppa)J" in the orthorhombic space group f'mr2, with cr=l1.650(3). 
6=23.570(2). c= 13.003(2) A, and %=4. For [TcNC12(ppoo)]" the coordination around 
Tc(V) is trigonal bipyramidal with the two P atonis in apical positions and the termi- 
nal N.CI,CI' atoms forming the basal plane. The trigonal bipyramidal coordination 
polyhedron for nitridotcclinetiuni(V) complexes is unusual. The TcsK,  Tc-P, and Tc- 
CI bond distances are 1.601 (4). 2.4730(8). and 2.385( 1) A, respectively. The P-lc-P 
angle of 176.46 (4)" is almost linear and the CI-Tc-P and P-Tc-N angles are about 
YO". The structure of [TcNCL(pppa)]" shows square pyramidal coordination around 
Tc with the Tc atom displaced from the P2C12 plane toward the nitrido nitrogen atom 
by 0.410(2) A. The T c r N  bond distance is 1.60(1) A, the mean 'I'c-P distance 2.410 A. 
it(Tc-N) of [TcNCI2(pppa)]" was found in the IR at 1057 cm I .  The three nitrido tech- 
netium(V) complexes with the chelating phosphines are readily soluble in CH2C12 
and react with a wide range of ligands [300]. 

Complex anions of the TcN( PC13)- and TcN(PBr3)-core were obtained by reaction 
of [?'cVINCIJ] and [1'cV1NHr4]- with tris(2-cyanoethyl)phosphinc (cep) in retluxing 
acetone. Orange crystals o f  [Ru,N][T~~r\'C1~(cep)]" and red-brown crystals of 
[WuJN][TcVNHr3(cep)J" were isolated. The TEN stretch appeared at 1050 cm in 
the IR [303]. 

The diphosphines 1,2-bis(diniethylpliosphino)ethane (dmpe) and 1.2-bis(diphenyl- 
ph0sphino)ethane (dppe) react with [TcV'NCI~]- in acetonitrile and ethanol, respectively, 
to give IT~~NCl (d rnpe )~] -  and ['rcVNCl(dppe)zJ'. Both cationic complexes of the 
TcN(P,CI)-corc were isolated as [RPh4J- salts [281,282]. Reaction of [T~"N(~U)~CI]CI 
with dmpe in acetonitrile also yields the cation [TcNC:l(dmpe)2] ' , which was isolated as 
the yellow complex salt [ ?'~NCl(drnpc),]CE'~S0~ 0.5tu. 'Ihc compound crystallizes in the 
orthorhombic space group Ciiic2, with a=23.269( 10). h=l'9.206(9), c=12.205(6) A. and 
%=8. The geometry around Tc(V) is distorted octahedral with the CI ligand located trnns 
to the nitrido nitrogen (Fig. 12.52.A). The angles around Tc(V) are close to YO and 180", 
hut the chelatc angles arc only 81". The Tc-Cl distance of 2.643(3) A is very long, due to  
the strong t r m s  influence of the nitrogen atom. The Tc-N distance is 1.613(9) A. ' f i e  Tc- 
P distances range between 2.450(3) and 2.459(3) A. The reaction o f  [T~N(tu)~CllCl  with 
dppe in methanol produces yellow [T~NCl(dppe)~]Cl .  CH@H which adopts the mono- 
clinic space group P2Jc with the lattice constants ~ 1 1 . 0 2 3 ( 3 ) ,  h=13.550(5), c=16.892(7) 
A. fl=Y5.22(3)". and 2=2. The molecular structure of [TcNC'l(dppe)z] ' is similar to that of 

Structural data of selected compounds discussed in Sect. 12.3.7 arc reviewed in 
[TcNCl(d~~~pe)z] + [3031. 

Table 12.Y.A. 



Fig. 12.52.A His((dimethylphosphino)c~hane J~tr-nns-chloro-nitridotechnetiuin(V). pcN(dmpc)?CI] ' 
13041. 

Table 12.9.A Soinc structural data for sclectcd (T-N)'--corc complcxes 

EX IK [ c d ]  

Complex Geometry v( .rca)  T~ Ref. 
(displacement) 
[A1 

12.3.7.1 
~ - [ l c S  (OH2)(NCS),]' octah. 1.59 12521 

[.rcN(~CS),(PI'h,)21o octah. 1.629(4) 1085 [253] 

[TcN(OH~)(CN)J]~-  octah. l.S90(10) 1100 0.35 12541 

- 

12.3.7.2 

[I'cN(&C> Et2)2J3 sq.pyr. 1.604(6) 1070 0.74 [258] 
[I'c;v(sCOc'os)2]' sq.pyr. 1.613(4) 1071 0.647 [ 110.2611 

[TcN(S2CO);12- sq.pyr. I .62 1 (6) 1060 0.71 [ 2621 

[IcN(miis)2]2- 

[TcN(tu)JCIJ- oct ii h. 1042 12681 

[TcNCI( IJS4)]' octah. 1.615 0.236 1269,2701 
12.3.7.3 

[TcN(S,CSF.t,)(SCOTOS)] sq.pyr. 1.54(2) 1071 O.h6(1) 1671 

[I~c&(mnt),J2 sq.pyr. 1.59(1) 1060 0.5 [263 1 
sq.pyr. I .61( 1) 1072 0.768(1) 12671 

- 

- - 
[ ~ ' c ~ ( p y ) J  s q p r .  1072 I43 I 
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Table 12.9.A Continued, 

Coinpiex v(Tc-S) Tc Ref. 

I H  ~cm-'] 
,A, 
($sylacernent) 

[TcN(pnao)(Hz( I)]+ octah. 

[TcN(diosocyclarn)(1 I,O)]" octah. 

[?'CK(OII)(PY) $1 '  octah. 

[~.c~(en) , (acc)] ' '  octah. 

[?'cN(e11)2C1J1 octah. 

[TcN(phen)2Cl]' ocia h . 

[lcK(bpy)-Br] ' octah. 

~l'cK(p~bta)Ur:1' octah. 

12.3.7.4 

[TcN(CUH~SS)Z] ' sq.pyr. 

[TcN(sacac)?cn]' sq.pyr. 

[TcN(rnact)]' sq.pyr. 

[TcN(Me~PhP)(  Et,dtc),]" octah. 

[TcN(Etztcb)lI' sq.pyr. 

~ ~ ' c N C I ( P P ~ , C ( , I  l1NH2)2]+ octah. 

[~'cN((CH,)~CNNC'S(S~H~)]?] '  q p y r .  

[(TcN(tu)J t(cdta)?]' octah. 

[TcKCI( PP h3)( I'hh'=C( OE t)S)] ' sq. pyr. 

[TcNCl(cys-OEt)(PPh3)]' sqq.pyr. 

[ TcN (ecbap)( P p h ~ ) ]  sq.pyr. 

12.3.7.5 

[I'cN( l 4 ~ c ~ P h P ) ~ (  mnt)]" sq.pyr. 

[I'cNCI?( PPh,)?]'' sq.ppr. 

[TcKCI-( ppoo)]" trig.bippr. 

[ T C N C I ~ ( P M C ~ I ' ~ ) ~ ] .  octah. 

['l'cNCI( d r n p ~ ) ~ ] ~  oct  ah. 

1.610(5) 

1.612(4) 
- 

1.607(9) 

1.60;(3) 

1.603(5) 

1.621(20) 

1.61 (1) 

1.623(4) 

1 .621(8) 

1.629(7) 

1.624(3) 

1.6 1 O(5) 

1.627(3) 

1.613(3) 

1.681-1.695 

1.6 1 j(7) 

1.605( 3) 

1.605 (7) 

1.61 l(4) 

1.602(8) 

1.601 (4) 

1621(1) 

1.613(9) 

1061 0.399 12731 

I 0so 0.52 12741 

0.3268 WI 
- I050 12761 

10x3 0.?231(3) [27X] 

1054i1071 - 12791 

1050 12821 
1072 - [283] 

1 Oh4 

1075 

1 060 

1069 

1071 

1046 

1070 

984 

1 100 

- 

0.59(6) 
- 

0.607(2) 

0.26 

0.8443 
- 

0.78 

0.594( 1 ) 

0.66 

12.3.8 Imido, hydrazido, diazenido, and diazcne complexes 

12.3.8.1 Imido complexes 

The dianionic, terminal organoimido unit in its linear conformation is formally iso- 
electronic to the 0x0 group. 

The technetium(V) phenylimido complex [TcCI ;( N Hi)( PPh3)2]o was synthesized 
by reaction of T ~ O J  with N-acetyl-N'-phcnylhydrazine (PhNT-INHCO<'I 1,) and PPh3 
in methanol with a small amount of cone. hydrochloric acid. The phenylimido unit is 



generated through the cleavage of the N-N bond in thc organohydrazine. The yellow- 
preen [TcClj(~Pli)(PPhj),] ' crystallizes in thc triclinic space group P I  with 
~=10.8651(9), h=12.2236(9). ~=16.687(2) A. ~=71.998(7). /1=74.078(7). ;,=80.336(7)". 
and 2=2. The absorption at 1090 em- I was assigned to v(Tc=N). The coordination ge- 
ometry about the Tc(V) is slightly distorted octahedral. The steric bulk associated 
with the PPh3 ligands results in their mutually trnns coordination. The remaining coor- 
dination sites are occupied by the three chlorine atoms and the phenylimido unit. 'The 
mean Tc-P and Tc-C1 bond distances are 2.503 and 2.411 A. respectively. The Tc=N 
bond length is 1.704(4) A. The Tc-N-C bond angle of 171.8(4)" confirms the almost 
linear coordination inode of the phcnylimido unit [305). [TcCl,(NPh)(PPh,)l)" reacts 
with pyridine (py) in refluxing methanol to give the mixed ligand. red-brown complex 
I T C C ~ ~ ( N P ~ ) ( P P ~ , ) ( ~ ~ ) ] ~  showing v('l'c=N) unchanged at 1090 cm-' [306]. The struc- 
tures of the compounds [ T c C ~ ~ ( N P ~ ) ( P M ~ P ~ ~ ) ~ ] '  and ~TcRrR(NPh)(PMePh2)2]s 1307) 
resemble that of [TcCI,(NPh)(PPh,),l". 

[TcOCL,] reacts in retluxing methanol with N-acetyl-N'-phenylhydrazinc and 1,2- 
bis(diphenylp1iosphino)ethane (dppe) to yield the grccn technetiutn(V)phen~limido 
complex [TcCI3(NPh)(dppc)]". In the IR thc Tc=N stretching vibration appeared at 
11 10 cm-', which is characteristic of the linearly coordinated phenylimido unit. The 
Tc-N-C angle is 175.7:'. The Tc=N bond distance is 1.687 A. The afore-mentioned 
phenylimido complex containing PPh3 instead of dppe can be synthesized analo- 
gously. starting with [Ic0Cl4]- [306]. 

Reaction of [ I C C ~ ~ ( N P ~ ) ( P P ~ ; ) ~ ~ "  with 2.3,5.6-tetramcthylbenzcnethiol (Htmbt) 
gives [T~(NPh)(tmbt)~(PPh,)1", an unstable product with the v(Tc=N) IR absorption 
at 1100 cm I .  Using 2,6-dimcthylbenzenethiol (Hdmbt), the anionic phenylimido com- 
plex [ l ' ~ (NPh) (dmht )~ ]  is formed with v(Tc=N) at 1093 cm-'. Reaction of 
[l 'cBrR(NPh)(PPh~)~]" with unsubstituted, sterically less hindercd thiophcnol (PhSH) 
yields the anionic oxotechnctium(V) complex ITcO(PhS)J 13081. 

The cationic phcnylimido complex [IcCI~(NPh)(PMe~Ph)3]i was obtained by reac- 
tion of [TcCI3(NPh)(PPh3)2]" with excess dimcthylphenylphosphine in refluxing 
methanol and isolated as the tctraphenylborate salt. The orange-brown compound 
[TcC12(NPh)( PMe2Ph)3][BPh~] crystallizes i n  thc triclinic space group F'L with 
a=l1.337(2), h= 13.054(3), ~=17.8.54(4) A. ~=72.36(3)", /I=SS.51(3)', j:=89.76(3)'. and 
%=2. 'lhe coordination geometry of technetium is distorted octahedral displaying a 
meridional arrangcrnent of the phosphinc ligands with one chlorine atom trans to the 
phenylimido unit. The Tc=K bond distance is 1.711(2) A. The average Tc-P bond 
length is 2.471 A. The l'c-Cl bond lengths are 2.433(1) and 2.455(1) A with the shorter 
bond t o  the chloride ligand rrans to the phenylimido unit, which suggests that there is 
n o  rrans influence. The almost linear Tc-N-C bond angle of 178.8(2)" reflects the sp 
hybridization 0 1  the phcnylimido nitrogen atom. The three phenyl rings of the phos- 
phine ligands are all directed to the phenylimido ligand forming a protective pocket 
around the nitrogen atom. The complex is diamagnetic The IK spectrum displays an 
ahsorption at 1102 cni-I, which is assigned to i*('l'c=N) 1309). 

[Tc0Cl4] reacts with aromatic amines (arNH2) and triphenylphosphine in alcohol 
to produce neutral, diamagnetic, air-stable. green-brown solids of the composition 
[TcClj(~~ir)(PPh~)7]".  The derivative with 4-aminotoluene has been structurally char- 



acterized. It is pseudo-octahedral with the two PPhj groups in trar7.s position to each 
other. l h c  tolylirnido ligand is essentially linear with a 'l'c-N-C anglc 0 1  168" and a 
Tc=N distance of 1.7 A [310]. 

Treatnicnt of [?'cV"(NAr)j1]" (Ar=2.6-diisopropylpheii~!) (Sect. 12.14) [35] with 
two equivalents of sodium causes the grcen solution t o  rapidly change to the orangc- 
brown color o f  [l'cV(NAr).31-: 

I 

2 Na w 

1- 

When the orange-brown solution of [Tc (NA~)~] -  is added to a solution o f  Ph?PAuCI. an 
immediate reaction occurs, and the color of the mixture changes t o  green, yielding 
[(A~N)<J'~ALI( PPhi)]". The dark green compound crystallizes in the rhombohedra1 space 
group K3, with ~1=14.943(3) and c=39.607( 12) A, Z=6. The geometry about the Tc(V) is 
best described as a distorted trigonal-based pyramid with gold occupying the apex. The 
imido ligands occupy the base with an Au-Tc-Y angle of 97.2(1)" and a N-Tc-N angle ol 
118.5(1)". The Tc-Au distance is 2.589(1) A. The l c = N  and Au-P bond lengths are 
1.758(5) and 2.278(2) A, respectively. The Tc-Au-P anglc is exactly linear with 180.0(1)". 
This compound is the first example of a structurally characterized, terminal gold phos- 
phine complex of technetium. Reaction o f  [TcV(NAr)3J- with 0.5 equivalent of HgRr? 
yields [ ( A ~ N ) . < I C H ~ T C ( A ~ N ) ~ ] ~ .  ' I le red compound crTstallizes in the cubic space group 
P d ,  with a=19.560(3) A and 2=8. The coordination geometry 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-'l'c-N anglc of97.6(4)" and a N-Tc-N angle of 118.3(2)". 
In fact, the Tc(KAr)3 fragments in the structures o f  [(A~N);'~CALI(PP~,)]' and 
[ (ArN)3TcHgTc(ArN)3]c are almost identical. suggesting that the nature of the metal cat- 
ion has little effect on T c ( N A ~ ) ~ - .  The Tc-Hg and Tc=N bond distances arc 2.615(1) and 
1.718( 10) A, respectively. 'Ihc 'Tc-Hg-Tc angle is 180.0( 1 )" [XI. 

' l l e  nc u t ral imido t ec hne t iurn( V) complex [ Tc( NC6H4PPh2) (N H CC, IH4PP h2) C12 ] " is 
obtained by ligand exchange reaction of [TcOC14] with 2-aniinophenyl-diphenyl- 
phosphine in anhydrous benzene under nitrogen: 

The brown complex is soluble in acetonc and dichloromethane. The v('l'c=N) vibra- 
tion is reported at 951 cm-'. The structure o f  the analogous rhenium compound shows 
the ligand4 (NC(,H4PPh2)2 and (HNCJ 14PPh2)- twisted to  each other. with the imido 
group bonded f m n s  to a chlorine atom, and the other chlorine atom coordinated equa- 
torially [289J. 



12.3.8.2 Hydrazido, diazenido, and diazene complexes 

Reaction of ITcOCI4]- with hydralazine hydrochloride and PPh.1 in methanol at room 
temperature produces the Tc(V)-hydrazido(3-) complex [7’c(CsHSN~)(712(PP1i~)~lG. 
The green-violet dichroic crystals adopt thc triclinic space group Pi with ~=l1.592(3). 

ever. if the reaction is carried out in refluxing CH2CI2. N-N bond cleavagc appears to 
be promoted and the nitrido species [l‘cNC12(PPh3)2]o (2981 is the major product. The 
coordination geometry of [Tc(CSH5N4)Cl2(PPh?)2)” is distorted octahedral. with the 
phosphinc donors adopting the t r m s  axial configuration. Thc equatorial plane is 
defined by the two chlorine atoms and the nitrogen donors o f  the chclating hydrala- 
zino ligand (Fig. 12.53.A). The Tc-t’ and Tc-CI average bond distances are 2.484(6) 
and 2.379(5) A, respectively. Thc Tc-Cl(1.) bond t rms  to the phthalazine N(3) donor 
is 0.026 A longer than the Tc-Cl(2) bond t r a m  to the hydrazido N (  1) atom. The short 
Tc-N(l) distance of 1.77(1) A is consistent with significant multiple bonding, in con- 
trast to the Tc-N(3) distance of 2.151(9) A. Thc N(l)-N(2) distance of 1.274(17) A 
suggests a bond order approaching 2. ?lie Tc-N(I)-N(2) angle is 138.6(7)”. IR absorp- 
tion at 1542 and 1618 cm-‘ are assigned to v(N=N). The ‘H NMK spectrum indicates 
the triple deprotonation of the hydrazido moiety (3111. 

The technetium(V)phenyldiazenido complex (7’c(NNPh)Rr2(Plvlc2Ph).~l0 was 
obtained by reaction o f  TcO; with N-acetyl-N’-phenylhydrazine (PhNHNHCOCH.;), 

h=12.205(3). c=17.884(4) A. ~=107.76(2), /?=99.03(2). ;~=106.11(2)”, and %=2. NOW- 

n 

CI: N4 

lo 

W 

Fig. 12.53.A Cis-dichloro-hydrala~ino-tr.tms-bis(triphrnylpliospliino)technctiu~n(V). 
[Tc(CxHjN I)CII(PPhj)?]’, 131 11. 



dimethylphenylphosphine (PMe2Ph) and HBr in methanol. The orange compound 
crystallizes in the orthorhonibic space group /'2/2!2/. with ri=8.475(4), b= 12.633(4). 
c=31.171(14) A. and Z=4. I'he formation of the diazenido complex is explained by the 
cleavage of the N-C bond of the hydrazine precursor. The coordination geometry of 
Tc(V) is distorted octahedral. The three PMe2Ph ligaiids arc in rner position with the 
two l rms  Tc-P distances of 2.458(5) A (Fig. 12.54.A). The Tc-P(2) bond which is in 
frans position to Br(2) is shorter. with 2.409(5) A. The .l'c-Br(l) and Tc-Br(2) bond 
distances are 2.603(3) and 2.635(3) A, respectively. The Tc-N( 1) bond length is 
1.753(13) A. 'Ihe Tc-N-N angle is almost linear at 172(1)". The formal charge on the 
-NNPh ligand is -3. The N-N bond distance is 1.208(16) I\ [307]. 

The bis(ary1diazenido)tcchnetiuin complex [TcC1(NhrChH4-4-Br)2(PPh3)210 was 
synthesized by reacting [TcC14(PPhn)2]o with (4-broniophenyl)hydrazine hydrochloride 
and diisopropylethylamine in methanol. The bright orange compound crystallizes in the 
monoclinic space group P21/r?. with n=12.174(2), b=19.008(3). c=20.162(3) A. 
/l=106.39(1)". and 2=4. The bond angles of the bis(diazenido) complex show around the 
technetium 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-bromophcn- 
y1)diazenido ligands are essentially coplanar. The aryldiazenido units display nearly linear 
Tc-N-N linkages and the bond length Tc-N of 1.796(6) and 1.783(7) A reflect multiple 
bonding throughout both units. The N=hr stretching vibrations appear in the IR at 1518 
and 1573 cm-'. With dianionic aryldiazenido ligands the oxidation state of technetium is 
+S. Reaction of HCI with the complex dissolved in methanol yielded the six-coordinate 
dark red compound [TcCI2(NNC6H4Br)(NNHC6H4€3r) (PPh3)2]" [312]. T c 0 4  reacts with 
2-hydrazinopyridine-dihytlrochloridc in methanol to give the purple-brown organodiaze- 
nido-organodiazene chelate [TcC13(N=I\;C5H4 NH)(H-N=NCsH4N)]" [3 131. 

A Tc(V) diazene complex is reported to be obtained by reaction of thiobenzoylhy- 
drazine (H2NNHC(S)C6Hs} with [TcOCLJ in methanol. 'Ihe lustrous red crystals of 
[Tc( HNNC(S)C6Hs)2(S2CChHs)]'~ . rr-Bu4NC1 adopt the monoclinic space group 1'2,lc 

Fig. 12.54.A Phcnyldiazenido-tr~c.r-tris(dimethylphenylplios- 
phino)-dibromotcchnetium(V), ['Tc(NNPh)(~ezPPh)iBr21" 



with rr=ll.576(4), h=15.698(5). c=22.738(6) A, /?=94.93(2)", and 2-4. The dithioacid 
('hHs('(S)S- ligand was a contaminant o f  thiobenzo?lhydrazinc. [l'c( HNN<:(S)CJ15J2 
(S2C('J15)]' exhibits distorted trigonal prismatic geometry through ligation to the S 
donors of the bidcntate dithioacid group and the N, and S donors of the chelating 
diazene ligands. The diazenc form is suggested by the IR absorption ;it  3060 cni - I  

which is attributed to v(N-H) [314]. 
lable 12.10.A summarizes some structural data of complexes descrihcd in Sect. 12.3.8. 

Table 12.lO.A Some structural data of selected iniido. hydrazido. dinLenid(). and diazenc complexes. 

Complex Geometry T+ v(Tc=IV) Ref. 

12.3.8.1 

IA1 IR Icm-'] 

[TcClj(SPh)(PI'h~)~l'' octah. 1.704(4) 10YO 1305 I 
[ TcCI3( N Ph)( dppe)] c. octah. 1 .hS7 1110 [3061 

[(ArN), l'cHg?'c(ArN)j]" 

\ q . p y .  

octah. 

octah. 

trip. 
pyr. 

trig. 
pyr ,  

octah. 

octah. 

octah. 

trig. 
bipyr. 

trig. 

1.71 l(2) 

1.7 

1.758(5) 

1.7 I X (  10) 

1.77(1) 

1.77(1) 

1.796(6) 

1100 [30S] 

1102 13091 
- 13101 

[35] 

95 I [2X01 

1610 1.1141 

prism 1.080(7) (I'c K-N) 

12.4 Technetium(1V) 
Hcxahalogeno and hexathiocyanato complex compounds of quadrivalen1 technetium 
were some of the earliest Tc species t o  be prepared and charactcrized. Frequently. halo- 
geno complexes are used as starting compounds to synthesize mono- and dinuclear 
Tc(IV) complexes of various cores. The Tc(IV)-corcs prcdominantly exhibit distortcd 
octahcdral coordination goemetry. Due to the presence of three unpaired electrons, thc 
magnetic moments o f  mononuclear complexes range between 3.5 and 4.1 B.M.. whereas 
the dinuclear compounds arc diamagnetic. In addition to halogen ligands, oxygen and sul- 
phur containing ligands were niainly observed in complexes. but no terniiiial oxygen. sul- 
phur or nitrogen atoms. Numerous hnlogeno complexes with phosphinc ligands wcre pre- 
pared and identified. 



12.4.1 Hexahalogeno and hexathiocyanata complexes, nonabromadi- 
technetate(1V) 

KZ[TcFh] was prepared by fusion of K1[TcBr6] with excess KHF?. Kecrystallization of 
potassium hcxafluorotechnetatc(1V) from water gave pale pink platelets. The resis- 
tance of [?‘cFc,]’- against hydrolysis is remarkable. only conc. alkaline solution decom- 
poses the compound by precipitation of Tc02-hydrate. The solubility of K2[I‘cFhJ is 
1.5 g/l00 g water at 25°C. T h e  complex salt adopts the trigonal K2[GeFo] structure, 
space group C.%. and is isostructural with K2[KcF(,] and a low-temperature version 
of K2[MnFh]. The hexagonal unit cell has the dimensions a=5.807(2) and c=4.645(2) A 
[315.316]. Thc dimensions of the isostructural, less soluble Rb2[TcF6] are rr=5.986(2) 
and c=4.798(2) A [317]. The magnetic moment of KZII‘cFhI is 3.95 H.M. with 0=-2SK. 
This is similar t o  the “spin-only” value for three unpaired electrons [318]. The EPK 
hyperfine structure of [‘VCF,]~- in mixed polycrystallinc KZ[TcF&K2[PtF6] s h o w  
the expected 1 0  lines at 3 cm wavelength and 77 K. ‘Ibc parameters arc /g/=3.884, 
(Al=3.34. 10 em-’, and IBI=1.76. em I (3191. The ahsorption spectrum of an 
aqueous solution of K2[TcF6] was measured in the near IR. VIS. and LJV between 
SO00 and 50000 cm-’. The ligand field parameter 11 was determined as 28400 cm-I, the 
Kacah parameter B is 530 cni ’. and the nephelauxetic ratio /j?s is 0.75 [320]. The IK 
and Kaman spectra of K2[l’cF0] and Cs2[TcFh] were measured from 1000 to 45 cm 
and the force constants were determined in the valence force field and in the standard 
Urey-Bradley field 1321.3221. Morc recently K2[I’cFn] was obtained by reacting 
K2[TcBr6] with 40 “L, HE’ and precipitation of Br- with silvcr fluoride [323] according 
to the equation: 

[TcBr(,]’ + 6F- + 6Ag’ + [TcF6]?- + 6AgHr 

Hydraziniumhexafluorotcchnetatc(IV), [.U2H6][TcFO]. was prepared by reaction of 
TcF6 in anhydrous hydrofluoric acid with [Ii2H6]F2. ‘l‘he brown compound crystallizes 
in a body-centered cubic lattice with a=10.48 A. The magnetic moment of 
[N21-Ih][’IcFhJ at 300 K is pcrl=3.79 B.M. with a Weiss constant 0=52K. The IR spec- 
trum shows a strong absorption at 545 cm-’, which was tentatively assigned to v i  o f  

K2[TcC16] was obtained by reduction of K7’c04 with K1 in conc. hydrochloric acid. 
Recrystallization from hydrochloric acid yieldcd yellow crystals of K~[Tc(’lo] 
[316,325:326]. The solubility of the complex salt at 25°C in 3 M HC1 is 1.16.10-’ 
mole/l [327]. In aqueous solution [TcCl6J2- is rapidly decomposed by precipitation of  
’l‘cO?-hydratc. K2[I’cCl,] crystallizes in the face-centered cubic lattice, space group 
I.i?z.%n, with n=9.S25(2) A [317]. Hcat capacity measurements indicate no crystal 
structure change at low temperatures. The heat capacity o f  K2[lcCIc,] exhibits a 
lambda-type anomaly with a maximum at 7.0+0.1 K indicative of a cooperative-type 
transition. There is no doubt that this anomaly represents the transition from an 
ordered antiferromagnetic state below 7.0 K to a disordered paramagnetic state above 
this temperature. The Nee1 temperature of 7.0 K for K2[TcCI6] is considerably lower 
than that o f  K2[Re<:I,,] with 11.9 K [328]. The magnetic moment o f  K2[l’cClh] was 

[ TcF61’- (3241. 



found to be /1=4.05 B.M. with the Weiss constant 0=-68K [318]. l 'he  EPR hyperfine 
structure of '"Tc(IV) in mixed single crystals of K2(TcCI,]/K2[PtClh] was measured at 
3 cm wavelcngth at 1.7 K. Consistent with thc nuclear spin of 912 o f  "'fc the spectrum 
(Fig. 12.55.A) reveals 10 strong lines [319,329,330]. The stepwise formation constant 
kh of K:[TcClb], dissolved in 3 M HC104, was determined potentiometrically at 15°C 
to k6=4.6. 10' mole l . 1  which is almost SO times smaller than that of IKeC16J2 (3311. 
The force constant of  the Tc-CI bond in K2[TcC16] was calculated in thc valence force 
field from IK and Kaman vibrations to be ,f,.=l.Sl mdyne . A I [321]. The cubic ligand 
field paramter was derived from the polarized low temperature absorption spectrum 
in the VIS and IJV at 4=24.4.10' cm-' (3321. Single crystal structure analysis of 
K2[TcC1<,I yielded 2.35 A for the Tc-Cl bond distance in a regular octahedral struc- 
ture. Assuming a value of 0.99 A for the covalent radius of chloride, the octahedral 
covalcnt radius of 1.36 A uas  obtained for Tc(IV) [333]. 

Some crystallographic and magnetic data of l c ( I V )  hexahalogeno complex salts 
are collected in Table 12.1 1.A. 

9 7 5  I 
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Fig. 12.5S.A EPR hyperfine structure o f  a mixed single crystal of K~[l'cC'I~]/K,(PtClf,l a t  1.7 K and 
[I ll]-dircctioti of the magnetic field (3191. 

Table 12.1 1.A Crystallographic and magnetic data of Tc(lV) hexahalogeno complex salts 

Complex salt Structure Lattice iMagnetic Weiss Ref. 
constants [A] Moment 1R.M.j constant lo] 

K2[T~l'h] C h  r/=5.807 3.95 -28 [3 I 7,3 1 81 

Kbz [rep(,] C:h r/-5.086 [3 1 71 

[ N .Hc,] [TcI'b] DCC fl-10.48 3.70 52 13241 

K ~ [ I ' c C I ~ ]  Ftti3tn (1-9.825 4.05 -6s [3 17,3 181 

(NH4)>[l'cClh] F/ll3t?l u=Y.9072 - r3.341 

c=4.645 

- - 

c=4.79s 

RbZ[I'cCI,I F/i/3ii i  fl-9.965 [3J7] 



Table 12.11.A Continued 

Complex salt Structure Lattice Magnetic Weiss Ref. 
constants [A] Moment 1R.M.I constant 101 
n-10.237 

rr=lO.l 11. 
h- 12.1 65 
"= 10.263 
v=93.X6" 
/I= 1 14.51- 
:,=99.08" 

(2=10.371 

rr-10.417 

a= to.400 

&10.650 

rr=l1.352 
b-7.S46 
c-13.817 
/L14S.h3" 

(!=I 1.24 
h-8.02 
~ = 7 . 9 2  

~1=11,301 

a-11.410 

4.20 - 81 

4.24 -126 
- - 

13353 

[ 3371 

(3171 

[317.318] 

[338] 

[318,33Y] 

j335.3361 

13401 

[317.3 IS] 

13401 

X-ray structure analysis of a singlc crystal of (NH4)2[TcCI(,] established the Tc-Cl 
bond distance in the regular octahedral [TcCI6l2 to be 2.3531(5) A [334]. Structural 
studies of [AsPh4j2[1cC1(,] showed this complex salt to crystallize in the triclinic space 
group PI The [l'cC16j2 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 C1- 
'lc-CI angles of 88.63(3), S9.'95(3). and 00.26(3)". The slight tetragonal distortion in 
the anion seems to be caused by crystal-packing forces arising from the presence of 
the bulky [AsPh4]- ions (337). 

Hcxabromotechnctic(1V) acid, (€130)2(T~Br6] .  forms red cubic crystals crystalliz- 
ing in thc space group Friz31n with a=10.410(4) A and Z=4. The l'c-Br bond distance 
is 2.506(2) A [341]. Salts of [TcHr6I2- may be prepared by reduction of TcOS with 
conc. HBr containing the appropriate cation. The solubility of K,(TcBr,J at 25 'C in 
3.5 M HBr is S.96. 10 -3 moleil 13271. In aqueous solution [TcHr6I2- is readily decom- 
posed by precipitation of 'l'c02-hydratc. The stepwise formation constant kh of 
[rcHr6I2- in 3 M HCI04 is 3.X. lo3 mole-' . I a t  15 "C, which is almost 50 times smaller 
than that of [ReBr6]", measured potentiornetrically at the same conditions [33 t]. 'I'he 
force constant of the Tc-Rr bond in K2[TcHr6] was determined in the valence force 
field to be fr=l 3 9  mdync . A-' 1321). The cubic ligand field parameter of [TcBrf,I2- was 
derived a s  A=15.7. lo3 cm (3321 and A-21.6. 10' cm ' [342]. 

Purple black salts of [TcI6I2- were obtained by reduction of TcO; with moderately 
conc. HI in the presence of the required cation. Rb*[TcI6] and CszlTclf,] crystallizes in 



the face-ccntcred cubic lattice. K2[Tc16] in the monoclinic space group P2,lc and 
(NH4)2[TcIc,[ in the orthorohombic system. The mean Tc-T bond distance is 2.725( I )  
A [339]. [?'c1,I2- undergoes very rapid hydrolysis in water and is only stable in conc. 
HI. The absorption spectrum of K2[Tc16] in 57 %, 131 was measured between SO00 and 
3.5000 cm-' along with the spectra of K2[TcF(,]. K?[TcClh], and K2[TcBr,,] in aqueous 
or acidic solution (Fig. 12.56.A). Electron transfer bands indicate the optical elcctro- 
negativity X,,,,,=2.25 for Tc(1V) and 2.05 for the less oxidizing Re(IV) [320]. The cubic 
ligand field parameter of [TcT6]*- was reported as A=20.4. 10" cm ' [342]. 

When KTcOJ in 11 M HCI is reduced with K I ,  the red precipitate K2[lc(OH)('15] 
is formed. 'I'he compound crystallizes in the space group F m 3 w  with 0=9.829 A and is 
isostructural with K2[TcClr,]. The magnetic moment of K2[1'c(OH)CljJ is p,ff=3.60 
B.M. at 293 K with a Weiss constant of approximately 50 K. 'Ihe most striking feature 
ol' the absorption spectrum is the distinct band around 18500 cm-I, which is more 
intense than lor K2[1cCl6]. This is presumably the reason for the rcd color of 
K2[Ic(OH)C'15]. A weak absorption in the IR at 467 cm-I was assigned to the (Ic-0) 
strctching mode. The OH stretch is observed as a very weak band at 3400 cm-' [333]. 

and [IcBr(,J2- dissolvcd in hydrochloric acid and hydrobroinic acid, 
respectively, were shown t o  be sensitive t o  visible and ultraviolet light. Changes of [he 
spectra of the complexes in the VIS and UV were induced by irradiation of light. The 
aquation reactions 

[TcC1612 

are reported to be responsible for the changes at least in the early stage of the photo- 
lysis. Kinetic parameters and equilibrium constants of thc aquation reactions wcre 
determined and reaction species also for subsequent aquation stages wcre identifiicd 
[ 343.3491. - A (nml 

kK - 
Fig. 12.56.A r?hsor xion spectra of the lie..iahalogenotccliii~t~te(IV) complexes in aqt~rous solution 
[ i?O] :  k K  = 10.' crn i. 



The reaction of TcC'14 with 1~4,7,lO.I3-pentaoxacyclopcntadecaiie (15-Crown-5) in 
dichloromethane produced the yellow compound [( 15-C1-own-S)(H~O)(lS-Crown-S)] 
[TcC'15(l120)], from which the X-ray structural paramcters of the anion 
[TcCli( F12O)] were determined. 'I'c resides in a distorted octahedral environment 
with the average Tc-CI bond distance o f  2.34 A and a Tc-0 distance of 2.08 A [350]. 

'I'he mixed cliloro-bromo-techiietates(1V). [TcCI,,Br6_,,I2-. ri=1-5. were separated 
by ion exchange chromatography on dieth!rlaniinoeth~lccllulose. Due t o  the stronger 
frrrns effect of Hr- as compared to C1 . thc ligand exchange iuactions of [TcHr(,]*- with 
HCI and of [TcC16]'- with HRr proceeded stereospecifically t o  form either cis/firc.- or 
tmndnicr species for ii=2.3,4, respectively. The 1R and Raman spectra of the tcn 
chloro-broino-tcchnctates( 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]. 

'lhe luminescence spectra r7(*Tzg) - rs(4A2g) of the mixed chloro-bromo-lechne- 
tatcs(1V) Cs2(TcC1,Hr(,-,,], n=1-5, in some host crystals such as Cs2[SnC16], 
Csl[ SnBr,,], and Cs~[?'cCl,,], were measured at 10K between 12800 and 14000 cni-l, in- 
cluding the pairs of pure gconietrical isomers. with n=2.3.4. Due to the weak spin-orbit 
coupling of Tc(IV). only from the r7 level does a phosphorescence transition arise. 
Because of the nephclauxctic effect the electronic origins of [TcCI,,Br6-,]* shift t o  
higher wavenumbers with increasing n. While the splittings in cis-[TcC14€3r2]*- and 
ci.~-[TcCI2Rr4]~- are thc same but of opposite sign, the splittings of t r m s  isomers are 
twice a s  large. The r7('T2J + Ts('AAzg) phosphorescence exhibits for all species ii dis- 
tinct vibronic structure 1352,3531. 

Electrochemical studies on solutions of [ B u ~ N ] ~ [ T ~ C I ~ ]  and [B~~N]~[' l 'cBr, , l  in 
acetonitrile indicate thc anodic irreversible oxidation reactions 

ITc"'X6I2 + [TcvX6]- + c 

of [lcCIbl2 and [TcSrh]*- at 
cathodic irreversible reduction reactions 

of +1.88 and +1.70 V vs S('E. respectivcly, and the 

[ T C ' ~ X ~ ] ~  + e- + [Tc"'X,]' 

at E,,2 o f  -0.34 and -0.27 V vs SCE, respectively [354]. Spectroelectrochemic -a 1 inves- . 

tigations on [TcCl6,l2- and [TcRr6]*- in conc. HX/NaX aqueous media show that the 
coniplexes undergo a rcversible one-clcctron reduction. The h o m o  system is I60 mV 
easier to  reduce [355]. 

In addition to thc aforementioned hcxahalogeno complex salts. the orange-red 
Ag$l'cC16]. the yellow 1.2-bis(diplien\;lphosphonium)ethane hexachlorotechnctatc(1V). 
[dppeH*][l'cClh], /i,ff=3.74 B.M. at 20 "C. and the orange [dppel 12][IcBrh], /iCff=4.02 B.M. 
at 20 "C. were prepared [356]. Also the grccn compounds [ p ~ H ] ~ [ ' l ' c C l ~ ] ,  [bpyH]2['l'cC1~,], 
and [qui~iH2]~[TcCl~] were precipitated and characterized 12331. 

Thiocyanato complexes o f  technetium were used very early to determine tcchne- 
tium spectrophotonietrically in solution [357-3591. Their isolation and identification 
was initiated several years later [360]. Keaction betLveen ['l'cCl6I2 and (SCN)- in 



refluxing methanol yielded :I deep red-violet solution with absorption bands in  the 
visible region at 400 and SO0 nm. Chromatography o f  the reaction mixture resulted in 
a purple and a yellow compound. The purple complex with the absorption at SO0 nm 
was obtained as (I"\IH4),[1c1\'(NCs)h] in a microcrystalline powder with a bright green 
reflcx. A band in the 1K at 320 c1n-I was assigned to the 'Tc-N stretching vibration. 
The magnetic moment perf (298 K)=4.1 H.M. is consistent with a 'AZ:, ground state lor 
an octahedral n' ion in the range observed for liexahalogenotechnetate( IV). 
[TC(NCS)~,]* shows a rcversible one-electron reduction at EI12=0.1X V vs SCF, in acet- 
onitrile which produces [ TC" ' (NCS)~]~  -. the complex with the absorption maximum at 
400 nm 1.3611. The redox system is illustrated (Fig. 12.S7.A) by isosbestic points in the 
absorption spectrum of the technetium thiocyanate complexcs [360,.361]. 
[ASP~~]~(TC(NCS) , I  . CH?C12 crystallizes in the tetragonal space group 14/riz with 
a=11.523(5), c=22.43(2) A. and %=2. I h e  [Tc(NCS),12 anion is octahedral and the 
thiocyanate groups are N-coordinated. Two 'Tc-NCS groups are constrained by crystal 
symmetry to perfect linearity, whereas the remaining lour Tc-NCS groups situated on 
the mirror plane are almost linear with a 'Ic-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" (3621. 

The nonabromoditechnetate(1V) complex [Tc2Hr9]- was obtained when 
(N(C~7Hs)4]2[TcBrh] was heated with trifluoroacetic acid. During the heterogeneous 
reaction the red hexabromotechnctate is quantitatively converted to violet 
[N(C2Hs)1][Tc2Rr9]. The compound is only stable by exclusion of light and is readily 
soluble in acetonitrile. The 1K and Raman spectra of the face-sharing bioctahedral 
[Tc2Brg]- were assigned according to the point group Djh. Due to the stronger bond- 
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Fig. 12.57.A lsosbcstic points in the ahsorption 
spectra o f  thc isothioc\.anatotectlnetatc redox - system in acidic aqueous solution [360.3613: 



ing of the terminal ( t )  ligands as compared to the bridging (b) ligands. the valence 
force constant fr(Tc-Br,)=1.04S mdyne/A is significantly higher than /,(?'c-Brb)=0.80 
mdyne/A [363]. 

12.4.2 Tc(O)(,-, Tc(04C12)-, Tc(04Br2)-, Tc(02C14)-, {Tc(p-0)( 02N2))2-, 
{Tc(p-O)(03N)}2-, and {Tc(p-0)04}2-core complexes 

'lkis(acetylacctonato)tcchnetium(Ill). [T~(acac )~ ]" ,  reacts with ferricenium tetra- 
fluoroborate in acetonitrile to yield thc Tc(0)6-core complex [Tc'V(acac)3jBF:l as a 
brown crystalline compound showing a magnetic moment of /icfr=3.5 R.M. at 308 K. 
[ T c ( a c a ~ ) ~ ] B F ~  was also characterixd by IRIVISIUV, 'H NMR. mass spectrometry, 
and conductivity measurements [364]. 

Reaction of [TcCII(PPh3)2]" and [ I ' C B ~ ~ ( P P ~ ~ ) ~ ] '  with pentane-2,4-dionc (acac), by 
refluxing the mixtures in air, forms the brown Tc(04C12)-core complex [TcCI2 
( a c a ~ ) ~ ] "  and the green-brown '1c(04Brz)-core complex [1~Br2(acac)~]",  respectively 
[365]. Both compounds are resistant to the attack of water and acids. ' 1 % ~  halide (X) 
ions are much more labile against base hydrolysis than the bidentate acetylacetonate 
ligands. The hydrolysis rate equation is expressed by K=k[OH ] [ T ~ X ~ ( a c a c ) ~ ]  [366]. 

Salicylaldchyde reacts under reflux with [PPh&ITcC16] to form the dark brown 
[PPh4][Tc(sal)CI4], (sal=CoH4(CHO)0 1. a Tc(02C14)-core compound that crystallizcs 
in the monoclinic space group P2Jc with a=14.20(1), b=12.93(1), c=16.91(1) A, 
/1=105.5( I) '*  and 2=4. ?he coordination geometry is slightly distorted octahedral. The 
cquatorial resion, defined by O( 1) and O(2) of the salicylaldehyde group and thc 
chlorine atoms Cl(2) and C1(3), is virtually planar. Cl(1) and Cl(4) occupy the 1rar7s 
positions (Fig. 12.58.A). The Tc-O(1) and Tc-0(2) bond distances arc 2.04(2) and 
1.98(2) A, respectively. The Tc-CI bond lengths rangc between 2.31 (1) and 2.36( I )  A. 
Thc angles CI(4)-Tc-0( l),  C1(4)-Tc-0(2), and O( 1)-Tc-O(2) are nearly rectangular. 
'lhe magnetic moment of [PPh4][l'c(sal)Cl4] is 3.8 B.M. [367]. 

The Tc(IV) alcoholato complexes ['l'c(OMc)(,]'-, [Tc(eg)3]*-, and (Tc(butri)2I2- 
(H2eg = CH20HCH20H. H3butri = CH20HCHOHCH2CH20H) have been rcport- 
ed t o  be synthesized. K2Tc(OMc),,] was obtained by reaction of K2[TcHr6j with 
KOMe in methanol under nitrogen: - 

I-  
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Fig. 12.58.A 'lttrachloi o-salicylaldehydatotechnetnte( IV). 
[TcClI(snl)] 1367). 



'I'hc pale greenish salt K2[Tc(OMe)h] is soluble in methanol or ethanol and deconi- 
poses rapidly in aqueous solution. if the pH is lower than 12. Substitution reactions of 
the compound lvith glycolate or 1.2,4-butanetriolate yielded thc complex salts 
K2[7'c(eg)3] . 3C211501T and K ? [ T ~ ( b u t r i ) ~ ]  . CH30H. IR absorptions between 450 and 
460 cm-' \\'ere assigned to the Tc-0 stretching vibrations 1.1681. 

K2[TcBr(,J reacts with tris(hydroxymetliyl)(trimethylanimonium)methane iodide 
(11,thnit)I in methanol to form the white crystalline compound [Tc(thmt)?]". 2(H3thmt)l 
which crystallizes in the monoclinic space group CPc, with a=2S.334(5), h= 10.1 9Y(2), 
r=15.196(2) A, 8=116.74( I)" ,  and Z=4. In the neutral complex [ T ~ ( t h m t ) ~ ] "  the six oxygen 
atoms of the two thnit ligands arc bonded to the Tc atom i n  an octahedral geometry with 
Djd symmetry. The three 'J'c-0 bond lengths o f  1.996 A, on average, arc equal within the 
standard deviations. The complex is 7witterionic with the two positive charges on the qua- 
ternary ammonium substituent and six negative charges dclocalizcd over the technetium 
oxygen moiety. so that the I-csulting oxidation state for technetium is +4. The compound is 
readily solublc in water and is stable at pH > 4 lor mow than24 h [369]. 

Keaction 0 1  [TcBr6]'- with citric acid is rcported to yield polymeric mono- and dici- 
trates and monomeric dicitrates of Tc(1V). Complex formation and hydrolysis of 
Tc(1V) were shown to be competitive reactions. Hrown to violet solutions occurred, 
depending on the molar ratio of citrateitechnetium and on the reaction time 
(370,371 1. The complex formation of Tc(IV) with nitrilotriacetic acid (Hgita), ethylc- 
nediaminetctraacetic acid (H4edta). and cyclohexanediaminetctraacetic acid ( H4data) 
were studied in aqueous solution by means o f  ion exchange and electrophoresis [372] 
and the complex composition of solid di- and trinuclear compounds containing H:)nta 
were analyzed 137.11. 

The dinuclear neutral complex [(H2edta)'l'e(,uu-0)2Tc(H2edta)]o~ 5 H 2 0  was 
obtained by reduction of TcO; with NaHS03  in the presence o f  Na2H7edta in aque- 
ous solution. The red-brown compound crystallizcs in the orthorhombic space group 
Pnn2, with u=18.41( 1). h=10.96(1). c=16.25(1) A, and Z=4. The central Tc(pO)?Tc 
unit completes its coordination by two H2edta molecules. The axial positions of each 
Tc(IV) are occupied by the oxygen atoms of two carboxylate groups. the equatorial 
positions by amine nitrogens. Two acetate fragments of each edta arc protonated and 
not involved in coordination. The Tc02Tc ring is nearly planar. T h e  T c .  ' Tc distance 
o f  2.331 A is very short i n  this bis(~i-0)bioctaliedral complex. T h e  avct-age 'I'c-N bond 
distance is 2.207(16) P\. 'l'hc complex is diainagnctic and shows a strong absorplion 
band i n  the visible at 20200 em-' [374]. 

Reduction of TcO; with SO2 in aqueous solution in the presence of nitrilotriacetate 
(Na2Hnta) yields the dianionic. dinuclear complex [(CH.C00)jr\'l 'c(~i-0)2 
T C N ( C H ~ C O O ) ~ }  1' . The blackish and hygroscopic sodium salt Na2[(CI 12COO)3 
NTe(/i-O)2TcN(<'~I*COO).~] .6I 120  crystallizes in the triclinic space group P1. with 
rr=6.330(1). h=9.512(2), c=11.23Y(4)A. z=64.97(2), [1=83.00(2), ;3=74.74(2)". and Z=1. 
The complex anion has again a central 'I'c02Tc ring. Each Tc atom is coordinated to 
the N atom and t o  three carboxylate oxygens of an nta' ligand. Thc anion exhibits 
approximate 2/11? symmetry. thc mirror plane coinciding with the TcO?Tc ring. l h e  



T c . . . T c  distance is 2.363(2). the averaged Tc-I\' bond length 2.148(2) A. The angle 
'l'c-0-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 c n r '  rescinbles that of ((H?cdta)Tc(p-O)~rc(edtaH.)l'. 'l'he nitrilotria- 
cetato complex was shown t o  be diamagnctic 13751. 

The dissolution of (NH4)z[TcBr(,] in aqueous oxalic acid and addition o f  [AsPh.l](:l 
resulted in the precipitation of tetraplienylarsoiiium-tris(oxalato)technet~~te(lV). 
[AsPh4]z[?'c(C20.,).~]. l'he palc yellow compound crystallizes in the monoclinic space 
group C2/c with rr=23.164(2). h=13.507(2), c=16.047( 1) A, [1=104.90(5), and Z=4. In 
[rc(C204)3]'- the technetium atom is coordinated to six oxygen atoms in a distorted 
octahedral array. The angles 0-Tc-0 range, for adjaccnt oxygen atoms within the lig- 
ands. I'rom 80.3(2) t o  80.6(2)". and are 90.3(2) to  97.8(2)' between thc ligands, while 
for t I y / m  oxygens iicross Tc the angles are 167.9(2) and 177.2(2)". The Tc-0 bond dis- 
tances rangc from I .978(5) t o  2.001 (4) A [376]. 

The oxygen-bridged dimeric oxalato complex salt K4[(CZ(.)4)2'Pc(~1-0)2 
' T C ( C ~ O ~ ) ~ ] .  3 H 2 0  was obtained by reaction of K2(TcF6] with oxalic acid in aqueous 
solution at 80 "C for three days. The dark red crystals adopt the triclinic space group 
P i  with a=S.765(2). /)=9.895(2).~=12.822(4) ii, ~=87.47(1). /i=88.31(1). ;1=71.03(2)". 
and %=2. Each technetium atom in the central Tc(p-O)2Tc core is coordinated to two 
oxalato anions in a distorted octahedral arrangement (Fig. 12.59.A). The Tc( 1 )-Tc(2) 
distance is 2.361( 1 )  A. The angles of thc bridging oxygcns Tc(l)-0(9)-Tc(2) and 
Tc(l)-O(lO)-Tc(2) are 76.21(5) and 75.2(3)". respectively. 'Ike average Tc-0 bond 
distances of 1.913 A in the bridge are considerably shorter than the Tc-0 bond 

018 7- 



lengths to the oxygcns of the oxalato ligands, which range between 2.020( 1 )  and 
2.098( 1 )  A. The longer l'c-O(oxalato) bond lengths are due to the trtrtzs influence of 
the bridging oxypcns. The T ~ ( p 0 ) ~ T c  ring core is approximately planar. Tc-0 fre- 
quencies of the core were determined a s  ~3=73O cm I and v4=401 cm I [377]. 

12.4.3 {Tc(S~)}~- ,  Tc(S~)-, Tc(Sg)-, Tc(SNC14)-, Tc(N2C14)-, 
Tc(N2Br4)-, Tc(N&12)-, and Tc(N303)-core complexes 

NHITcOJ reacts in aqueous ethanolic solution with benzene-l,2-dithiol (H2bdt) to 
yield the binuclear, neutral {?'c(S4)J2-core complex [T~,(bdt)~] ' .  The wine-red coni- 
pound crystallizes in the triclinic space group P i  with a=8.534(1), h=8.842(2), 
c=11.192(3) A. a=107.02(2), /)=98.13( I ) ,  ;1=100.60(2)". and %=1. Each technetium 
atom is Coordinated to a trigonal-prismatic array of' six sulphur atoms. These arrays 
are fused through a quadrilateral face defined by the four bridging sulphur atoms of 
two benzene-1.2-dittiiolato ligands to result in a Tc2Ss core of D 2 h  pseudo-symmetry. 
This trigonal-prismatic geometry about the Tc( IV) atoms was not observed prc- 
viously. A lc-Tc bond passes through the center of the shared face of the trigonal 
prisms: thus the geometry around the ' lc  atoms can also be described in terms of 
capped trigonal prisms. The S, polyhedron is only slightly distorted from the idealized 
trigonal-prismatic geometry. Thc l'c-S bonds of thc terminal ligands arc significantly 
shorter, mean length 2.295(7) A, than those o f  the bridging ligands with a mean length 
0 1  2.408(6) A. The differences between bridging and terminal ligands are also 
1-cllectcd 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 7.5.1(2)". 71ie Tc-l'c bond length is 2.591(3) A (378,379). 

Structurally similar to the complex mentioned above is the dimeric bis(p-ethane- 
1,2-dithiolato)bis(cthene-l,2-dithiolato)technetium(Tv), [?'cz(cdt)2(c=dt)2]". 'l'he 
dark green diamagnetic compound was obtained by reaction of ethane-1,2-dithiol 
with ['J'CCI~]~ in methanol. The complex precipitated from the reaction mixture. The 
only source of e=dt can be H,edt, which presumably undergoes a reductive process. 
[ T ~ ? ( e d t ) ~ ( e = d t ) ~ ] "  crystallizes in the triclinic space group P i  with a=8.624(4). 
h=8.064(4), c=8.303(5) A, c(=59.01(4). /1=61.22(5), ;7=65.07(3)", and Z= I .  X-ray struc- 
ture analysis showed the Tc2Ss-core containing each technetium atom coordinated in 
B trigonal prismatic array (Fig. 12.60.A). Two ethane-dithiolato groups provide four ,u- 
sulphur atoms to yield a quadruply bridged 'lc(IV) dimer. Each Tc atom is addition- 
ally coordinated to a tcrnminal ethcnedithiolato group. The complex possesses an exact 
C'i point symmetry. 'The average Tc-S(bridging) bond distance is 2.392(5) I\ and the 
Tc-S(termina1) distance is 2.295(5) A on average. As expected. the C(l)-C(2) and 
C(3)=C(4) bond lengths are different, being I .49 and 1.30 A, respectively. l l ie  Tc-l'c 
bond distance was found to be 2.610(3) A [224]. 

The anionic, mononuclear Tc(S6)-core complex tris(l,2-dicyanoethcnedithiolato)- 
tcchnetate(1V). [l'c(mnt)3]z- was synthesizcd by reaction of (NH4)7(T~Hr6] with 
Na2(mnt) in ethanol. Red-brown crystals of [ A~Ph.,]~[Tc(rnnt)~) were obtained after 
precipitation with [AsPh,l]<:l. The cotnplcx salt crystallizes in  the orthorhombic space 
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Fig. l2.60.A ~is(~-ethane-I,2-di~liiolato)bis(eti1ene-l.2-dithiolato-technetium(1V)J, ((e=dt)'l'c(/i-edt)2 
Tc(cdt ) ]"  12241. 

group Pbcn, with n=20.256(1), b=15.513(1). c=lS.274(1) A, and 2=4. In [ T c ( ~ n n t ) ~ ] ~ ~  
six sulphur atoms are coordinated to 'Tc(IV) in a distorted octahedron. The trllrzs S- 
Tc-S angle has an average of only 163", while the mcan bite angle of the ligands is 
84.6". and the adjacent interligand angles S-Tc-S arc lOO.S(l) and 109.8(1)". The Tc- 
S bond distances range from 2.340(2) to 2.380(2) A [380]. 

The facilc cleavage of the Tc=O bond in [TcVOCI4]- by morpholine-N-carbodit hio- 
ate was rcported to yield the eight-coordinate morpholine-N-carbodithioatetcchne- 
tium(1V) complex ['l'~(mdtc)~]". The neutral compound was prepared by reacting 
[Bu4N](Tc0Cl4] in dried mcthanol with morpholiniuin morpholine-N-carbodithioate 
in dried acctone. A purple crystallinc po\vder was obtained. The magnetic momcnt of 
this complex was found to be 3.73 B.M. 13811. 

'letrachloro(pyrimidine-2-tliiolato)tcehnetate(lV) was prepared by reaction of 
[I'c0Cl4] in d q  methanol with 2-mcrcaptopyrimidinc. The red-brown [ Bu4N][TcC14 
(SC4N2H3)] crystallizes in the triclinic space group P i  with n=l1.182(6). />=I I .505(4), 
c=12.235(4) A, ol=64.53(4), /1=76.81(3), y=84.10(S)", and 2=2. The coordination about 
Tc(1V) is distorted octahedral. The N-Tc-S angle is 67.1 (2)". constituting the major angu- 
lar distortion from an ideal octahedron. 'lhc Tc-N and Tc-S bond distances are 2.087(6) 
and 2.429(2) A. respectively. The Tc-CI bond lcngths 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(h3_CI4)-core complex [T~(py)~Cl,]" (py = pyridine) was prepared by 
solid-state reaction of pyridinium-hexnchlorotechnetatc(1V) at 300 "C in  a stream of 
dry argon: 

(pyH)2[TcClh] 5'' ) [Tc(py)$&]" + 2HC1 

The magnetic moment of [ l'c(py)2(714]' was found to be 3.91 H.M. The far IR spec- 
trum showed thrcc Tc-CI stretching vibrations in the range 300-360 ern ' and two 'l'c- 



K stretches between 220 and 265 cni I. 'I'he cis configuration of the complex appears 
to be probable. The compound is practically insoluble in organic or mineral acids. is 
reported to be not hydroly;led in aqueous alkalinc solutions and to be stable in oxidiz- 
ins agents [383]. About 20 years earlier the m'bipyridyl (bpy) complcxcs 
[l'c(bpy)2C12]C17 and [l'c(bpy)Cl,]" wcre isolated. The red-brown ( ? ' ~ ( b p y ) ~ C l ~ ] ( ' l ~  
precipitated out o f  the solution when TcCl4 and bpy were heated under rcflux in etha- 
nol. Its magnetic moment at 20 "C w a s  t'ound t o  be kieft=3.7 H.M. The compound was 
soluble in dimethylformamide. €Icating of [ T ~ ( b p v ) ~ C l ~ ] C l ~  to 200 "C undcr vacuum 
yielded [Tc(bpy)C14]". which is also red-brown and has ;I magnetic moment o f  

'l'cC14 and 'l'cHr4 react slowly with acctonitrilc or rert-butylisonitrile to form micro- 
crystalline solids of yellow-green [TC(CH~CN)~CIJ]" .  red [Tc(CH3CN),Hr4]", yellow 
[~I'c(terr-BuNC)Cll]", and red [Tc(t~,r i -Bu~:C)~Br~]" .  The IR spectra suggest cis coordi- 
nation o f  the organic ligands [350]. 

Reaction of (NH4)2[TcCI,,] in gIacial acetic acid with the hexadentalc Schiff-base 
ligand tris{2-(2'-hydroxybenzylideneethyl))amine or its derivatives yielded monocatio- 
nic technetium(1V) complexes that probably have a distorted octahedral arrangemcnt 
of the N30j  atoms about the Tc(1V). 'I'he complexes are paramagnetic [38S]. 

/1,11.=3.48 H.M. at 20 "C [384]. 

12.4.4 Complexes containing phosphine ligands 

Tetra- and pentachloro- and tetrabromo-complexes of Tc(1V) containing different phos- 
phines were prepared by reaction of technetium tetrahalogenide with the pertinent phos- 
phine 13561 or by refluxing TcO; with the phosphine in ethanol in the presence of hydro- 
halogenic acid 13861. Halogenophosphine complexes are summarized inTable 12.12.A. 

Table 12.12.A Hnlogenopho\phine complcxe\ of 'I'c(1V). 
~ 

Complex Color Geometry Magnetic moment References 

[l'cCII(PPh;)?]" green octah. (truii .~) 3.8 [ 387,3881 

(TcRr,(PPh,),J orange- octah. 3.97 [35h] 

(Configuration) pCff rB.M.1 

red 

[l'cCls(PPh3)1- yellow-orange octah. 3.7 1.3881 

[r.cC'l,(I'hle(Ph)Z)LJj green oct a h. (troiw) 4.1 [389] 

[TcCIq( P( C?b15)~)~J' preen octah. (rruiis) [ M Y ]  

[Tc~I~(P(C2Hs)~)J yellow octah. ( t r m s )  ~ (3891 

[TcClj(PMe?Ph)>]" green pentap. b ipy .  [3911 

['l'cClj( PMe2Ph),JU green octah. ( tram) 3.4 [386,387.3901 
~ 

2SbCI3 

Il'cU~,(PMe~Ph)J" green octah. (irum) 3.8 1386.3871 

[l'cCI,( PEt7l'h)~ 12 green octah. (rrcms) 3.7 [387] 

[l'cHr4(PEt:Ph)r 1' green octah. (trm7.s) 3.7 [387] 



When [Tc('lj(PPh;),]" is treated wi th  hydrochloric acid, the anionic complex 
[TcCIS(YPhj)]- is formcd. and is isolated as (I,l-diinethyl-3-oxobutyl)tripheiiylphos- 
phonium salt [PPh;C(Mc)~CH~,COh/Ie]~~lcCl~(PPhi)l. The crystal structure of this 
compound was determined at -100 "C. The complcx salt crystallizes i n  the monoclinic 
space group P2,ln. with a=21.909(4), 0=18.963(4). c=Y.896(3) A, /1=103.05(5)'. and 
2=4. The coordination geometry in [TcCls(PPli;))- is approximately octahedral with 
an average l'c-CI bond distance o f  2.34(1) A, a Tc-P distance of 2.57(1) A, and a 
mean ('I-Tc-CI angle 01 00.7(4)" 13SSI. 

I~rcCI,{P(CH,)(Ph),),1" crystallizes in the triclinic space group P i .  with a=8.991(5). 
b=9.603(4). c=Y.750(6) A, 2=66.67(4), [j=88.65(4), ;=62.S0(4)", and %=1. The Tc atom 
is located on the inversion center. The mean Tc-CI bond distance is 2.322 A, the 'l'c-P 
distance 2.SS6( 1 )  A. The angles around Tc are close to the expected octahedral values 
[389]. Crystals of [TCCIJ(P(C~H~)~];]"  are moiwclinic. space group P2//c. with 
a=S.295(2), h=12.766(3), c=ll.S3 I(3) A, /k123.35(2)", 2=2. 'lhe molccular structure is 
very similar to that 0 1  [ ' I C C ~ ~ ( P ( C H ~ ) ( P ~ ) ~ ) ~ ] ~ .  The Tc-P distance is 2.541( 1 )  A: the 
mean Tc-CI distance 2.333 A (Fig. 12.61 A) 13891. [P(C,Hs),H][TcClj(P(C2H5)jH 
crystallizes in the orthorhonibic space group Pca2, with n=19.456(20), 1~=10.223(6), 
c=22.S33(12) A. and 2=8. There are two independent Tc atoms in the unit cell. The 
Tc-Cl bonds. located in t r a m  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(S) A. The angles around the Tc atoms are again close to 
the octahedral values [389]. 

[TcClJ(PMezPh)2]" crystallizes in the monoclinic space group P2Jc with o=9.692(2), 
h=13.746(3), c=8.339(2) A, /1=106.56(2)". and 2=2. The mean Tc-CI distance is 2.324(2) A 
and the Tc-P distance is 2.531(1) A. The CI-Tc-CI and CI-Tc-P angles arc in good agree- 
ment with a slightly distorted octahedral environment of Tc(1V) [390]. 



[TcC14(PPli3)2]' reacts with dimethyl sulphoxide or  pyridine as coordinating sol- 
vents to yield pale yellow [TcC14( DMSO)2]c' o r  bright yellow [TcCl,(py),]-' by substi- 
tution of the phosphine ligands. The paramagnetic complexes werc characterized by 
IR. IH NMR, and FAB mass spectrometry [392]. 

Reaction of [TcC14(PPh3)2]o with an cxccss of the bidentate Schiff bases N-methyl- 
salicylideneimine ( I  IMesal) or  N-phenylsalicylidcneimine (Hphsal) in refluxing tolu- 
ene gives the red-violet microcrystalline solids [TcC14(FIMesal)2]o and [ TcC14 
(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 peff=3.7 H.M. as expected lor a cf3 system in an octahedral environment. 
When the rcaction of [ I C C ~ ~ ( P P ~ ~ ) ~ ] '  with I IMesal or Hphsal was carried through in 
equimolar concentrations, the brown compounds [TcCl;(Mesal)(PPh3)]~ and 
[TcCI-,(phsal)( PPh3)]" were obtained. 'lliese solids are more readily solublc in organic 
solvents and showed the same magnetic moment of 3.7 B.M. [393]. 

The reaction of [TcC1j(PPh3)2]" in acctone with an aqueous solution of 
(NHJ)2M~S4 was reported. By substitution the dark red neutral 'lc(1V) complex 
[ T C ( P P ~ ~ ) ~ (  M o S ~ ) ~ ( H ~ O ) ] "  was formed. which is indefinitely stable in DMF and non- 
conducting. Its magnetic moment was found to be 3.51 B.M. The compound was char- 
acterized. in addition. by IR spectroscopy. Keduction of [T~"O(,MOS~)~] in ethanol 
with PPhl yields thc same complex: 

[ IC"O(MOS~)~] -  + 3PPh3 - [Tc'"(PPh3)2(MoSj)z]" + OPPh3 

where MoSZ- acts as a bidentate ligand [ 1261. 
Similar to triphcnylphosphine, the tris(2-cyanocthy1)phosphine (cep) fomis com- 

plexes with technetium in which cep is a monodentate ligand. Reaction o f  TcO; in 
aqueous ethanolic solution containing hydrochloric acid yielded a blue. rnicrocrystal- 
line solid of [ l ' ~ C l ~ ( c e p ) ~ ] "  with a melting point o f  175 "C [303]. 

Some structural data of Tc(IV) complexes are reviewed in Table 12.13.A. 

Table 12.13.A Sonic structural data of selected I'c(1V) complexes. 

C o m p I e x Geometry TF-L v(Tc-L) A n  
I A l  IR Icm-'l I R.M. I 

Keferences 

[Asl'h,]? [Tc ( N C S  ),,I oc ta h . 2.(Kl(Tc N )  325 4. I 
2.01 ('l'c-N) 

[NEt,] (Tc2Rrc,] octah. - 267 (11,) - 

[Tc(acac)3]B1'1 oct a 11. - - 3.5 

[TcC12( x ~ c ) * ] "  octah. - 470i.,,,,(Tc-O) - 

[TcCl.,(sal)] octah.  2.01 ('lc-0) - 3.8 

[.t'c(OMe)(,]'- octah. 450 ( T - 0 )  - 

245 (Y1") 

['rc(thmt).,]" oc t a h . 1.006 - - 

[ (Hzed ta~ l ' c (~ t~O)~I ' c  oc t a h . 2.207 (Tc ~ N )  - diarnag. 
(llledta)]" 

[ -36 1,362 1 

[364] 

(3651 

[367] 

(3681 

[369] 

1.7741 



Tahle 12.13.A Continucd 

Complex Geometry Ts-L v(l'c-L) peen References 
IA1 IR [ cn-'1 [B.R.I.] 

ITcC'~,(PY)zl" octah. 

[TcCIZ( bpy),]'+ octah. 

[l'cCIY( PPhj)] octah. 

['l~cC'14(PMePh2)2]" octah. 

[l'cCI~( P(C?H5)3}2]' octah. 

[TcCl.j( P( C?IIi)3}]- octah. 

ITcCI.1 (PMe?Ph)2] octah. 

[Tc<:l.l (I IMesal)2] octah. 

I'l'cCI7(Mesal)(PPh3)1 octah. 

1.978-2.001 

2.09s 2.020 

2.295 

2.295 

2.3-10-2.3~0 
2.087 (Tc- N) 
2.429 (Tc-S) 

- 

2.57 (Tc-1') 

2.556 ('I c-P) 

2.541 ( I'c-P) 

2.496(Tc P) 

2.531 (Tc-1') 
- 

220-265 ('I'c-S) 

- 

- 

346 (Tc-CI) 

338 (rc-ci) 
330 (T-CI) 
- 

320(Tc Cl) 

340 (Tc-CI) 

dialnag. 

3.91 

3.7 

3.7 

4. I 

- 

3.7 

3.7 

13751 

13761 

13771 

1378.3791 

[224] 

[380] 

13821 

13831 

13x41 

pss1 

13891 

[3YO] 

13931 

13891 

[389] 

1393 I 

12.5 Technetium (111) 

The complexes of Tc( 111) represent the second most numerous class of compounds in 
coordination chemistry of technetium after the Tc(V) complexes. Again the distorted 
octahedral geometry is chiefly observed, but in  addition, cores o f  coordination num- 
ber 5 in trigonal bipyramidal and 7 in pentagonal bipyrainidal or capped octahedral 
arrangements have been seen rather frequently. Dinuclear complexes with multiple 
Tc-Tc bonds display square pyramidal geometry for both Tc-cores. The low-spin niag- 
netic nioments ranging from 2.5 to 3.3 B.V. roughly correspond to two unpaired elec- 
trons i n  the octahedral ligand field. Trigonal bipyramidal compounds were found to 
be diamagnetic. Many of thc Tc(II1) complexes contain phosphinc ligands, but also 
sulphur and nitrogen containing ligands arc often reported. Some cyclopcntadienyl 
complexes have been synthcsized. 

12.5.1 Cyano, nitrile, isonitrile, and isothiocyanato complexes 

Potassium heptacyanotcchnctate(lI1)-diliydratc, K,[Tc(CN),] .2H20, was synthesized 
by reaction o f  (1\'T14)21TcT,] with KCN in retluxing aqueous methanol under exclusion 



of oxygen. The compound forms yellow-orange crystals that were shown to be dia- 
magnetic. as  expected from the strong-field ground state ]Al' .  The rcduction of 
l'c(IV) to 'I'c(I11) is accomplished by iodide ions o f  [TCI(,]~-. and Ch' stabilizes the 
oxidation state +3. O n  the basis of IK and Kaman spectra the pentagonal-bip~raniidal 
structure of [Tc(<'N),]~ is indicated both i n  solid and solution. I n  the presence of oxy- 
gen. solutions of the complcx slo\vly decompose [ 991. 

Some isonitrile coniplexcs of tervalent technetium are known. [Tc(CNC:(CH3)j}(,] ". 
was prepared by reaction of [ ' I ' c ( t ~ ) ~ ] ~ '  with teir-butylisonitrile in methanol. The 
seven-coordinate rer-l-butylisonitrile-chloro and bromo complex salts, [l'c"'(CNC 
(CH3)3)hC1][PF& and [Tc"'(CNC(CH~)~J(,R~~~PE-',I,, which can be obtained by 
addition o f  chlorine or bromine t o  [Tc'(CNC(CI 13)3},,][PF1,]. rcadily dealkylate upon 
heating in thc prcsencc o f  2,2'-bipyridine in acetonitrile to form the yellow penta-ter-t- 
butylisonitrile-cyano-halogeno complex salts [Tc"'(CNC(CH3)~}~(CK)X][Pt.',] and 
concomitantly [bpyH][ PF6). A neutral isonitrile ligand is converted in this dcalkyla- 
tion process into an anionic cyano ligand [394]. 

Hexakis(isothiocyariato)technetate(III), 1Tc(NCS),l3 , was synthesized by reaction 
of (KH4)2[TcHr,l with KH4SCN in refluxed methanol and addition of N2H4 . H20. 
Treating thc solution with (n-Bu4N]CI04 precipitated air-sensitive yellow crystals of 
[n-Hu4K]3[Te(~\'<:S)6]. The observed magnetic moment o f  3.0-3.3 B.M. at 298 K is in 
the range expected for a d4 ion with two unpaired electrons. The compound crystal- 
lizes in the cubic space group I'rr.? with r/=24.444(6) A and %=8. 'the Tc atom is located 
on a crystallographic threefold rotation axis and [Tc(K\'CS)~]'- has approximately 
octahedral symmetry. V ie  mean 're-N bond distance is 2.05(2) A and the Tc-N-C 
and N-C-S angles arc all within 10" o f  linearity. [.4~Ph~]~['l 'c(KCS)(,l exhibits a singlc, 
strong v(NCS) absorption at 2070 cm ' in the IR consistent with octahedral symmetry. 
[Tc(NCS),].' shows in acetonitrile a reversible one-electron oxidation at 0.18 V vs 
SCE, indicating the oxidation t o  [Te'"(NCS)(,]' 13611. 

Trrtns-[l'cC1?(NCS)(~/~e2Phr),]. was obtaincd by replacement of one chloride lig- 
and in r?ier--[TcCI;(,Me2PhP).~l" by N('S in refluxing CH2(1l2/CH3OH. KO products 
with larger thiocyanate content could be isolated. Thc orange-rcd compound crystal- 
lizes in the tnonoclinic spacc group 1'2,h1. with (1=14.997(7). 8=10.840(2). c=19.160(8) 
A, [)=113.04(2)", and 2=4. ' t he  ' l c  atom in r r - ~ r ~ . s - [ T c C l ~ ( N C S ) ( ~ e ~ ~ h P ) ~ ] ~ ~  is coordi- 
nated in a distorted octahedral geometry. The phosphine ligands arc in rneridional 
positions. The linear NCS ligand is coordinated in I I Y I I I . ~  position to Me2PhP. The rela- 
tively long T - K  bond distance of 2.104(3) A can be interpreted in tcrrns of a struc- 
tural tr-ms influence o f  the phosphine ligand. Thc IK spectruni shows an intense band 
for the \,(NCS) vibration at 2076 cm~-'. The compound is readily soluble in CH7C12 or 
CH<l13 and is indefinitely stable, even in solution [395]. 

When [ ~ z - U U ~ N ] ~ [ T C ~ C I ~ ]  was suspended in ii mixture of CH;CK and Et20 and 
ITHF4. Et20 was syringed into the suspension. yellow crystals of [TcC12(CI13CN)4] 
[BY41 were obtained after a week of heating, in addition to [Tc~(CH~CN),"][HFJ]J. 
The mononuclear compound crystallizes in the orthorhomtiic space group Ihnr?z with 
a=6.250( 1). h=12.189(2), c=20.880(5) A, and 2=4. The solid, as well as solutions of 
[ ~ C C I ~ ( C H ~ C N ) , ~ ] [  BE',i]. arc stable in air, The cation (TcC12(CH3CN)4]+ shows a dis- 
torted octahedral coordination (Fig. 12.62.A) about the l-c(II1) center; i t  has virtual 



Fig. 12.62.A 7i.n~rs-(dichloro)-terrakis(acctoniirilc) technetium(II1). [TcCI~(CI~ICN).,]- [3%] 

Djh symmetry. The chloride ligaiids are in I I U M S  disposition, the nitrile ligands reside 
in the equatorial plane. The angles around Tc are vcry close to 90 or 180". The Tc-Cl 
and Te-N distances are unexceptional. CEN stretching frequencies occur at 2.3.3 1 and 
2301 c n r '  in the TK. Thc CH;CN ligands are extremely labile. Cyclic voltammcir!; of 
the complex cation reveals a reversible one-electron reduction to  give the ncutral 
Tc(1I) species [TcCl?(CI 13(:N)4]0 [306]. 

12.5.2 Halogeno-phosphine and -arsine complexes 

FIalogenopliosphine and halogeno-arsine complexes of tervalent technetium are col- 
lected in l ah le  12.14.A. 

Table 12.14.A Haloeeno-pIio\pliine and -;irsinc coinplexes ot Tc(I11). 

Complex Color Geometry Magnetic References 
(Configuration) Moment 

Pea I R.M. I 
[TcC12 (dmpc),]- orange oclah.(t/.n~rs) - [230.397.398] 

[ I  cBr2(clmpe)2] red octn h.  ( i rm . \ )  [239.397.398] 

['l'cCl?(dppc)2 1 '  rctl-orange octah.(imm) 2.74 [ 356,3Y 7.390-40 1 ] 

[TcR~.?(dpl>c),] ' dark pink ocla h. ( f r o m )  3.04 [356,397, 400. 4011 

[TcC13(dppc),]' yellow-orange - (4021 

[ I'cCI:(Me,PhP)3]- yelloiv-orange octah.(nicr) 2.6 - 2.8 [386.387.403 4051 

[I'cCli(hlc $P);]" yllow-orange octah.(/rler) PO61 
[l'cBr;( M ~ J w ) ~ ] "  red octah. (mtir)  2.8 [387] 

[TcCI:( Et? t'h I').i I @  ol-~lngc octnli.(nrer) 2.8 [387,4071 

[TcR~~~(FtlPhl ') ;] '  rctl octah.(rrrcr) 2.8 [.387] 
(TcClz(drpe).]+ orange - [.397] - 



Table 12.14.A Continued. 

Complex Color Geonietry Magnetic References 
(Configuration) Moment 

pert [R.M-I 
[I cHr2(depc)z] rose-rcd - - 17971 

[I'c('lz(dppb)2] ' red - - [.3Y7] 

[ T d ' l ~ ( d p p \ ~ ) ~ J -  orange-red - 1.7971 

[Tc( KCS), (dppe), I ' blue - [397] 

[ l '~(~ ' l ; (  PPh 3 )  ;( DM I;)]' red octah.(ntrr.) 3.1 140s1 

[TcCI,(PPh,)-CO]" red octah.(nrcr) - 14091 

[?'cCl,(PPlic)2 (McCN)]" orange - - [40Y,31 O] 

octah.(rnc.r) - 14101 

[TcCl2{C6lIsP(OCZI 15)&] ' red oc tali. ( m t z s )  2.1 14111 

[ I 'cCl~(dia~s)>]' orange-red octah.(~rirn.s) 2.7 [412414] 

[TcUr?(diars) I]' red - 3.2 [412,41.5] 

[ TcT,( diars)z J + black - 3.4 1-1 121 

7iarzs-['I'cCI2(dinpe)~J~ was prepared by treating a slurry of [TcC12(dmpe)2]o in tol- 
uene with C12 gas. '10 prepare tr-un.~-[TcSr~(drnpe)~~- the corresponding Tc(1l) con-  
pound was dissolved in toluene and, after addition of HBr. the complex was oxidized 
with air. Orange crystals of [TcClz(dmpe)z][F3CSO?] adopt thc monoclinic space 
group P2,lc, with a=8.076(2). b=24.401(4), c=13.435(4) A, p=96.61(2)" and %=4. The 
structure of the [ T ~ C l ~ ( d m p e ) ~ ] -  cation shows the trans octahedral geometry The P 
atoms of the two bidentate dmpe ligands occupy four equatorial coordination sites 
with the two from CI atoms completing the octahedral coordination. The mean Tc-C1 
bond distance is 2.324 A and the mean Tc-P distance 2.436(5) A (239). 
[TcCl2(dmpe)2)+ and [TcRr2(dmpe)2]- cxhibit characteristic. wcll defined. intense 
charge-transfer bands in the visible region at 21739 and 20121 cm-' and show a revers- 
ible Tc(IIT)/Tc(II) redox couple in DMF al -232 mV and -99 mV V S  hglAgC1, respec- 
tively [XU]. 

7Lcin~-[TcCl~(dppe)~)+ was synthcsized by dissolving NH4Tc04 in IILMF, which was 
0.1 M in NH4CI. and adding a great excess of dppe. '1~0; is reduced by the ligand. 
Tr~nzs-[TcBr2(dppe)zj- was obtained from [TcB12(dppe)2]" by using the procedure for 
the preparation of (TcHr2(dmpe)2] ' . [ T ~ H r ~ ( d p p e ) ~ ] [ B F ~ ]  crystallizes in the trigonal 
space group P3 with a=20.926(5), c=11.178(2) A, and Z=3. The Tc(II1) center is six- 
coordinate with an approximately octahedral coordination geometry. The donor phos- 
phorus atoms occupy the four equatorial coordination sites, while the two bromine 
atoms are located in the trcins axial positions. The Tc-Br bond distance is 2.440( 1) A. 
the Tc-P distances are 2.488(1) and 2.513(1) A. The P-'I-P angle is 80.8(1)". The 
chai-gc-transfer absorptions for [ T ~ C l ~ ( d p p e ) ~ 1 '  and [ TcHr2(dppc)2)+ appear i n  thc 
VIS at 20833 and 19841 cm-' ,  respectively. The reduction potentials for the Tc(III)/ 



'J'c(l1) redox couples in DMF arc reported at -1 mV lor ['l'cC12(dppe)$ and +I03 mV 
for [ T ~ B r ~ ( d p p c ) ~ ] -  V S  AgiAgCl 13971. 

[ ' ~ C C I ~ ( M ~ ~ P ~ P ) ~ ] "  was synthesized by reacting NH4Tc04, MczPhP. and HCI in  
ethanol under reflux. The compound crystallizes in the monoclinic space group P2llr1, 
with a=10.935(9). b=39.191(11), c=13.738(7) A. p=107.33(7)". and 2=8. Thc coordina- 
tion around Tc is again distorted octahedral. The arrangement of the phosphine lig- 
ands is meridional. There is a noticeable tram-influence of the phosphine ligands on 
the 're-C1 bonds [403]. Electroanalytical oxidation of [TcCI3(Me2PhP)3]" i n  acetoni- 
trile produces [TcC14 (Me2PhP)3]" and [ T C C I ~ ( M ~ ~ P ~ P ) ~ ]  [404j while the reduction 
yields species of Tc(I1) and Tc(1) [40S]. 

Reaction o f  [?'c0Cl41- with cxccss trimethylphosphine in rcfluxing acetonitrile 
yielded [TcC13(Me3P)3J" as a yellow-orange solid. Tc(lJ1) is surrounded by a meridio- 
nal arrangement of Me3P and the three chlorines. The Tc-C1 distance of 2.440(1) A 
for the chlorine trans to one phosphine is considerably lengthened compared to the 
other Tc-C1 bond distances. The coordination geometry of Tc(ll1) is distorted octahe- 
dral (406). 

[TcC13(PPh3)2(D~MF) 1'' .2PPh3 was synthesized by reacting NH4Tc04 with PPh3 in 
DMF solution in the presence o f  HCI. The compound crystallizes in the monoclinic 
space group /%,/in with n=11.393(4). h=24.993(1 l ) ,  c=12.398(4) A, &106.93(3)", and 
2=2. The [l'cC13(PPh;)"" complex could not be prepared because the PPh3 ligand is 
too bulky. The two PPh3 ligands are located trans t o  each other and the three chlorine 
atoms are mcridional. 'J'he mean 'J'c-P bond distance is 2.498 A. DMF is coordinated 
through its oxygen atom with a l c - 0  bond length 012.1 lS(12) A 14081. 

[ T c C I ~ ( P P ~ ~ ) ~ ( C O ) ] "  was obtained by reaction of  [ T C C I ~ ( P P ~ ~ ) ~ ( ~ ~ ~ C I ) ] @  with car- 
bon monoxide in toluene. CO cleanly replaces the acetonitrile. [ l ' ~ C l ~ ( P P t i ~ ) ~ ( C 0 ) ] "  
crystallizes in the monoclinic space group C2/c with n=24.649(9), h=9.530(3), 
c=1.5.870(6) A. /]=I 16.40(3)". and 2=4. The coordination geometry of the technetium 
atom is nearly octahedral. The structure of [TcClj(PPh3)2(CO)]" is similar to that of 
[TcC13(PPh3)z(DMF)]" mentioncd before [408]. [TcC13(PPh3)z(McCN)1" was synthe- 
sized by treating [n-Hu4N][TcOCL] with PPh3 in acetonitrile [409] or by rcduction of 
[TcC14(PPh3)2]" with fincly divided zinc metal in acetonitrile [410]. 

When [Tc<:IJ(P(C6FIIMe-3)3)1]" is reduced with zinc metal in acetonitrile, the coni- 
plex [TcCI3( P(C,HJMe-3)3)2(Me<'N)]" is formed which crystallizes in the triclinic 
space group fi with N= IO.157(2). h=10.320(2). c=22.073(2) A, x=87.27(2), /1=86.66(1), 
;'=66.87( 1)'. and 2=2. The compound is pseudo-octahedral with the P(ChHJMe-3); 
groups in frans-position and the chlorine atoms are disposed meridionally. The struc- 
ture confirms the presence of a nitrogen-bonded acctonitrile ligand by a Tc-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 ~TcC1~(C~~HSP(OC2115)7)4]+ was 
obtained by refluxing solutions o l  (NI-II)2['rcC16] with excess diethylphenylphospho- 
nite in ethanol. The perchlorate salt forms red crystals with the magnetic moment pcrr 
= 2.7 B.M. at 306 K [411]. In addition, the red-violet [ ~ ' C H ~ ~ ( C ~ , H ~ P ( O C ~ H ~ ) ~ } ~ ] C I ~ ~  
and the grccn [ ' ~ ' c I ~ ( C : ~ H ~ P ( O < ' ~ H ~ } ~ ] I  were synthesized in  analogous procedures and 



showed the magnetic moments L i e , ,  of 2.5 and 2.3 B.M.. respectively. The Tc--(.I. T -  
Hr, and Tc-I stretching frequencies were found in the IR at 346, 275. and 237-222 
cm-' . respecti veI y I-! 16). 

In early studies of technetium chemistry the halogeno-diarsine complex compounds 
o f  Tc(II1) [TeC12(diars)z]C1. [l 'cHr2(diar~)~]Rr, and [Tc12(diars2]I. 12 were prepared 
according t o  the reactions: 

The complex salts were identified by magnetic moments, VIS/IJV-spectra. and con- 
ductivity measurements [412]. Tvan.~-[T~CI~(diars)~]Cl crystallizes in the monoclinic 
space group P211c with a=9.354(5). b=9.662(2), c=15.341(4) A. /j=98.75(6)". and 2=2 .  
'I'he rmrzs-octahedral coordination geometry of [ T ~ C l ~ ( d i a r s ) ~ ] +  is typical for 
[MX2(diars),]"+ complexes. Thc mean Tc-As bond distance in [T~Cl~(d ia r s )~ ]Cl  is 
2.509 A, the Tc-CI distance 2.329( 1) A. The As-Tc-C1 angles are nearly rectiingular, 
while the As-Tc-As angle is only X2.4(1)" [413,414]. 

12.5.3 P-Diketonato- and carboxylato complexes 

A pentane-2,4-dionato complex of Tc(III), containing triphenylphosphine and a chloride 
ligand, was obtained by refluxing pentanc-2.4-dione with tl-Lln.s-l'IcClj(PPh.~)~~'J. The 
orange-red crystals of trarzs-[l'cCl(acac)2(PPh3) I "  adopt triclinic symmetry with the space 
group Pi. ' h e  unit cell parameters are n=13.152(S), b=15.042(10). c=15.532(13) A, 
sc=l12.26(1 I ) ,  /i=91.01(7). ;1=104,70(9)", and Z=4. The octahedral coordination geometry 
o f  Tc(II1) is tctragonally elongated and approximates DA,, symmetry. The Tc-O bonds 
have an average length of 2.01 ( 1  ) A; the Tc-CI and 'Ic-P bond distances are 2.42(1) and 
2.16(1) A. respectively. The array of the acac oxygen atoms is quasi-planar. The bond 
angles about Tc(ll1) differ slightly from 90". The CI-Tc-P angle is 174.4(1)". ?lie Tc atom 
is displaced from the basal TcO4 ring by only 0.04 A toward the phosphine ligand. There 
are two crystallographically independent tr~ns-[TcCl(acac),( PPh.3)]" molecules which dif- 
lcr chiefly in thc folding angles o f  the acac ligands (417,4183. 

In addition, several other pcntane-2,4-dionato-technetium complexes have been 
prepared and characterized. [TcClz(acac)(PPh3)2]" was synthesized by reacting 
[ ' I ' c C I ~ ( P P ~ ~ ) ~ ] "  with pentane-2,4-dione undcr nitrogen. After refluxing for I hr, red 
crystals were separated. Red-violet [TcBr2(acac)(PPh~)2]" was obtained undcr similar 
conditions, but shorter reaction time, starting with [ T c B T ~ ( P P ~ ~ ) ~ ] " .  [TcClz(acac) 
(PPh3)zJ" and the bromine analogue are air-stable and slightly soluble in benzene. The 
magnetic moments of ,ueif = 3.1-3.3 B.M. are somewhat higher than expected for two 
unpaired electrons. Orange crystals of [T~Hr(acac)~(PPh,)] '  were obtained by heating 
I T ~ R r ~ ( a c a c ) ( P P h ~ ) ~ ] "  under reflux in anhydrous pentane-2.4-dione for 10 h. [TcCI 
(a~ac)~(PPh,)] ' ,  and [T~Br (acac )~ (PPh~) ] "  arc soluble in polar solvents. Their niagnet- 
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ic moments are pcff = 2.7 and 2.8 B.M.. respectively [365]. By increasing the time of 
the reaction between [I'cC14(PPh3)2]" and anhydrous pcntane-2,4-dione t o  18 h. dark 
violet crystals of [l.c(acac);]" were produced, which are soluble in polar organic sol- 
vents. The magnetic moment peff was found to be 2.7 R.M. VIS/I!V and IK data arc 
reported for the complexes described [365]. [ T ~ ( a c a c ) ~ ] "  niay also be synthesized by 
rex t ing  pentane-2.4-dionc in aqueous alcoholic solution with TcO; which is reduced 
with dithionite [363]. [Tc(acac)3]:' crystallizes in the monoclinic space group P2,1c 
with a=14.050(3), h=7.497(2). c-16.509(3) A, 1=99.02(2)0, and 2=4. 'Ihe coordination 
geometry of the oxygen atoms around Tc(I1I) is almost a regular octahedron (Fig. 
12.63.A). The mean Tc-0 bond distance is 2.025 A and the 0-Tc-0 angles are close 
to 90 and 180c, respectively [410]. 

[ T ~ ( a c a c ) ~ ] "  undergoes ligand exchange in acetylacetonc (Hacac): 

The first-order exchange reaction was followed by the 14C labeling method using 
[ ' rc(a~ac(2-~. 'C])~]".  The exchange  ate K is cxpressed by 

R = k[complex] ( k  = 2.1. 10 s-l al  141 "C), 

when the complex concentration varies between 3 and 7 mM and the concentration o f  
acetylacetonc is 9.7 M. Thc lability of [Tc(a~ac)~] '  was found to be very close to that of 
[ Cr(a~ac )~] ' )  [420]. Furthermore, the base hydrolysis of [ T ~ ( a c a c ) ~ ] ~  was studied spectro- 
photometrically in 0.1-1 M NaOH at temperatures ranging from 25 to 53.5 "C [421]. 

In addition to tris(pentane-2,4-dionato)technetium(lII). the analogous complexes 
with hexane-2,4-dione, hcptane-2.4-dionc, heptane-3,S-dione, and octane-3,s-dione 
were synthesized after reduction of TcO; with dithionite, identified by FAB mass 
spectrometry. and characterized by VISIIJV and IK spectrophotometry. The hexane- 

lo 
CM6 

Fig. 12.63.A 'Iii~(acetylacctonato)tcchnetiun~(IIl) 
CM1 CM2 [Tc(acac)?] [419] 



2,4-dionato complex crystallizes i n  the monoclinic space group /'2//c, isostructurally 
with tris(pcntane-2.4-dionato)technctium(IIl) 14221. 

Tris(dipivaloylmethanato)technetium(lIl) (dipivaloyl methane = 2.2.6,6-tetra- 
methyl-3.5-heptancdione) was obtained by refluxing a mixture of dipivaloylmethane. 
(NH4)?[TcC16], sodium methoxide and zinc powder in methanol. The red solid is read- 
ily oxidized at b,'l,2 = + 0.12 V vs SCE to the cationic l'c(1V) complex. Tris(trifluoro- 
acetylacetonato)technctium(III) (trifluoroacctylacetonc: CF3-CO-CH2-CD-CH3) and 
tris(hexafluoroacetylacetonato)technctium(lIl) (hexafluoroacetylacetonc: CFj-CO- 
CH2-CO-CF3) were prepared by reaction of the ligands with NHJ?'c04 in refluxing 
ethanol and reduction with dithionite. These complexes arc much more difficult to 
oxidize [423]. 

[ T ~ ( a c a c ) ~ ]  reacts with acetonitrilc in the presence of HCIOj to yield the cation 
[Tc(acac),(Mc<'N),]*. I T c ( a c a ~ ) ~ ( M c C N ) ~ ] < - ~ l 0 ~  forms deep yellow crystals [424). 
The acctonitrilc ligands are easily substituted by benzoylacetonc (Hbza). dipivaloyl- 
niethanc (Hdpm) or dibcnzoylmcthanc (Hdbm) leading to thc neutral complexes 
[ I~ (acac )~ (bza ) ] " ,  [rc(acac)2(dpm)l", and [Tc(a~ac)~(dbrn)]", respcctively. 'I'hesc sub- 
stitution reactions offcr convenient routes lor the preparation o f  mixed ligand /j-di- 
ketonatotechnctium( 111) compounds [42S]. 

Sonic monothio-P-diketonato complexes o f  Tc(1TI) have been synthesized. When 
monothiodibenzoylmcthane (Htbni) is refluxcd in methanol with hexakis( thioureato)- 
technctium(TI1) chloridc. dark bluc crystals of tris(monothiodibcnzoylmcthanato)- 
technctium(IIl), [Ic(tbrn),]", are obtained 14261. The compound crystallizes in thc 
monoclinic space group 1'2//n with n=21.638(6), h=17.520(5). c=10.188(4) A, 
/1=100.24(5)", and 2=4. The coordination geometry o f  Tc(II1) is cssentially octahedral 
with a slightly trigonal distortion. Within the six-membered TcS0C3 rings the Tc-S 
distances, ranging betwccn 2.32 and 2.34 A, arc almost equal, while the 'J'c-0 bond 
distances vary between 2.01 and 2.08 A. The 0-Tc-0. S-Tc-S. and 0-'lc-S angles 
show only small dcviations from YO or 180". Tlcxakis(thioureato)technetium(III) also 
reacts with p-bromobeiizoyl-thiobenzoylmethane, thiobcnzoylacctone, thiothenoyltri- 
fluoroacctone or l-phenyl-3-mcthyl-4-bcnzoyl-S-thionc to yield the corresponding 
monothio-/l-diketonato complexes of Tc( Ill).  The dark colored compounds are quite 
lipophilic and soluble in acetone or dicthyl ether. They were identified by VISiUV, 
1K. 'H NMK, and mass spectrometry [427]. 

The mixed-ligand cationic complex Tc(IT1)-N.N-cthylene-bis-(acctylacctonethio- 
iminato)-bis-(triphenylphosphine) [Tc(sacac)2en(PPh3)2]Cl N as prepared by reaction 
of [TcV0(H20)(sacac)2en]CI with PPh3 in methanol: 



[ T ~ ( s a c a c ) ~ e n ( P P h ~ ) ~ ] -  was precipitated as the olive-green hexafluorophosphatc and 
characterized spcctroscopicallv [42X]. 

Only a few carboxylato complexes of 'Tc(II1) are known. H4edta and I13hcdta 
(N-(2-hydroxpmethyl)ethylenediamine-N.N',N'-triacetic acid) complexes were synthc- 
sized by ligand substitution reactions o f  [Tc(tu)J3+ with edta and hedta. however. 
none of the complexes were identified unambiguously 1429.4301. 

NHiTc04 reacts with 3-(diphcnylphosphino)propionic acid in refluxing ethanol to  
form the yellow compound [ T ~ ( O Z C C H ~ C F J ~ P P ~ ~ ) ~ ] " .  2DMSO after recrystallization 
from IIMSO. It crystallizes in the monoclinic space group P2,iti \vith tr=21.718( lo), 
b=12.954(6), c=18.03S(9) A, fi=lO6.59(4)", and 2=4. The coordination environment 
about Tc(II1) is a distorted octahedron. The three ligands are in meridional arrange- 
ment. 'There are two pairs of like-donor atoms trans lo one another, leaving the 
remaining phosphorus atom f m z s  to an oxygen atom. The bite angles around Tc are 
85.4,90.1, and 86.6". The Tc-P bond distances range betwecn 2.393(2) and 2.479(2) i\. 
In addition. phospliinocarboxvlate complexes of Tc( 111) were synthesized wi th  2- 
(dipheny1phosphino)benzoic acid, (dipheny1phosphino)acetic adic, and 3-(diethyl- 
phosphino)propionic acid. Cyclic voltammograms of the compounds are dominated 
by reversible Tc(TII)/ Tc(I1) couples [431]. 

12.5.4 Complexes containing nitrogen heterocycles, dioximes, 
Schiff bases, diazenido groups, and other nitrogen ligands 

Red-orange trichlorotris(pyridine)technctium(III), [ TcCl,(py),]", and the correspond- 
ing complcxes formed with 4-methylpyridine (4-picoline), [l'cC13(pico)-,]" (yellow- 
orange) and 3,s-dimcthylpyridine (3,S-lutidine), (TcCl,(lut)3]" (dark orange) were 
prepared by reacting [l'cC14(PPhj)z]" in pyridine, 4-methylpyridine. or 3,s-dimcthyl- 
pyridine with excess triphenylphosphinc as the reducing agent. 'Ihe nicridional gcom- 
etry of the pyridinc complexes is revealed by ' H  NMK spectra that are contact-shifted 
by paramagnetism 13921. [TcCli(py)j]" and [TcC13(pico)3]" may also be synthesized by 
reducing [n-Bu4N][TcOCI4] in pyridinc or 4-picoline with PPh3 under reflux. The 
magnetic moments / L c f f  of [TcCl,(py)3]" and [ T ~ C I ~ ( p i c o ) ~ ] "  are 2.65 and 2.81 B.M.. 
respectively. [ TcC13(pico)j]o crystallizes in the monoclinic space group 1'2,lc with 
~=13.328(2). h=8.902(1). c=18.019(4) A. /i=103.25(1)". and 2=4.  The mean T - K  bond 
distance is 2.140 A. The Tc-CI bond distance of 2.460(2) A for the chlorine trtitis to 
the nitrogen is considerably longer then the mutually trrrrzs Tc-Cl bonds of 2.320(1) 
and 2.340(1) A. The Cl-Tc-Cl, N-Tc-N, and CI-Tc-N angles deviate only slightly 
from 180 or 90". [T~Cl~(pico)(Me~PIiP)~]" crystallizes in the triclinic space group P l  
with a=12.35( I ) ,  h=13.S90(5), c=7.949(3) A, 1=97.29(3), [1=101.56(6), ;1=71.14(6)", and 
2=2. Its structure is similar to that 0 1  [TcC:13(pico)j]o. The 'lc(III)/Tc(II) reduction 
potentials for ~iel.-[TcC13(pico);J" and mer-[TcC13(py)3]" in 0.1 M [Et~N]Cl04  in DMF 
arc 600 and 660 mV V S  KI IE, respectively 14321. 

[TcCl,(py)l(PPhj)l[P~:,) was obtained by reaction o f  [TcCl3(PPh7)2(CH3CI)]~ 
with pyridine, dissolved in I .2-dimethoxyethane, and precipitation of the [ PF6] salt. 
The yellow compound crystallizes in the triclinic space group P i  with n=l2.677(4), 



h=13.064(4). c;13.103(5) A? ~=110.14(3). /j=101.12(3). ;,=Yh.61' and %=2. The trans- 
[Tc<':17(py)3(PPh3)]' cation has a slightly distorted octahedral geometry around 
Tc(l11). The two trrms-pyridine ligands are hcnt away from the bulky triphenylphos- 
phinc ligand, their K(l)-Tc-N(2) angle is 175.6(2)". 'l'he pyridinc trrrns t o  thc phos- 
phinc exhibits a longer Tc-N(3) bond length of 2.218(5) 14 than those of ' lc-N(l) 
(2.166 A) and'l'c-K(2) (2.165 A). 'lypical Tc-Cl and Tc-P bond distances of 2.33 and 
2.47 A, respectively. are observed (4331. 

The complcs salts [I'cCll(bpy)( Pkl~:Ph)~][HPl i~] .  [Tc(:l?(phen)(P~Ie2Ph)zl[ BPh4]. 
and [TCCI~(~~~)(PE~P~~)~][S~~CF; were synthesized by I-caction of mer- 
[TcCI;(PMc~Ph);]" or rncr-[TcC13( PEtPh2).3]" with bpy or phen in  refluxing ethanol. 
Dark violet ci.~(Cl),~r~~n,s(P)-[TcCl~(hpv)(PMc~Ph)~][ BPh4] crystallizes in  the triclinic 
space group P i  with a=10.700(2). h=14.231(2). c=16.018(2) A. z=95.S0(1). /{=97.58(1). 
;1=1O8.34( l)'), and 2=2. Tc( 111) resides in a slightly distorted octahedral environment 
with two cis chlorine atoms. which are both Irons to the two nitrogen atoms of bpy, 
and the two triins PMMclPh ligaiids (Fig. 12.64.A). Dark purple cis(CI), frms(P)- 
[TcC12(phe~i)(PMezPh)21[RPh~] crystallizes in the same triclinic space group Pi with 
n=10.668(2). h=14.064(2), c=16.529(2) A. a=Y5.50(1). /1=97.61( I ) ,  ;)=108.67( I)'. and 
2=2. while dark red/purple ~is(Cl), t~nns(P)-[ ' I 'cCl~(bpy)(PEtPh~)~][S0~CF~] adopts 
the orthorhombic space group L'2,21i, with n=1.6.399(2), h=21.86Y(5). c=ll.102(2) A. 
and 2=4. The structures o f  the latter cations are very similar to that of [7'cCll(bpy) 

[TcC13(bpy)( PPh3)l" was obtained by reflusing [Tc('14( PPh3)2]" with excess bipyri- 
dine in acetonitrile. The greenipurple complex crystallizes in the monoclinic space 
group Z'2,/n with a=10.980(2), h=24.36(5). c=10.172(2) A. /?=I O6.89(1)". and Z=4. 
The compound has a slightly distorted octahedral coordination geonietry with a fbcinl 

(PMe2Ph)2]' 14341. 

l+ 



arrangement of the chloridc ligands. Due to the flvins influence of  PPh;, the CI atom 
trrrris to the phosphorus atom has the longest 'I'c-C1 bond distancce o f  2.421(2) A. The 
two Tc-N bond lengths are found to be unequal with 2.1 12(4) and 2.099(5) A. The 
Tc-P distance is 2.465(2) A: the axial CI-Tc-P angle 174.51(6)". In addition, the com- 
plexes [TcCl,(bp~;)(Pn/le,Ph)]~. [TcC13(phen)(PMe2Ph]". [TcCl~(bpm)(PMe,Ph)]' .  
and the cation [ T c C I ~ ( b p m ) ( P ~ l c ~ P l i ) ~ ] ~  were prepared and characterized [135]. 

'Jlie simple complex cation [l'c(phen)"'' was reported to be obtained by substitu- 
tion reaction of [Tc(tu),,]'+ with 1,10-plienanthroline in aqueous solution at 60 "C and 
pH 3.2 under argon. [ l ' ~ (phen)~] [PF '~ ]  was precipitated as a dark red solid and purified 
by recrystallization in a watcdmcthanol mixture. In neutral aqueous solution the com- 
pound shows a single strong absorption at 518 nin. Two broad ' H NMR resonances at 
7.3 and 8.3 ppm were observed. [Tc(phen);]" appears to bc stable in neutral aqueous 
solution [ 4361. 

An anionic: rose I'c( Ill)-adenosincdiphosphate (ADP) complex was prepared by 
reduction of T c 0 4  with S& in the presence of excess ADP. According to the 
'H NMR spectrum the purine base of A D P  is bonded to 'lc(TI1). The complex showed 
good stability in aqueous solution in the pH range of 6-8 14371. 

Some hydrotris( 1 -p\:ramlyl)borato complexes of ~ ~ ~ ( 1 1 1 )  have been synthesized. 
[~rcCI,(I-IB(pyz):)(PPh:)I" was obtained by reaction of [ l ' ~ O C l ~ [ H B ( p y z ) ~ } ] ~  with tri- 
phenylphosphine in refluxing toluene. The dark yellow crystals revealed a magnetic 
moment perf (308 K) = 2.9 B.M. In methylene chloride the reaction yielded the pale 
orange-yellow phosphineoxide compound [ T C C I ~ [ H B ( ~ ~ ~ ) . ~ } (  Ph3P0)]" with (308 
K )  = 3.0 H.M. This complex rcacts in acetone with pyridine to from red-brown crystals 
of [T~Cl~(HB(pyz)~}(py) ]  with pCff (308 K )  = 2.8 B.M. [438]. 

Aunique series oE seven-coordinate. monocapped boronic acid adducts of neutral tech- 
netium(II1) tris(dioximat0) compounds. so-called BAT0 complexes. has been described 
(Fig. 12.65.A). The complexes were prepared in ethanol by Sn'- reduction of TcOJ or 
from [TCOCI.~]- or [TcX6]*-(X=CI.Br) in the presence of vicinal dioxinies and a boronic 
acid derivative. The color of the compounds is red to orange. [TcBr(CD0)j(HCH3)]" 
(CIIO = cyclohexanedione dioximato) crystallizes in the trigonal space group P3, with 
a=l1.056(6), c=17.321(9) A, and 2=3. [?'cBr(DMG)3(BC4Ho]c (IIMG = dimethylglyoxi- 
mato) in the monoclinic space group I'2,lc with a=13.143(2), h=l8.077(3), c=19.858(2) A. 
/j=100.76(1)", and Z=8, and [TcBr(CI10)3(BC4H9)] in the monoclinic space group C2c. 
with a=25.357(7), b=13.423(4), c=19.637(5) A. &124.97(2)", and Z=S. In the structure ol' 
[ I ' cR~(DMG)~(BC~H~,) ]" ,  which is representative of all o f  the BA'I'O complexes, the hep- 
tacoordinate Tc(1II) is surroundcd by a hexadentate ligand and is also bonded to bromine, 
the seventh coordination site. The ligand consists o f  three bidcntate dioximato groups 
joined through three covalent B-0 bonds to a tetrahedral boron cap derived from butyl- 
boronic acid. The average 'I'c-N distance is 2.08 A and thc average bite angle for each 
dioxiniato group is 72'. The two dioximato groups flanking the bromine atom are spread 
away from the bromine by -20" toward the third dioximato group. 'l'hc three dioximato 
oxygens on the uncapped end of the molecule are intramolccularly hydrogen bonded to 
two bridging protons. The 'H KMR resonances at 15 ppni are assigned to these bridging 
protons. The halogen can be readily exchanged for another halogen or for hydroxide 
[ 439-44 11. 
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Fig. 12.65.11 IIalogeno-tr~~(d~ox~mnto)-alkplbo~atotechnel~um(lII). ['l'cX(d~ox~mato)~HK]'. X=CI or 
BI. R=C'HI or n-C,IL+ R'--C'H7 CII9- 01 CHq [439,443] 

The formation of the BAT0 complexes [TcCl(dioximato)~RR]" according to the 
rcaction: 

'I'c04- + 3 dioximc + (OH)2BK + 2 SnCI2 ~E&:;l [TcCI(dioximat~)~HR]" 

procccds through several intermediates, two of which are [Tc(dioximato)3 
(p-OH)SnCI3]" and ['l'cCl(dioxirnato)~?]". If the boronic acid is omitted. the major 
products isolated from the reaction mixture are seven-coordinate, tin-capped dioxi- 
mato complexes [l'c(dioximato)~(~-OH)SnCI;]'~ 14431. The neutral compounds arc 
stablc to air and soluble in acetone and alcohol. Thc FAB mass spectra revealed peaks 
at a mass which indicates that the diamagnetic compounds contain Tc(TT1). These tin- 
cappcd complexes can be readily converted by treatment with HC1 into a new class of 
uncapped Tc(II1)dioxime compounds ['l'cCl(dioximato)3]". The ncutrnl, seven-coordi- 
nate [TcCI(DMG)3]" crystallizes in the triclinic space group P i  with n=9.617(1), 
b=12. ~ ( 3 ) .  c=9.244(2) A. ~ = l  1 O.24(2), 8=92.36(2). ;:=88.92(2)", and Z=2. The ligand 
geonictry about Tc is similar to that in the B A T 0  complexes. Thcrc are two equiva- 
lent dioxime ligands and one unique dioxirne, which lie in a "paddle wheel" array 
about the Tc atom. The 'l'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 Tc is occupied by the chlorine atom, 
which is frurzs to the uniquc dioxime. The Tc-CI bond length is 2.415 A. The dihedral 
angle between the plancs of the two equivalent dioxime ligands is 129", approaching 
the idealized trigonal prismatic value of 120" [443]. 



When [ T C C I ~ ( P P ~ ~ ) ~ ( C H ~ C N ) ] " ~  dimethylglyoxinie, and the boronic acid 
(OT-I),BF.t are refluxed in ethanol under NZ. the B A l 0  complex 
[I'cCI(DMG),(HEt))" is formed together with the less lipophilic side product 
[ T C C I ( D M G ) ~ ( ~ ~ ~ > ( B E ~ ) ] ~ '  (bdi = butane-2,3-dionc imine-oxinie). The formation 0 1  
the latter complex is increased if the reaction mixture is acidified with IHCI. however. 
the mechanism of the formation of the imine-osime ligand is not clear. The violet 
imine-oxime compound crystallizes in the monoclinic space group f 2 l / n ,  with 
a=9.073(2), b=23.686(5). c=I c).539(6) A, /1=93.77(2)". and Z=X. The structure of  the 
compound is very close to that  of several B A T 0  complexes. I n  the imine-oxime coni- 
plex, one of the uncapped oximes of the BAI'Os is reduced to an imine and hydrogen 
bonding occurs only between the remaining pair of oximes, however, the coordination 
geometry appears to be relatively unaffected by the absence o f  one hydrogen bridge 
[ 4441. 

Various B A T 0  complexes [TcX(dio~imato)~BK]"(X = C1-. Br-. OH : R = OH. Me. 
Et, n-Ru, Bu', and Ph) and the uncapped tris-dioxime species [TcCl(dioximato)l]" 
were studied by cyclic voltarnmetry, d.c. polarography, and controlled-potential coulo- 
metry in DMF. BAT0 complexes containing C1 or Rr undergo an irreversible two- 
electron reduction at mercury. while for hydroxy HATOs two consecutive one-elec- 
tron reductions are observed. The ['TcCl(di~ximato)~]" complexes reveal similar 
reduction behavior. The two-electron peak potential for bronio-substituted BATOs is 
more positive than for chloro HATOs, while hydroxy-substituted B A l O s  arc reduced 
-1.0 V more negative. C1>0 complexes 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. llie axial ligand (CI, Br, OH) is lost upon 
reduction 14451. 

Several technetiuni(II1) complexes containing both tetradentate Schiff-base and 
monodentate tertiary phosphine ligands have been synthesized. [Tc[(acac)2en) 
(PPh3)2]' was obtained by reaction of [TcOC14] with H2(acac)2en and PPh3 in metha- 
nol: 

(?'c0Cl4]- + H z ( a c a ~ ) ~ e n  + 3PPhi+ [?-~((acac)~en)(PPh~)~]-  + OPPhj + 4CI 

The olive green hexafluorophosphate crystallizes in the triclinic space group P i  
with n=19.037(5), h=16.339(3), c=15.454(4) A. r=YS.37(2), /k96.47(2). ;.=91.32(2)", 
and 2=4. The coordination geometry around the technetium atom is approximately 
octahedral with the tetradentate Schiff-base ligand defining the equatorial plane and 
the two triphenylphosphine ligands occupying axial positions. 'fie average 'lc-P bond 
distance is 2.51(1) A, and the mean 'Ic-N and 'l'c-0 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 
{ ( a ~ a c ) ~ c n } ( P P h ~ ) ~ ] +  the cationic complexes ITc((bua~)~cn](PEt~Ph)~]-, [Tc 
{ (bzac)2e~i)(PEtPh2)z]+, [l'c{ (brac)~en](PEtPh~)~]+,  and [Tc{ ( ~ a l ) ~ e n } ( P E t P h ~ ) ~ ] ~ '  have 
been prepared and identified. where (huac)2cn = N.N'-ethylenebis(trrt-butylaceto- 
acetate iminato, ( b ~ a c ) ~ e n  = N.~'-ethylcncbis(ben~oylacetone iminato), (brac)zen = 
N,N'-ethylenebis(3-bromoacetylacetone iminato), and (sal)?en = N,N'-ethylenebis 
(salicylidene iminato). The potentials o f  the Tc(IIl)/Tc(IV) and ~l~c(III)/'lc(II) redox 



couples of these complexes are linearly related to the lowest energies ot the Tc(II1)- 
to-ligand charge-transfer bands [446.447]. 

Bidentate Schiff-base ligand neutral complexes containing a tertiary phosphine, 
[ l ' c C l ( p h ~ a l ) ~ ( P M c ~ P h ] ~  and [l 'cCI(Mesal)~)(PMe*Ph)]~ (phsal = N-phenylsalicyl- 
idcne iminato, Mesa1 = N-meth~lsalicylidcne iniinato) were obtained by reaction of 
I'l 'cOCl(ph~al)~]:' or [rcOCI(Me~al)~] '  with PMe2Ph in boiling benzene. The oxotech- 
netium(V) compounds are reduced by Phle2Ph. Both Tc( 111) complexes are red, 
showing a magnetic moment of pCtt = 2.5 B.M. ~ ' l ' cCI(ph~al )~(PMe~Ph))c  crystallizes in 
the nionoclinic space group P2$c with a=9.500(4), h=10.596(4), c=31.000(9) A. 
/1=95.59(5)". and %=4. ' f i e  coordination around Tc(II1) is nearly octahedral. The two 
~-phenylsalicylidcnc iminato groups each act as bidcntatc 0- and N-donor ligands. 
The chelate ligands are almost mutually orlhogonal. Thc N atom o f  one ligand is 
located t l -r irn to the phosphorus atom. The P-Tc-N angle is 173.6(3)". ' f ie  bitc angles 
0-Tc-N are 86.5 and 87.8" 13931. 

l 'he three-dentate Schiff-base ligand N-(2-oxidophenyl)salicylidcnc iminato (oph- 
sal), the bidentate quinoline-8-olato (quin), and the monodentate PEt2Ph form the 
mixed ligand, neutral Tc( 111) complex (Te(ophsal)(quin)(PEt7Ph)]" when the Tc(V) 
compound [ l ' cO(~phsa l ) (quin) ]~  reacts i n  ethanol with PEt2Ph. The dark red 
[Tc (o~~hsa l ) (qu in ) (P~ t2P l i ) ]~  has a magnetic moment of peff=2.6 B.M. and crystallizes 
in the triclinic space group P i  with ~1=14.196(6), h=11.363(5). c=9.742(4) A. 
a=68.04(3), ,/l=101.09(3), ;!=I 06.68(3)", and Z=2. Tc(1II) resides in an approximately 
octahedral coordination environment. The atoms O,N,O of the ophsal ligand occupy 
three equatorial sites. while the fourth equatorial site is occupied by the oxygen of the 
0 , N  bidentate quin ligand. l'he apical phosphinc ligand is located truns to the quin 
nitrogen atom. The 0-Tc-N bitc angles are 7 6 3 9 )  and 78.9(6)" and the P-'Tc- 
N(quin) angle is 174.1(5)". The Tc-N(quin) distance o f  2.15(2) A is significantly 
longer than the average Tc-N distancc of 2.07 A. The complexes [Tc(sphsal) 
(quin)(PPh3)l" and [Tc(ophsal)(salen)(PMe~Ph)]'~ [sphsal = N-(2-sulphidophenyl)sali- 
cylidene iminato and salen = salicylideiie iminatoj were synthesized analogously to 
the above mcntioncd method [448]. 

Diazenido complexes have rccently found much attention. 4-CICf,H4NHNH2. HCI 
reacts with ['I'cOClJ and PPh; in methanol to form a bright orange precipitate o f  
[ I ' C C I ( N ~ \ ~ C ~ H ~ C I - ~ ) ~ ( P P ~ . ~ ) ~ ~ " .  The oxidation state of Tc is +3. when the phcnyldiaze- 
nido ligand is uninegatively charged [3 121. The coordination sphere of Tc(T1I) con- 
tains mutually t m z s  PPhl ligands in the axial positions o f  a trigonal bipyramid with 
the CI atom and the cis aryldiazenido ligands occupying the equatorial positions. 'the 
l'c-N-N angles are essentially linear (Fig. 12.66.A). Kefluxing [TcOCI4]- with pheny- 
hydrazine and dppe in methanol and adding [PE',]- yields an orange precipitate of 
['l'cC'I(NNPh)(dppe)l][PP6] that crystallizes in the monoclinic space group C2/c with 
n=23.808(5). 6=13.830(3). c=l7.452(4) A. /1=92.53(2)". and %=4. ' h e  Tc atom in the 
complex cation [TcCI(NNPh)(dppc)~[- has a slightly distorted octahedral geometry. 
l 'he P-Tc-P bite angle is Xl.S(l)'. The arrangement of the axial ligands CI-Tc-N is 
ncarly linear with 177.3(6)". The Tc-N bond distance is 1.917(19) A, the Tc-N-I\j 
angle 163(2)". ?lie diazenido ligand is thus singly bent. 'llie angle compares reason- 
ably with the two slightly different Tc-N-N bond angles o f  166.1(6) and 172.1(7)' for 



Fig. 12.66.A Chloro-bis(4-chlo1-ophenyldia;lcnido)-rrun.s-h~s(tr~pl~~nylphos~hine)-f~~hnetIum( I1 I), 
[ I ' ~CI (N~\~C~, I I . I - I ) . _ (P I '~~~~~ '  [44Y]. 

the NNC&IJCI-4 ligands in I?'c<:I(IVNC6HJCI-4)2(PPh;)2]'~. Both diazenido complexes 
can also be synthesized by starting with NH4TcO4 + cone. HCI instead of [NBul] 

[TcCI(NNChHJCl-4)2(PPh3)7)" reacts with dimethyldithiocarbanlate in methanol 
with loss of CI, one PPhj group and one diazcnido ligand to yield [Tc(NNC6H4C1-4) 
{ (CH3)2NC'S2)2( PPh3)]".The dark orange compound crystallizes in the monoclinic 
space group C2/c with n=33.056(2), h = l l  .S53(1), c=25.451(2) A, /1=131.065(5):', and 
Z=S. Tc( I l l )  resides in a distorted octahedral coordination sphere. One sulphur atom 
of one dithiocarbaniate ligand and the phosphorus atom of the triphenylphosphinc 
group occupy the axial positions with an angle S-Tc-P of 168.61 (3)". Thc equatorial 
sites arc occupied by the (NNC'J14C1-4) ligand and three sulphur atoms o f  the dithio- 
carbamate groups. The 'Tc-N-N angle of  the diazenido ligand is 178.6(4)" and the Tc- 
N bond distance is on ly  1.763(3) A. As a result of the trum influence of the diazenido 
group one Tc-S bond distance o f  2.537(1) A is distinctly longer than thc othcr 'I'c-S 
bond lengths ranging between 2.412(2) and 2.477(2) A [451]. 

Another substitution reaction of [ T ~ C I ( N N C ~ H J C I - ~ ) ~ ( P P ~ ~ ) ~ ] "  with dianionic, tct- 
radentatc N,N'-ethylene-his(salicylideneinline) ( H2(sal)2enJ in boiling mcthanol/tolu- 
ene gives the neutral. dark green technetiun~(IIl) diazenido complex cis-['l'c 
(NN('~,HJCI-4)((sal),enJ(PPh~)]'~. The compound crystallizes in the monoclinic space 

[TcOCIJ] [449.450]. 



group FJ2//c with n=12.207(4), h=15.987( I ) ,  c=18.199(2) A. /i=100.16(4)", and Z=4. 
The coordination geometry around Tc( I l l )  is again distorted octahedral containing 
the diatcnido ligand and PPh; in  cis configuation. The diazenido ligand adopts the 
singly bent geonietry with a Tc-N-K bond angle of 173.6(7)" and a Te-N bond length 
of 1.764(8) A. The Tc-P distance is 2.414(3) A. ' f ie tetradentate (sal)2en ligand devi- 
ates significantly from planar geometry. In addition, some other diazenido complexes 
of Tc(1 II), such as [?'cCI(NNC:~,H,CI-4)(hmpo)(P~h~~)~] (1 Ihmpo = 3-hydroxy-2- 
methyl-4H-pyran-4-one) or [TcCI(NNCoI 14C1-4)(bpy)2]+ have been synthesized [452]. 

2-Hydrazinopyridine-hydrochloride reacts with [Tc"'(MeCN)(PPh3)1Cl3]') in 
methanol under reflux to yield a pink precipitate of (Tc"'(NNpy)(PPh3)2C!1] '. The 
chelating organohydrazide acts as a unincgative, unprotonated, bidentatc ligand via 
the pyridine nitrogen. The additional binding of the pyridine nitrogen to Tc(TI1) to 

form the octahedral chelate complex may account lor the diamagnetic behavior due 
to a formed n-system [453]. In a similar procedure ~l'c"'(,MeC~I\T)(PPhi)zCI?l" reacts 
with 2-hydrazino-4-(trifluoromethyl)pyrimidine to form a peach-tan colored solid of 
[Tc11'(NN(:JH2N2C'F3)(PPh3)~~l~~o which crystallizes in the triclinic spacc group Pi 
with a=11 .Y193(3), h=12.7026(3), c=14.1335(3) A, a=109.9320( lo), p=94.1250( 10). 
;.=105.0490(10)". and Z=2. The coordination geometry of Tc(IT1) is again a distorted 
octahedron with the chlorine atoms and the uninegative, bidentate diazenido ligand in 
the equatorial planc and the PPh3 groups in axial trarzs position to each other. The 
mutiplc bonding of the Tc-N(a) bond has a distance of only 1.810(8) A while thc 
bond length of Tc to the pyrimidine nitrogen is 2.181(7) A. This compound is also dia- 
magnetic 14541. 

'Ihe paramagnetic isodiazene coinplex [~C~~'(N=NP~~)(PP~~)~CI~]" was synthesized 
by reaction of [TcOC14] with excess I'h2h"H2 and PPh3 in refluxing mcthanol. The 
isodiazcnc ligand Ph2N=N with an anionic metal bound 'x-nitrogen and a disubsti- 
tuted, cationic ,!$nitrogen is formally neutral. In the reaction the  organohydrazine prc- 
cursor is oxidized by two electrons of Tc(V). The red crystals o f  
[ L C ( N = N P ~ ~ ) ( P P ~ ~ ) ~ C I ~ ] "  adopt the monoclinic spacc group P2,/12 with n=10.1294(1), 
b=26.0792(3), c=18.8147(3) A, /i=98.814(1)". and %=4. The Tc-N absorption appeared 
in the IR in the 1100 cm-' region. Tc(Il1) exhibits a distorted octahedral coordination 
geometry with the PPh3 ligands in mutually trans sites. The remaining sites are occu- 
pied by the three chloride ligands and the linearly coordinated isodiazene ligand. The 
I - 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 rmns effect exerted by the isodia- 
zene ligand [455]. 

The tripodal tetradentate ligands 2-diphen~~l-phosphino-N.h'-bis(2-diphenylphosplli- 
noethyl)ethaneamine(KP3) and tris-2-diphenylphosphino-ethylphosphinc (PI',) react 
with [Tc<714(PPh3)2]" in refluxing ethanol to form orange [TcC12(NP3)]+ and pale pink 
[IcC12( PI',)]. ~ respcctively. The green cationic complex [TcCl(NNCf,H,CI-4)(NPj)l' was 
obtained by reaction of TcO;. (H2NN11ChH4C1-4). IICI, and NP3 in refluxing methanol. 
The redox potentials of the complexes in DMFare reported [223]. 

Neutral and cationic Tc(TI1) complexes I T ~ ( a p p ) ~ ] "  and ITc(app)2(Tlapp)]+ (Happ 
= 2-aminophenyldiphenylphosphine) were synthesized by reacting TcO; with 
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PPh2(C6H4NH2-2). When NII~TCOJ and Happ are refluxed in ethanol, a dark purple 
solid of tris-(2-amidophenyldiphenylphosphine)technetiu1n(III) was formed, which is 
soluble in acetone and ether. Its magnetic moment at 293 K is pCf, = 2.49 B.M. The 
reaction involves reduction to Tc( 111) by the ligand which is oxidized to the phosphine 
oxide. In the presence of a non-coordinating acid, the blue cationic complex [Tc 
( ap~)~(Happ) ] '  is produced showing a magnetic moment of pCff = 2.46 B.M. at 293 K.  
Between both complexes the equilibrium 

exists. (Ris(2-amidophe1iyl)diphe1iylpliosphine]{(2-amino~henyl)diphenylphosphine) 
technetium(II1) perchlorate, [T~(app)~(Happ)]ClO~,  crystallizes in  the monoclinic 
space group P ~ , / M  with n=11.009(2), h=19.361(3), c=24.473(3) A, 8=100.76( l)", and 
2=4. 'I'he coordination geometry about Tc(II1) is distorted octahedral. The P atoms 
are arranged meridionally, two adopt the axial configuration. and one P atom together 
with the three N donor atoms represent the equatorial plane. The 'Tc-N(l) bond dis- 
tance of 2.048(5) A is significantly longer than the distances of Tc-N(2) (1.948 A) and 
'l'c-N(3) (1.979 A) reflecting the weaker bonding to the completely protonated nitro- 
gen N(1). 'I'he mean Tc-P bond length is 2.450 A [456]. 

1 he unique cationic seven-coordinate complex [Tc1"(H)NHC(NH2)S(PMe7>1] ' 
containing, in addition to €'Me3, the unusual bidentate ligand (NHC(NH2)S)- and a 
hydride ligand, was prepared by reaction of [Ic(tu)6][PF6]3 and PMe3 in methanol in 
a sealed tube heated to 75 "C for 12 h. The orange-yellow hexafluorophosphate crys- 
tallizes in the monoclinic space group Cc with a=9.305(2). b=16.726(2), c=19.951(3) A, 
[)=91.24(1)", and 2=4. 'The mechanism of the complex formation is unknown. A band. 
characteristic of the Tc-H stretching mode, was observed in the 1R at 1989 cm-I. The 
hydridc ion could be replaced by deuteride shifting the 1R band to 1835 cm-l. In the 
'H NMR spectrum the hydride resonance appeared at -8.9 ppm. IR and NMR meas- 
urements gave evidence for an anionic, asymmetrically bound thiourea ligand. The 
coordination geometry about the Tc center could not be fully described since the 
hydride ion was not located. If the hydridc ligand is ignored then the geometry is a 
distorted octahedron. The structure does establish an unusual N,S bonding mode for 
the  deprotonated thiourea ligand. The Tc-N bond distance of 2.190(13) A is relatively 
long. An elongation is also found in the Tc-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 inethanethiolato complex cations [T~(SCH~)?(dmpe)~l- and [Tc(SCH3)2(dcpe)2]t 
were prepared by reaction of the Tc(V) complexes [TcO(O€l)(dmpe)2]2+ or [TcO(OH) 
( d e p ~ ) ~ ] ~ -  with excess NaSCI13 in ethanol under exclusion of oxygen. Blue 
[Tc(SCH~)._(dmpe)?]CFF3SOj crystallias in the triclinic space group 1'1 with 
0=7.0615( 13), h=9.3019(7), ~=18.5029( 16) A, ~=88.093(7), /)=S9.6S6( 1 l) ,  p88.1SS( 11 )', 



and %=2. blue [Tc(SCH?)?(depe)? ][PF,] in the monoclinic space group PZllc with 
a=11.0724( 13), b=11.2450(11). c=14.1331( 14) A. /i=107.957(%)". and Z=2. Hoth complex 
cations occur in trm.s geometry: the coordination geometry about Tc(IT1) is approximate- 
ly octahedral. ' f i e  most severe deviation from octahedral geometry arises from the bite 
angle of the bidentate phosphine ligand, which is 81.17(3)" for [Tc(SC~I3)~(depe)~]- .  In 
this complex S--Tc--S forms an angle of 84.0(3)" with the plane defined by the Tc and the 
phosphorus atoms. The average Tc-P length is 2.449 A, the Tc-S bond distance 2.3025(5) 
A. The reversible electrochemical reduction 

[ l '~" ' (SCH~)~(depe)2] '  + e -I [ 7 ' ~ " ( S C H ~ ) ~ ( d e p e ) ~ j "  

studied by cyclic voltammetry, occurs in DMF at -0.554 V vs AgiAgCl [457]. In addi- 
tion. the complex cations /l.crn.~-[Tc(SK)2(dnipe)2j' with R = Czk15. n-C3H7, CH&Hi, 
C112(:6HJ-4-0CH3 were synthesizcd by routes analogous to that mentioned above. 
Their Tc(III)/Tc(II) couple varied from -0.5 13 V for R = benzyl to -0.622 V for R = 

n-propyl (4551. Similar mixed-ligand phosphine-thiol complex cations of Tc(I1I) were 
prepared by reaction of Tc04 with various ligands in acetic acid solutions [459,460]. 

'The arenethiolato ligands SC(,H4R-4, where R = H, Me. OMe, ter-/-Hu. or C1. form 
the complex cations [7'~(SC,T1~R-4)2(dinpe)Z]-1 when rl.~lrzs-[Tc~O(OH)(dinpe)~]~ + is 
both reduced and ligated by the action of excess arencthiol in ethanol under an argon 
atmosphere. ( ' i s - (T~(SC~H~)~(d inpe )~~[PF~]  crystallizes in the orthorhonibic space 
group P2/nb with ~ 9 . 3 1 1  ( l ) ,  b=11.190(2), c=31.936(4) A, and %=4. Tc(1II) resides 
again in a distortcd octahedral environment. The most striking feature is the cis gcom- 
etry for the arcnethiolatotechiietium(1IT) complexes that is in contrast t o  the t ram ge- 
ometry observed lor the alkyl- and bcnzyl-thiolato complexes. The cis S-Tc-S angle 
in ]Tc(SChI~s)2(dmpe)z)' is 108.1 (2)". the average Tc-S distance is 2.29(2) A. Trms to 
P the mean .Tc-P bond length is 2.42(1) A. t r m s  to S the Tc-P distance is significantly 
larger with 2.49(3) A. Cyclic voltammetry measurements in 0.5 M tctraethylammo- 
niumperchlorate/l~MF on this series o f  cis complexes reveal reversible Tc"'i'lc" 
redox couplcs in the range of -0.19 to -0.38 V vs AgiAgCl demonstrating that the S- 
arene complexes are easier to reduce than the S-alkyl complexes [461]. 

l h c  mixed ligand cationic complex with dianionic 2-mcrcaptoplienolate (meph) 
[Tc'"(mcph)(drnpe)~]~ was obtained by reaction of  (Tc1"(dmpe)C17.]C1 with 2-mcr- 
captophcnol in ethanol. Addition of Na[HPh4] precipitated the red solid (7'c"' 
(meph)(dmpe)2][BPh4]. which crystallizes in the monoclinic space group f '2//c with 
a=12.525(1), b=9.961(1), c=33.789(6) A, p=93.28(2)". and %=4. The coordination 
sphere oITc(1lI) is a distorted octahedron (Fig. 12.67.A) with the atoms ST0.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(1IT)dmpe complexes. The l'c-S and Tc-O distances are 
2.352(3) and 2.095(4) A, respectively [462]. 

7i-~~r~.~-I'Tc(SCH~)2(diars)~][ PF(,] was prepared by a method similar to that men- 
tioned above using as starting niaterial trons-[TcVO(OH)(diars)~][ PF,]2. The deep 
blue complex salt crystallizes in the monoclinic space group C2/c with rr=20.440(3), 
h= 1 1.989(2). c=13.284(2) A, /1'=98.24(1)", and %=J. The ligand arrangement around 
Tc( 111) is roughly octahedral, with thc primary distortion being the bite angle o f  
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82.39(2)" for As-Tc-As. The S-Tc-S axis is nearly orthogonal to the basal plane 
TcAs4. making an angle of 87.5(4)" with it.  The average 'Ic-As bond distance is 2.496 
A and the Tc-S distance 2.292(2) A. The complex cations [ T ~ ( s C H ~ C ~ H ~ ) ~ ( d i a r s ) ~ ] -  
and [Tc(SCJ 15)2(diars)2]- have also been synthesized. When SR is an alkanethiolate 
or phenylmethanethiolate. the fr'ms isomer is formed. Both CIS and trans isomers are 
obtained for SK = benzenethiolate. although the cis isomer is niorc stable [463]. 

[Tc"O(OH)(dmpe)2]2' reacts i n  ethanol with toluene-3,4-dithiol ( I  1,tdt) to form 
['l '~"'(tdt)(dmpe)~] * ,  which was precipitated as the hexalluorophospliate salt. 'I'he 
dark orange ['l'c(tdt)(diiip~)~][PF~] crystallizes in the triclinic space group Pl. with 
a=9.1508, h=12.794(2), c=l3.5 16(2) A, r=93.94(1), /j=%.24( 1 ), :!=lOS.791(9)", and 
%=2. l l i e  ligand arrangement around the 'Tc atom is intermediate between octahedral 
and trigonal prismatic. 1,2-Dithiolatc ligands are known for their ability to stabilize 
the relatively unusual trigonal-prismatic coordination geometry. ' lhe S-Tc-S bite 
angle of 84.49(4). is larger than observed in most tris(l,2-dithiolato)metal complexes. 
The cntirc toluene-3.4-dithiolate ligand is almost planar and 'Ic is included in this 
plane. The average Tc-S bond length is 2.318(6) A. The Tc-P bond distances average 
2.306(3) A tr'nris to P and 2.407( 1 )  A tmms t o  S. Spectropotentiostatic reduction of the 
cornplcx in 0.5 M tetraethylamnioniuniperchlorate/l)Mt' reveals the reversible 
Tc(IlI)/Tc(II) and Tc(II)/Tc(T) couples at -0.600 and -1.217 V. rcspcctively. vs the Ag/ 
AgCl elcctrodc containing 3 moles NaCl/dm-' [464]. 

The neutral. five-coordinate, diamagnetic complex [Tc(t~nht)~(MeCr\r),]", with 
Htrnbt = 2,3.5,6-tetramethylbenzenethiol as a monodentate. sterically hindered lig- 
and. was synthesized by reduction of [TcC1,I2 with zinc dust in MeCN/MeOH in the 
presence of Htmbt. The blue compound crystallizes in the monoclinic space group 
1'21/12 with ir=l1.227(1). b=15.784(1). c=20.411(1) ;\. /1=105.36(1)", and Z=4. The 
donor set in the complex is a trigonal bipyraniid with two inequivalent axial MeCN 
ligands (Fig. 12.68.A). Two of  the bulky tetramethylbenzencthiolato groups are 
equivalent and on the same side o f  thc  equatorial plane containing the sulphur atoms. 
One tmbt ligand is below this plane. The N(l)-Tc-N(2) angle is almost linear and the 



Fig. 12.68.A ~~is(2,3.5,6-tetra1nnzthylbcnzenethiolato)-l~is(ace- 
tonitri1e)~tcchneti~irn (111). [Tc(tn~bt)~(MeCN),]" [ 114.4051. c 4  

S-Tc-S angles are all close to 120". The Tc-S(l). Tc-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 [114: 4651. The acetonitrile ligands in ['rc(tmbt),(MeCN>$ or  
[ T ~ ( t i b t ) ~ ( M e C N ) ~ ] "  (tibt = 2,4.6-triisopropyl-benzenethiolate) are readily displaced 
by carbon monoxide or isopropylnitrile (Pr'NC) to yield [Tc(SAr),(C0)2]' or 
~ ~ ' C ( S A ~ > ~ ( P ~ ' N C ) ~ ] " .  respectively One of the carbonyl ligands in [Tc(SA~)~(CO),] '  is 
labile, allowing the preparation of thc complexes [Tc(SAr),(CO)(MeCN)]~' and 
llc(SAr),(CO)(py)]". Orange [T~(trnbt)~(C0)(MeCN)]~'  crystallizes in the monclinic 
space group P21/n with cz=13.072(2). h=15.153(2). c=17.149(2) A. p=98.46(1)": and 
2=4. Thc compound has essentially the same structurc as [T~(tmbt),(MeCN)~]". 
Replacing McCN in ['Ic(tmbt),(CO)(MeCN>1" with pyridine results in 
[?'~(tmbt)~(CO)(py)]". which crystallizes in the triclinic space group P i .  The cell pa- 
rameters of the orange compound are a=10.773(1), h=l8.018( l), c=9.034 A, 
s(=93.67( 1)". /l=96.05(1)". ;3=87.08( 1)". and 2=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 o f  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 thc d orbitals 
to  split as a. e'. and e", with err the lowest lying set of orbitals. Therefore, these rl"(e")' 
systems are diamagnetic (4651. 

[ T ~ ( t m b t ) ~ ( M e C N ) ~ ] "  reacts with DMSO to yield the purple product 
[ T C ( ~ ~ ~ ~ ) ~ ( M ~ C N ) ( D M S O ) ] ~  which crystallizes in the monoclinic space group P21h 
with a=14.026(2). h=26.856(7). c=20.025(3) A. p=104.2O( 1)'- and %=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. 



The arenethiolate rings show the familiar "two-up-one-down" orientation. 
[-r~"'(tmbt)~(McCN)z]V readily reacts with pyridinc N-oxide in refluxing ethanol t o  
form an orange precipitate of [Tc"O(tn~bt)~(py)]" by oxygen atom transfer. This coni- 
plex can easily be reduced with tricthylphosphine (PEt3) in CH2C12 a t  ambient t en-  
pcrature by oxygen atom abstraction to restore the 'Tc(III)tris(thiolatc) core in the 
form of the complex [.1c(trnbt)3(PEt3)~]~. The oxidative and reductive oxo-transfer 
reactions can be coupled to provide a catalytic cycle [182]. 

2,3,5,6-TetraniethyIbeii~enetliiol (Htmbt) was reacted with [n-But4N][Tc" 
(N0)C14] in dichloromethane in the presence of the proton sponge 1.1,2,2,-tetra- 
niethylguanidine t o  yield the nitrosyl compound Il'c(NO)(Cl)(tmbt),]" containing 
Tc(lI1) and formally NO'. Oxidation of Tc(I1) t o  Tc(1II) 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). h=14.701(4), c=17.500(4) A. 
p=93.50(2)", and %=8. The geometry about Tc(II1) is trigonal bipyramidal with the 
chloride and nitrosyl group in the axial positions. The equatorial coordination sites 
are again occupied 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 thiolatc aryl groups. This reflects the fact that the 
chloride ligand is larger than the nitrosyl ligand. 'l'he Tc-N-0 bond angle is almost 
linear with 176.8(6)". The Tc-N bond distance of 1.767(6) A and the N - 0  bond 
distance of 1.150(7) A reflect multiple bonding throughout the nitrosyl unit. The 
Tc-S and Tc-(.:I bond lengths are typical of Tc(ll1) complexes [466]. 

The neutral complex tris(2-aminobenze1iethio-lato(S,N)technetium(III), [Tc 
(abt),]" (abt) -. was obtained in lime-green crystals by reduction of [n-Hu4N] 
[ T ~ " O ( a b t ) ~ ]  with excess 2-aminobenzenethiol in 0.2 M HCI. Cleavage of the 
Tc"=O bond was achieved due to its apparent weakness, as demonstrated by the 
TcV=O bond distance of 1.73(2) A that is substantially longer than the corresponding 
bond lengths typically found in square-pyramidal monooxotechnctium(V) complexes 
('Table 12.6.A). The Tc-S stretching frequency of [ T ~ ( a b t ) ~ ] '  was observed at 372 cm-' 
and r(Tc-N) occurred at 458 cm-' [ 1511. 

Violet (3-oxapentane-1,5-dithiolato)(4-carbni~thoxybcnzenethiolato)(triphenyl- 
phosphine)technetium(llI) 

was synthesized by reduction o f  the corresponding oxotechnetium(V) complex with 
triphcnylphosphinc in a mixture o f  acetone and acetic acid. The abstraction of oxygen 
by PPh3 was remarkably facile [467]. 

A cationic Tc(l1I) complex containing the tetradentatethioetlier 1,5,11,14-tetra- 
thiaoctadecane (ttod) and two ben7enethiolate ligands was prepared by reaction of 



TcO; with exccss SnCI2/HCI in a wateriacetone mixture in the presence o f  ttod and 
benzenethiol. 'The purple complex was precipitated as [IT6]- salt. [ ' r c ( t t ~ d ) ( S C ~ H ~ ) ~ ]  
[PI-',l], which is reported to be diamagnetic: crystallizes in the triclinic space group P l  
with r~=8.913(6), b=l-3.685(3), c-15.260(6) A. ~=115.45(3), /?=93.15(4), ;,=91.58(4)". 
and %=2. l c  is coordinated by six sulphur atoms forming a distorted octahedron. The 
bond distances T-S(thioether) ranging from 2.41 8-2.465 A are considerably longer 
than the 'Tc-S(thiolatc) distances with 2.265 and 2.287 A. The benzenethiolatc ligands 
are in ci-orientation [468]. 

When TcO; is reduced with triphenylphosphine in acidified cthanoliwatcr in the 
presence of the tripodal. tetradentate ligand 2,2'.2"-nitrilotris(ethanethiol), 
N(CH2CH2SH)3. a violet solid of ITc(N(CI~,C€l~S),)(PPh3)1" precipitates that crys- 
tallizes in the monoclinic space group P21/c with a=8.906(2). h=25.804(6). c=l I .061(4) 
A. p=lO8.42(2)', and Z=4. The coordination geometry of l'c(I11) is trigonal bipyrami- 
dal (Fig. 12.69.A). ?he P-Tc-K angle of 178.7(2)' is almost linear and the S( I)-Tc- 
S(2), S(l)-Tc-S(3), and S(2)-'15c-S(3) angles are very near to 120". The average lc-S 
bond distance is 2.226 A, the Tc-N distance 2.192(5) A. and the Tc-P distance 
2.325(2) A [369,470]. 

A similar tetradentate "umbrella" ligand is tris(2-mcrcaptophenyl)pliosphine. An 
alkaline solution o f  TcO; in the presence of the ligand is reduced by dithionite to give 
a green intermediate that readily reacts with alkyl isocyanides. IJsing isopropyl isocya- 
nide, the neutral, diamagnetic orange lc(Il1) complex [Tc( P(2-C6HdS);)(CNC31~7)]" 
is obtained that crystallizes in the monoclinic space group P21/c with a=10.3.541(8), 
/>=I 3.2274(6). c=16.437(1) A, p=90.855(6)", and Z=4. The coordination geometry o f  
Tc( 111) is again trigonal bipyramidal. The compound has virtually C.{,. symmetry with 
the phenyl rings at right angles to the equatorial plane. The Tc atom lies only 0.172 A 
out of the plane defined by the sulphur atoms. T i e  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 linearly. The P-Tc-C angle is almost linear with 176.1(3)". The S- 
'Tc-S angles are nearly 120". [Trc(P(2-C,~ldS)~)(CNC~H7)]o reacts with excess isopro- 
pylisocyanide to yield [ ~Tc(P(~-C '~H~S)~)(<:NC~H,)~]" .  ?he six-coordinate, blue, para- 

Fig. 12.69.A 2.2'.2"-Nilrilotris(etliaricthiola1o)-triph~n~lpliosphitic- 
technetium(I11). [ rc [N(  ('I 12CH2S)3)(I'Ph1)]" [3%.391]. 



magnetic complex crystallizes in the orthohombic space group P17cr2~ with 
a=18.896(1). h=13.2815(8). c=l0.3823(6) A. and 2=4. Its structure is a very distorted 
octahedron. The angle between two sulphur atoms opens from 120 t o  147.91(7)" to 
allow the coordination of a second isopropylisocyanide ligand [471]. Tris( 2-mereapto- 
phcnylphosphine). P(2-C,H4SH)3, reacts with ['IcvCI,(NPh)(PPh3)~]c in methanol in 
the presence of  a proton scavenger to give the neutral. reddish brown complex 
[Tc"'(P(2-C61 14S)3)(PPh3)]o. The loss of the phcnylimido unit is accompanied by a 
two-electron reduction [308]. 

[Tc"'(2-Ph2PC,H,S),]" was obtained by reaction of 2-(diphenylphospIiiiio)bcnzcne- 
thiol with [ l ' ~ ( : l . ~ ( P P h ~ ) ~ ]  in refluxing ethanol. The blue-green compound crystallizes in 
the monoclinic space gl-oup f 2 J n  with n=l O.415(2), O= 17.302(3), c=26.042(4) A, 
fl=I 00.91 (l)', and 2=4. Cyclic voltammetry in CHzC12 at a platinum electrode revealed a 
reversible reduction process for 'Tc(III)/Tc(II) at -0.581 V, and a reversiblc oxidation pro- 
cess for 'l'c(llJ)/Tc(IV) at +0.506 V vs the ferrocene/ferrocenium couple [22OJ. ['Tc"'(2- 
Ph2PC<,H4S);]" may also be prepared by reduction of TcO; with 2-Ph2PC&SH and sub- 
sequent complexation. Magnetic susceptibility measurement yielded p,ff = 3.0 H.M. X-ray 
crystal structure analysis shows 'I'c(I1I) residing in a sevcrely distorted octahedral config- 
uration. I h e  Tc atom lies out o f  the mean equatorial plane by only 0.02 A. ' h e  non-linear- 
ity of thc axes FTc-S, P-Tc-P, and S-T-S is shown by the angles ranging from 158.8 to 
166.8". The structure of the analogous complex [l'c'"(2-Ph2PChHJO)~]~, containing the 
phenol instead of the thiophenol ligand, was shown to be very similar [472]. 

The neutral mixed ligand S.P-bidentate-tliiolate complex [Tc'1'(SCH2CH?PPh2)2 
(SCH2CI-12PPh20)]" was synthesized by refluxing NI14Tc04 with liquid 
HSCH2CH2PPh2 in ethanol under exclusion of oxygen. The phosphine-thiol function 
acts both as reducing and coordinating agent with the concomitant production of 
phosphine oxide. 'l'he five-coordinate. diamagnetic, red complex crystallizes in the tri- 
clinic space group Pi with a=9.9Y1(4), b=12.417(4), c=18.687(8) A. a=73.37(3), 
/1=76.88(3). ;3=73.68(3)". and Z=2. Tc(II1) resides in a distorted trigonal bipyramid. 
The distortion is evidenced mainly by the axial P-Tc-P angle of 169.9", while the 
equatorial plane given by the three S atoms is only slightly distorted: the maximum 
deviation of the S-'Ic-S angles from 120" is 4.5". In the coordinated bidentate ligands 
the two phcnyl 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 propancthiolato complex [Tc(SCH*CH2CH2PPh2)2(SCH~~H~ 
CH2PPh?O)]" was prepared. 'lhe five-coordinate complexes reveal a wide range of 
rcdox stability according to cyclic voltammetric measurements [473]. 

The complcx cation [ l '~" ' (SCP)~(dmpe)?]~ ' , where SCP is the novel zwitterionic 
ligand -SCI-12P '(CH3)2(<'H2)2P(S)(CH3)2. is reported to be obtained by reaction of 
dithiocarbamates with excess dmpe in acid conditions in the presence of  
[l'cVO(OTI)(dmpe)2]2+. 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 lone pair yielding a positively 
charged phosphonium ion and a negatively charged thiol: 
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The final step in the formation of thc SCP ligand is thc transfer of the sulphido 
group to the terminal phosphorus atom and its oxidation to P(V). 'Tc(V) may be 
reduced to 'Tc(1TI) by excess dithiocarbamate or dmpc. The zwitterionic ligand SCP is 
formally neutral. The deep blue-black fluorophosphatc complex salt 
[Tc(SCP)2(dnipe)zl[PF~,~3 precipitated from an ethanolic solution. Recrystallization 
irom propylenc carbonate (C4Hb03) yielded [ ~ C ( S C P ) ~ ( ~ ~ ~ ~ ) ~ ] [ P F ~ , ] ~ .  2(C4H&), 
which crystallizcs in the monoclinic space group I'221/c, with a=13.237(3). h=21.709(6), 
c=12.409(4) A, p=112.77(2)", and 2=2. The Tc atom is coordinated in a distorted trans 
octahedral geometry. The dmpc bite angle of SO.Sl(7)" is the largest distortion from 
an ideal octahedral surrounding. The Tc-S and averagc Tc-P bond lengths are 
2.299(2) and 2.437(8) A, respectively. [T~"'(SCP)~(drnpc)~] '  is unusually easily 
reduced. The Tc(JII)/Tc(II) reduction potential is -0.113 V vs AgiAgCl (3 M NaCI) 
measured in 0.5 M [NEt4][C104]/1)MF by cyclic voltammetry [474]. 

Several dithiocarbamato complexes of Tc(I11) have been synthesized and identi- 
fied. Reaction of [TcC13(MezPhP)3]" with diethyldithiocarbamate (NaSzCNEt?) in 
refluxing acetone yielded dark brown crystals of [Tc(SzCNEt2)3(Mc2PhP)]' which 
adopt the orthorhobic space group P2/2,21 with ~r=8.708(1). b=12.012(1), c=29.626(3) 
A. and 2=4. Tc(1Il) exhibits a seven-coordinate environmcnt in a distorted pentago- 
nal bipyramid. Four S a t o m  of two dithiocarbaniate ligands constitute the equatorial 
plane, while onc S atom of the third dithiocarbamatc ligand has an equatorial and the 
othcr S atom an axial position. The second axial position is reprcsented by the P atom 
of the phosphinc. The average Tc-S bond distance in the equatorial plane is 2.488 A , 
while the axial Tc-S bond length of 2.520 p\ is somewhat longer. The Tc-P bond dis- 
tance of 2.330(3) A is remarkably short. The axial angle P-Tc-S of 16S.9(1)' dcmon- 
strates some deviation from linearity. The equatorial S-Tc-S bite angles are 67.S( 1)" 
14751. [ T C ( S ~ C N E ~ ~ ) ~ ( M ~ ~ P ~ P ) ] "  was found to be diamagnetic. It reacts with 1.2- 
dicyanoethylenedithiolate in acelone/EtOH in the presence of [Ph4P] lo form the 
dark violet complex salt [PPh41[Tcr1'(S2C,(CN)2)L(Me'PhP)2] [476]. 

Prior to the preparation of [ Tc(S2~NEt2)1(Me2PhP)]" the carbonyl-dithiocarbama- 
to)tcchnetiuni(III) complex was synthesized and characterized. The structures of both 
compounds resemble each other closely. [TC(S~CNF-~~)~(CO)]O was obtained by the 
reduction of NH4l'cO4 with formamidinesulphinic acid in aqueous solution in the 
presence of Na(SzCN Etz). Formamidincsulphinic acid, NI12(NH)CS021-I, was sug- 
gested to be a source of the carbonyl ligand after coordination of NH*(NH)CS02H to 
technetium. Orange-brown [ r ~ ( s ~ c N E t , ) ~ ( C O ) l "  crystallizes in the triclinic space 
group P i  with a=9.510( l), h=9.976(1). c=14.637(3) A, a=103.79( 1). ,G=IOS.42(1), 
;,=72.52( 1)". and 2=2. Tc( 111) resides again in a seven-coordinate, distorted pentago- 
nal bipyramidal environment. Two of the S2CNEt2 ligands occupy equatorial posi- 
tions. while the third spans an equatorial and an axial site. 'Ihc remaining axial site is 



occupied by thc carbonyl group. The Tc-C-0 angle is, at 178(1)", almost linear. In the 
equatorial plane the Tc and four S atoms are nearly coplanar. 'Thc Tc=CO bond dis- 
tance is 1.861(12) A. The 1K absorption at 1S9.S cn- '  was assigned to the carbonyl 
stretching frequency 1477). The analogous complexes [~Tc"'(S2CNR2).~(CO)J~ where 
(R = Pr', n-Bu, Hu', R2 = -(CH2)5-.-(CH2)2-O-(<:H2)2-) were isolated and identified 
by UV. VIS, IR. and 'H NMR spectroscopy [259]. 

Dibronio-bis(r\i,N-diethyldithiocarl~~~nato)thi~~nitrosyltechnetium(III), [Tc(NS) 
(S2CNEt2)2Br2)0. was prepared by heating a mixture of [ T c " N ( S ~ C N E ~ ~ ) ~ ] "  and 
SORr?. The orange-brown complex crystallizes in the orthorhombic space group 
h ? m n  with a=14.864(7), b= 15.857(7). c=8.938(4) A. and 2=4. The coordination geom- 
etry about the ?'c 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 planarity. The TC atom is displaced by 0.061(1) A from this mean plane towards 
the thionitrosyl ligand. The T c - N S  arrangement is essentially linear with 177.2(7)". 
The Tc-N and N S  distances of 1.754(9) and 1.504(9) A. respectively. are similar to 
those observed in other thionitrosyl complcxes. Also the Tc-S distances of 2.480(2) A 
for 'l'c-Sl and 2.472(2) A for T - S 2  are within the range for 'Tc"'-S distances in 
seven-coordinate coniplexcs. There is a small but significant difference in thc T - H r  
bond lengths. with the Tc-Br(1) distance f r m s  to the N S  ligand of 2.595(1) A and 
Tc-Br(2) cis to N S  o f  2.S64( 1) A. The Rr( 1)-Tc-N( 1) angle is linear, while Br( 1)- 
?'c-Br(2), Br(1)-Tc-S( 1). and Br(1)-Tc-S(2) arc almost perpcndicular as well as 
Br(2)-Tc-N(1) and S(1)-Tc-N(1). The IK spectrum showed an absorption at  1250 
cm I assigned to Y(N=S) [47S]. The molecular structure of [Tc"'(NS)(S2CNEt2)2CL] 
proved to be vcry similar, however, the crystal lattice was disordered and the structure 
of low accuracy [479]. 



Some complexes of Tc(111) with thiourea and its derivatives have been described. 
The hexakis(thiourea)tcchnctium(JII) cation [ ' T C { S C ( N ~ I ~ ) ~ ) ~ ] ~ '  was obtained by 
reaction o f  thiourca with TcO; in acid ethanol and isolated as the chloride or the tet- 
rafluoroboratc salt. The red-orange compounds arc soluble in ethanol and methanol. 
Both complex salts have a magnetic moment of / lcjf  = 2.7 B.M. at  308 K. 
I T C { S C ( K H ~ ) ~ } ~ ] C I ~ .  4 H 2 0  crystallizes in the monoclinic space group C2/c with 
r i = l I  .X76(2), h=12.048(2), c=19.662(3) A, [j=C)5.32( I)'. and Z=4. The coordination ge- 
ometry of Tc( 111) 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 2.349 A. 
The thiourea ligands arc essentially planar. l h c  structure is held togcther by an exten- 
sive hydrogcn-bonding network. Because o f  the lability of the thiourea ligands, thc 
complex is a very useful synthetic precursor i n  the lower valent technetium chemistry 
[480,481]. ln addition to ('Tc(SC(NH2)2]6]' ' the cation [7'c(SC(N~12)2]5C1]'- was 
obtained at increased HC1 concentration [4S2]. 

N-mcthylthiourea (Metu) and N.N'-dimethylthiourea (I\/le2tu) react in hydrochloric 
acid with TcO; to form the cations [ T ~ ( M e t u ) ~ ] . ~ +  and [ T ~ ( M c ~ t u ) ~ ] ~ +  that are precipi- 
tated as Jiexafluorophospha~e salts. Red [Tc(Metu),,l[PF& . H20 crystallizes in the tri- 
clinic space group fl with a=6.754(3). b=l 1.737(8). c=13.217(7) A, a=74.45(5). 
/j=86.30(4), y=S6.39(5)", and Z=l. The magnetic moment of the compound at 295 K is 
p,ff = 2.9 B.M. The six mcthylthiourea ligands arc S-bonded to Tc(lJ1). The coordina- 
tion in ( ? ' c ( M e t ~ ) ~ , ] ~ ~  is distorted octahedral, similar to [ T ~ ( t u ) ~ ] ~ + .  The six Metu lig- 
ands display cis configuration. the methyl groups are oriented away from the TC atom. 
The red [Tc(Me2tu)b](PF6].j p a s  the monoclinic space group f'21/c with n=l3.306( 13), 
b=2O.943( 15). c=17.082(13) A. /j=102.54(7)", and %=4 (48.71. The magnetic moment at 
308 K was reported to be pCfr = 2.7 B.M. [l lS].  The coordination around the Tc(111) is 
again distorted octahedral with six S-bonded Me2tu ligands. Important distortions arc 
observed. The c i s  S-'l'c-S angles vary from 80.9( 1) to W.6( l),', whilc the tram angles 
are between 1 7 8 3  1) and 179.3(1)". All six Meztu ligands display thc ci.s-/rm7.s config- 
uration with one methyl group oriented away from the 'I'c atom. This configuration 
corresponds to minimum repulsion 14831. 

Solvent extraction studies of [Tc(tu)(,]-'+, [Tc(Metu)o]' -. [Tc(Me2tu),l' ' ,  and 
[ ? ' ~ ( E t ~ t u ) ~ ] ~ ~  with several pyrimidine derivatives indicate the occurrence of substitu- 
tion reactions. I~J'c(Me2tu)o\3C was shown to be thc most sensitive complex for substi- 
tution with 4.6-dimetIiylpyrimidine-2-tliioiie [484]. 

Neutral, seven-coordinate xanthate complexes of Tc( III) were synthesized by rcac- 
tion of [Bu4N]l'l'cO<'14] with PPh3 and ethyl-, isopropyl-, iz-butyl-, or neopentyl- 
xanthate in ethanol or  directly from the reaction of TcOi, PPh3, and xanthate. 
Red-brown technetiurn(lII)-triphenylphosphine-tris(/~-butyl-xanthate), [?'c(PPh?) 
(S2COC41&))3]3, crystallizes in the rhombohedral space group 1<3c(h) (hexagonal 
axes). with n=15.437(4). c=S3.49( 1) A. and %=12. The coordination sphere about the 
Tc(lJ1) consists of six sulphurs from three bidcntate xanthate ligands and the phos- 
phorus atom of the PPh3 molecule. 'Tc is seven-coordinate with a capped octahedral 
geometry. Hoth technetium and phosphorus atoms sit o n  crystallographJcallp defined 
three-fold axes. The 'Tc-S bond distances arc identical, at 2.463(2) A, and significantly 
longer than the Tc-S bonds in trigonal bipyramidal 'Tc(III)tris(thiolato) complexes. 



The 'l'c-P bond distance is 2.381(2) A. I h e  ' 1 1  N M R  spectra show that the three-fold 
molecular symmetry is maintained in solution. The i,(C=S) vibration frequency 
appeared in the 1K at 1235 cni ' 14851. 

A pentagonal bipyramidal coordination gcometry of Tc(II1) was observed for the 
xanthate complex ITc(Me2PhP)(S,CO~t);I" that was prepared by refluxing 
[3'cCl~;(l\lezPhP)i]" with potassium ethylsanthate in THE: The dark red 
[I 'c(Me~PliP)(SzCO~t)jlo crystallizes in the monoclinic space group P2Jc with 
0=18.44(5). b=9.2( I ) ,  (.=15.36(6) A, /1'=104.3(2)", and 2=4. Fig. 12.71.A shows a plot of 
the structure. The axial angle P-Tc-S(1) is nearly linear with 174.5'. Thc equatorial S- 
Tc-S angles range between 68.6 and  76.3". 'l'ne 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 anglc of the xanthate ligand. ' lhe Tc-S bond distances vary between 
2.44 and 2.49 A. Thc 'Ic-P distance is 2.353( 1) A. The complex is diamagnetic. 'lhe 
C=S vibration was lound at 1 IS5 cm-' in the 1R [386]. 

[1cCl3(R/le~PhP)~]': reacts with ammonium dimethyldithiophosphate. NHJ 
[SP(S)(O<'H3)2], in relluxing acetone to yield the orange-red paramagnetic complex 
[I'cC1~(Me2PhP)2(SP(S)(OCH3)2) 1'' that crystallizes in  the orthorhombic space g o u p  
Pbcii with a=16.207( I ) .  b=10.445(1). c=14.878(1). and 2=4. Tc(II1) resides in a dis- 
torted octahedron with the axial chlorine ligands in r r m s  position. The bond distances 
are in the expected range, Tc-S = 2.475(2), Tc-Cl = 2.347( 1 )  and 'lc-P = 2.416( 1 )  A. 
The angles CI-Tc-C'I, S-Tc-S, and P-Tc-P are 173.04(4), 80.10(3), and 97.52(3)", 
respectively. The P=S vibration wus found a t  770 cm-' [486]. 



When [TcOCI4] . PPh.{, and the monoanionic. bidentate ligand S-methyl-3-(2'- 
li\..droxybenz).lideiie)~~ithiocarbazate (Hdtcb) are reacted in refluxing ethanol contain- 
ing HCI, dark red crystals of the neutral Tc( 111) complcx Il'cCL(dtcb)( P P I I ~ ) ~ ] "  arc 
obtained that arc rccrystallized from dichloromethanc. ITcC:l,(dtcb) (PPh3)2] . Cll7Cl7 
crystallizes in thc monoclinic space group Z'2,in with n=14.504(6), b=16.281 (X), 
c=19.752( 11) A. /1=06.7X(4)". and Z=4. The complcx is paramagnetic with pcff = 2.45 
B.M. 'l'c(111) has ;I distorted octahedral coordination geometry formed by two CI 
atoms, two P atoms, onc N and the terminal S atom. The PPh.3 groups are in t r m s  posi- 
tion to each other. the two CI 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 carbonyltrichlorotris(dimethylphenylphosp1ii- 
ne)technetiurn(IlI), [TcC13(CO)(PMe2Ph)3]o .EtOH, was synthesized by passing car- 
bon monoxide through a boiling solution of nier-[TcCI 3(PMe2Ph)3]o in ethanol. The 
diamagnetic. pale yellow plates crystallix in the monoclinic space group P2,/c with 
a=11.732(9), h=l1  .S07(9), c=23.588(12) A, /1=103.42(8)", and %=4. The molccular 
structure shows approximately C3v symmetry. Thc coordination geometry of Tc( I l l )  is 
a distorted capped octahedron. 'l'c is bonded to three phosphine ligands (cappcd 
face), three chlorine ligands, and to the CO group, which occupies the unique capping 
position (Fig. 12.72.A) The mean bond distanccs of Tc-CO. l'c-C1. and Tc-P arc 
1.86(2). 2.48(1). and 2.44(1) A. respectively. The average C-Tc-P. C-Tc-C1. and P- 
Tc-P angles are 74.2. 126.6. and 112.9', respectiLc1). the axial angle C1(3)-Tc-P(I) is 

0 



12.5 Trclirietiiim (111) 287 

160.0(2)" and the 'I'c-C-0 angle is 177.7(2)". The compound is diamagnetic and has 
18 valence electrons 14871. Another complex of 'lc(111) containing a carbonyl group is 
[ T c ( S ~ C N E ~ ~ ) ~  (CO)]" [477], which was already described in Sect. 12.5.5. 

Some cyclopentadienyl compounds of Tc(I1I) have been synthesized. TcClj was 
reacted with sodium cyclopentadienide and sodium borohydride at 50 "C in 'I'HF. By 
sublimation of the dry reaction mixture. extremely air sensitive, golden yellow crystals 
with a mclting point of  155 "C were obtained. According to IR, 'H NMR, tensimetric 
studies, and elemental analysis. the formation of the dimeric compound [I'~(CgH5)2]2~ 
was reported already in 1961 [488]. Later it was shown that the compound, obtained 
under very similar reaction conditions, was the bis(cyclopentadieny1)-technctiumhy- 
dride [Tc(CSHS)._H]" analogous to the known [Ke(C5HS)?H]". [Tc(CsI-T5)2H]0 is read- 
ily soluble in benzene and toluene. The Tc-H stretching vibration was found in thc IR 
at 1930 cm-'. Aqueous hydrochloric acid extracts the hydrochloride [Ic(C5H5)2H~]C1 
from a solution in benzene. [PF,] precipitates white [ T c ( C ~ H ~ ) ~ H ~ ] [ P F ~ ]  [489]. 

The reaction of TcC14 with potassium cyclopentadienide in boiling THE; without 
addition of [HHJ]-, yields the diamagnetic, air-stable, red-brown compound 
[Tc(<~sHs)2C1]0. 'I'hc needle-shaped crystals adopt the orthorhombic space group 
Arm12 with a=9.134(4), 0=13.239(2), c=7.304(1) A, and Z=4. 'The compound is readily 
soluble in aromatic hydrocarbons and polar solvents. Fig. 12.73.A shows the structure 
of [ T C ( C ~ H ~ ) ~ C ~ ] " . T ~ ~  Tc-C1 bond distance is 2.450(3) A, the average Cp-TC distance 
1.877(5) A. and the average Cp-'re-CI 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 are located in one plane. From the molecular structure the ionic radius o f  0.61 A 
was derived for Tc3+ [490]. [T 'C(C~H~)~CI]"  reacts in boiling THF with KCp in the 
molar ratio of 1:l to form tris(cyclopentadienyl)technetium(III). [Tc(C5H5)3]". 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 P n ~ 2 ~  with u=11.477(1), h=9.042(2), c=l1.472(4) A, and 2=4. Two Cp rings are 
rc-bonded, while the third is a-bonded. The centers of the two n-bonded Cp rings form 
an angle of 169.4' with l'c, 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(a) ring is twisted [491]. 

0 

(111). 



12.5.7 Dinuclear p-0x0-, ,u-carboxylato-, ,u-oxopyridinato-bridged 
complexes 

When a solution of cliloro(N-(2-oxidophe1iyl)salicylideneiminato)ox~~tcchnetium(V), 
[?'cO(ophsal)CI]" 11991 in ethanol is treated with an excess of PR/le2Ph, Tc(V) is 
reduced t o  Tc(IT1) and the red diiiuclear complex /i-oxo-bis( (N-(2-oxidophenyl)sali- 
c!,lideneiminato-bis(dimethylpheny1phosphinc)) technetiuni(I11). [p-O(Tc(ophsal)(P- 
Me2Ph)2}21". is fornicd which is slightly soluble in acetonitrile. methanol, and ethanol. 
The compound crystallizes in the triclinic space group P i  with a=16.709(7), 
b=15.255(6). ~=11.702(4) A? a=104.43(5). p=86.49(6), ;!=106.91(6)", and 2=2. E:.ach TC 
atom is bonded to the 0 2 N  donor atoms of the ophsal ligand and to the two PMezPh 
phosphorus donor atoms to form a distorted octahedron. The nitrogen atoms are tram 
to the bridging oxygen, and the equatorial plane o f  each Tc octahedron is defined by 
the 0 2 P 1  donor set. 'llie Tc-0-Tc axis is almost linear with an angle o f  176.1'': the Tc- 
O(bridging) bond lengths are 1.81(2) and 1.87(2) A. Thc IR absorption at 625 cm-' 
was tentatively attributed to the Tc-0-Tc stretching vibration. In addition. thc 
p-oxocomplexes [/i-O(Tc(oph~al)(PPIi~)~]~]~. [~~-0('Ic(sphsal)(PMe2Ph)2)21". and 
( ~ i - o ( ? ~ c ( ~ p h s a l ) ( P P h ~ ) ~ ] ~ ~ '  were prepared and identified [J92]. 

The dissymmetric compound [ Cl(pi~o)~Tc-O-TcC1~(pico)j"~ H 2 0  can be readily 
synthesizcd from almost any common technetium starting material including 
NH4Tc04 + NaBH4> (NH4)2(TcC16], [ ( ~ - B U ) ~ N ] [ T ~ O C I ~ ] .  or [Tc02(pico)J]C1 by 
refluxing in neat picoline (pico). Precipitation of [Cl(pico)4Tc-O-TcC14(pico)]c~H~0 
was achieved by addition of water. The complex is soluble and stable in common 
organic solvents. exhibits Tc-CI stretching modes at 319 and 306 cm I .  and a probable 
Tc-0-Tc stretch at 699 cm-'. The magnetic moment is peff = 1.1 B.M. Cyclic voltani- 
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 Lr=l1.709(4), b=20.243(8), c=33.41(2) 
A, fl=91.00(5)". and 2=8.  The two l'c atoms arc in a pscudo-octahedral surrounding 
(Fig. 12.74.A). One Tc atom is in the plane of four equatorial nitrogens of the picolinc 
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 l'c- 
0 bond distance is 1.82(3) A, the average Tc-0-Tc angle 176(2)'. The axial and equa- 
torial 'Tc-N distances are 2.20(3) and 2. l S(2) A, rcspectively, while the axial and equa- 
torial 'l'c-C1 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 Tc(II1)-O-?'c(IV) or  a Tc( 11)-0-Tc(V) core 

The asymmetric compound [(pico)C13(pico)-Tc-O-TcCl(pico)3Cl]' is an isomer to 
the just described dissymmetric compound. The two types o f  complexes differ in their 
arrangement of equatorial ligands around each Tc atom. Both complexes were pre- 
pared in the same route. The asymmctric species was suggested to be the precursor of 
the dissymmetric complex. The dark reddish-brown [(pico)C13(pico)-Tc-0-?'cC1 
(pico)3CI]" crystallizes in the monoclinic space group P21/n with a=12.421(1), 
h=15.471 ( I ) .  c=18.764(1) A, [1=93.174(5)". and 2=4. The geometry around cach Tc 
atom is essentially octahedral. ?lie Tc atoms are linked by a p-0x0 bridge \vith the 

[493]. 
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Fig. 12.74.A Chlorotcrrakis(4-mrth~lp~ridine)- j l -oxo-tetra~h~oro-4-m~th~lp~~idinc-di techn~tium. 
[Cl(pico);l'c-C)~.rcCl, (pica)]' (4931. 

equatorial ligands on either Tc  atom staggered relative to those on the other. The 
Cl(pico),CITc-0 distance of 1.800(3) A is clearly shorter than the (pico)Cl,(pico) 
Tc-0 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 were prcpared with 
pyridine. 3,s-lutidine. and bromine ligands [494]. The asymmetric and dissymmetric 
species spontaneously interconvert [495 I.  

(TC '" -O-TC~~~)  dimcric complexes containing halogen and 2,2'-bipyridine or 1.10- 
phenanthroline have been synthesized. [ (bpy)2BrTc-O-TcBr(bpy)2]Br2. bpy was 
obtained by refluxing [(n-Hu)jNl[TcOBr4j with bpy in DMF. The purple crystals 
adopt the orthorhombic space group Phcn with rr=18.584(6), h=9.9602(8), c=26.131(2) 
A, and 2=4. The ~(Tc-0-l'c) 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 Tc. The molecule is bent 
along the lc-0-Tc axis by 173.0(3)". The Tc-0 bond length is 1.8278(6) A, which 
precludes significant Tc-Tc bonding. The 'I'c-Hr bond distance is 2.5665(7) A. the 
avcrage Tc-N bond length 2.123 A, including the somewhat longer Tc-N length of 
2.154(4) A t r m s  to the bridging oxygen. The structures of the complex cations 
[(hpy)2C1Tc-O-'TcC1(bpy)2]27 and [(phen)zCITc-O-TcC1(phen)~12 were found to be 
very similar to that of the dcscribcd bipyridine bromo compound. The Tc"'-?'~"~ oxi- 
dation state is stabilized by the r-acceptor ligands. The halide ligands are easily lost in 
aqueous media [496]. 

The his(p-oxo) mixed valence complex anion [(tcta)l'c1"(~~-0)2Tc'v(tcta)13- (where 
tcta3 = I ,3,7-triazacyclononane-N,N',N"-triacetate) was obtained as a decp inky blue 



aqueous solution, when the ‘I’c(V) complex salt Na2[TcO(cg)(tcta)] (eg = ethylene 
glycolate) was reduced with Na[BH4] and, after the decomposition of [BI14] , thc so- 
lution was oxidized by air. The deep blue barium salt Ba2[(tcta)’~c’“(~~-O)2TcTV 
(tcta)J[CI04]. 9 H 2 0  crystallizes in the monoclinic space group P2,/n with 
a=15.128(1), h=18.822(2). c=1.5.582(1) A, ,4=105.43(7)‘, and 2=4.  The crystal structure 
analysis reveals a dinieric structure of the complex anion with pseudooctahcdral ge- 
ometry at each Tc atom. The two Tc atoms are linked by a planar four-membered 
TC(/L-O)~?‘C ring. The other four coordination sites on each Tc are filled by a tcta lig- 
and. bound by an N 3 0  donor set. One acetate group from each tcta ligand bridges the 
two Tc atoms. The remaining acetate groups are coordinated to the barium counter- 
ions. The short Tc-Tc 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. ’lhe average Tc-0-lc angle i s  76.7’. The planar TcOzTc core found in several 
complexes appears to be a relatively rigid entity. The Tc”’(p-O), Tc’” core complex 
undergoes a reversible one-electron oxidation with K2S20S to form the l c ”  
(p -O)ZT~lv  core complex: 

[ ( t ~ t a ) ? ’ c ~ ~ ~ ( p - O ) ~ T c ~ ~ ( t c t a ) ] ~ -  4 ~(tcta)TclV(p-O),Tc’v(tcta)]z + e- 

The optical spectrum of [( t~ta)Tc~”(p-O)~Tc’~(tcta)]  in water is dominated by an 
intense band at 592 nm (4971. 

The polymeric compound [ T C ~ O ~ ( C ~ M ~ S ) ] , ~  was reported to be synthesized by reac- 
tion of [ (i~’-CjMeS)Tc(CO),]” with perhydrol. The needle-shaped. yellow compound 
crystallizes in the orthorhombic space group Pmnnz with u=S.946(5), b=8.697(4), 
c=10.630(7) A, and Z=4. Two Tc atoms are bridged by three /I-0x0 ligands. The 
C5Mej rings are concomitantly a component of the neighboring units. The planes o l  
the cyclopentadienyl rings and of the oxo-bridged ligands are parallel to one another. 
A striking feature is the unusually short distance of l.S67(4) A between the two Tc 
atoms couplcd by the three p o x o  ligands. Formally, the two Tc centers have the oxi- 
dation state 3.5. The Tc-O stretching vibrations appear in the LK at 909 (symmetric) 
and 880 cm (antisymmetric) [498]. However. the structurc of [?‘c203(C5Me5)],, was 
questioned mainly due to the Tc-0 frequencies and the extremely short Tc-Tc dis- 
tance [lS]. 

Tetrapivalatodichloroditechnetate( III),[ Tcz( (CH3)3CC00]4C12]“, a dinuclear tetra- 
carboxylato-bridged complex. was prepared by heating (NH4)3[Tc2C1sJ with excess 
pivalic acid at about 1 5 0 T  for 36 h in a nitrogen atmosphere. The red compound 
crystallizes in the tetragonal space group 14/m with ~=11.515(2) A, c=10.62S(3) A, and 
2=2. Its structure is shown in Fig. 12.75.A. 171c Tc-TC distance is 2.392(1) A. ’ f i e  axial 
Tc-CI bonds are remarkably strong with a distance of 2.408(4) A. The relatively long 
Tc-Tc distance is attributed to the strong Tc-CI bond. The average Tc-O bond length 
is 2.032(4) A. The T-Tc-C1 angle is exactly linear and the average ‘re-Tc-0 angle 
nearly perpendicular 14991. 

The analogous tetraacetato complex [ . T c ~ ( C H ~ C O O ) ~ C ~ ~ ] ”  was obtained by reaction 
of KTc04  with HCI and CH3COOH in an atmosphere o f  hydrogen. l l ie cherry-red crys- 
tals are insoluble in hydrochloric and acetic acids, alcohol, acetone, and ether and are 



hydrolyzed in water. The compound [500] is diamagnetic and isostructural with 
[Re2(CH3C'OO)4C12]". The corresponding orange-red [ Tc3(CH3COO)JBr2]" was synthc- 
sized by reacting [Tc2BrSI2 in a boiling mixture of glacial acetic acid and acetic anhydridc. 
The vibrational spectra of [Tc2(CI 13COO)4C12]" and [Tc2( CH3C'00)4Br2]" were 
assigned according to the point group DAh. The quadruply bridged Tc-Tc bond is stabi- 
lized by thc bridging acetato and destahilizcd by the axial halogeno ligands. The valence 
force constantsf,((Tc-Tc) of both complexes are around 4.0 nidyne/A (501 1. 

Tetra(!i-acetato)ditechnetium(III)dipertechnetat~ [Tcz(CH3C00)11(Tc01)2 was 
obtained as an admixture of single crystals in a host phase of [ T c ~ ( C ~ ~ ~ C O O ) ~ C I ~ ] " .  
'I'he red crystals adopt the monoclinic space group P,3,/n with n=8.324( 1 ), b=7.826( 1 ), 
c=14.644(4) A, ,b'=lOl .S1(2)", and %=2. [ ~ ' c ~ ( C H ~ C O O ) ~ ] ( ' ~ C O ~ ) ~  constists of the 
binuclear cation and two pertechnctatc anions which are axially coordinated to the Tc 
atoms by bridging oxygen atoms. [ I C ~ ( C H ~ C O O ) ~ ] ~  ' contains four bridging acetato 
ligands with the Tc-Tc bond distance of 2.149( 1) A. The 'l'c-O(acetate) distance var- 
ies from 2.00 to 2.03 A. The Tc-0 distances in the TcOi anions are 1.68 A for terminal 
oxygen atoms and 1.73 A for the bridging one [502.503]. 

Krl'c?(CH3COO)&12] was reported to be formed by reaction of K.~[I'czCIS] with gla- 
cial acctic acid in an autoclave at 120Y('. The magnetic moment at 300 K was determined 
as /[,ff = 2.22 R.M. The formal oxidation state o f  each Tc atom in the tetraacctato complex 
is +2.5 [504]. The dark brown asterisks o f  K [ T C ~ ( C H ~ C O O ) ~ C I ~ ]  crystallize in the tetrago- 
nal space group P ~ ? / / z  with a=l1.9885(3), c=11.2243(2) A. and Z=4. The structure is simi- 
lar to that of [l'c~((CH~).~CCOOJ4Cl~~". The Tc'l'c bond distance is 2.1200(5) A, the aver- 
age Tc-O distance 2.074 A, and thc Tc-C1 distance 2.589(1) A. The Tc-'Lc-Cl angle is 
almost linear at  175.90(5)", and the Tc-lc-0 angles arc nearly 90" [50.5]. 



[Inother acetatocliloroditccliiictate(lll) complex is the neutral compound 
[I'c?( CI I.;COC>)zCI1(HzO),]", which was obtained by reaction of (Tc,Cls]2- with acetic 
anhydride and H[RF4] at -30°C as a dark green cnstallinc solid. Treating a solution of 
[l'c?( CH3C0O)2CI1( H20)2]C in acetone with IV,N-diniethylacetamidc (DM AC) yields 
grcen crystals o f  ~~ .s - [T~~(CH~COO)~CI~(I ) ,MAC)~] .  which adopt the monoclinic spacc 
gt-oup C2/c with a=29.604(4), h=10.895(2), c= 14.404(2) A. /1=97.87(2)", and Z=8. 'I'hc 
bridging acetato groups are found in cis position, the four chlorine atoms arc frmr to the 
acetato oxygen atoms. The DMAC oxygens are located in the axial positions. The l'c-Tc 
bond length is 2.1835(7) A. the average l'c-O(acetatc) distance 2.063 A. Lvhile thc axial 
Tc-O( DMAC') distances are 2.298(3) and 2.341(4) A. The angles 'I'c-Tc-O(DMAC) 
deviate significantly from linearity, The 'I'c-Tc-O(acetate) angles are almost 90'. Both Tc 
a t o m  reside in a distorted octahedral geometry. From IR and Ranian frequencies the 
stretching intcraction constant fd(Tc-Tc) was determined to be 3.38 nidyneiA. With 
increasing donor strength of the axial ligands the intense Kaman vibration i~(Tc-Tc) 
dccreascs, which indicates the weakening of the Tc-Tc bond [506.507]. 

(NH1)3[l'c2C1S] reacts with molten 2-hydroxypyridine at 150 "C in a nitrogen atnio- 
sphere t o  make dark green [Tc2(OC5HlN)4CI]". The structure consists of infinite 
chains o f  [I'cZ(OC5111N)4]' units syinnietrically linked by bridging c'1- ions, while in 
each unit the Tc a t o m  are bridged by four 2-oxypyridinato ligands. The unit cell 
dimensions arc N= 11.793(3), c=7.454(1) A, and Z=2. The tetragonal space group is 
14/ni. The Tc-Tc distance of 2.095(1) A is exceptionally short. The T'c-CI bond length 
is 2.679(1.) A and the Te-'IcA'I angle is 180" as required by symmetry. 'Ihc Raman 
spectrum has a w r y  strong line at 383 cm-' which may be assigned to the totally sym- 
metric Tc-Tc stretching mode. The compound was found to be paraniagnctic [508]. 
When K3[Tc2C18] 2 H 2 0  was heated in 8 M HzSOl for 1 h at -100 "C after addition of 
K2S04, the green coinplcx salt K2[T~2(S04)4] . 2H20 was obtained [SOc)]. 

12.5.8 Dinuclear complexes with multiple Tc-Tc bonds 

The preparation of the first dinuclcar complex salts, black (NH1)3[Tc2CI8). 2H20 and 
Y[l'c2Cls]. 9H20. was described as early as 1963. [Tc2Cls]'- was obtained by reduction 
of a [TcCI6l7.- 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 ccric sulphate. The density of (NI14)~3[Tc2C1s] . 2H20 was found 
t o  be 2.4 g.an-'. In dilute H('1 or  water the compounds decompose rapidly by oxida- 
t ion  and hpdrolysis [SlOl. At 280 "C anhydrous (NH4)3[l'c2C18] starts to decompose 
151 I ]  according to the equation: 

(NHl)3[Tc2Cls] 28"  34!"c' , Tc+(NH4)~[l'c<'16] + NH,,CI + '/2 C12 

(NII r)3[I'c2Cls]. 2 H 2 0  crystallizes in the trigonal space group P3121 with the hex- 
agonal unit ccll dimensions a=13.04, c=8.40 A, and 2=3. Four chlorine atoms and one 
Tc atom compose the square pyramidal coordination sphere 0 1  [l'c2C:ls] '-. The two 
TcCIJ groups arc joined by a very short 'l'c-Tc bond of 2.13(1) A t o  give an eclipsed 



rotational configuration (Fig. 12.76.A). The virtual symmetry is Dlh. but crystallogra- 
phically the complex ion has  only a single C2 axis bisecting the Tc-Tc bond. l h e  aver- 
age Tc-<'l bond distance is 2.36 A. The (11-Tc-CI angles vary between 84.4 and 87.Sc, 
the Tc-Tc-('I angles between 103.8 and 106.6" [512-514]. The charge of 3- on the 
anion ['l'c2Cls]' appears surprising. however. the magnetic moment p c f f  = 1.78 B.M. in 
the temperature range 80-300 K and ESR spectra with hyperfine coupling to two 
cqui\.alent ""Tc atoms. are consistent with the presence of one unpaired electron 
15211. The main absorption in the visible. which accounts for the turquoisc blue color 
of the solution in conc. HCI. has a maximum at 638 nm. In [Tc2Clx]" . there are nine 
electrons beyond those which are involved in the Tc-C1 bonds or belong to the non- 
bonding electrons on CI atoms. Eight of these occupy one o, two n, and one (5 orbital 
constituting a Tc-7'c quadruple bond. The remaining electron resides in one of the 
more or less non-bonding Ci orbitals 1512. 514. 5171. 'The major components o f  the 'l'c- 
Tc bond are the n bonds in the 02n'4rS2ii' configuration [515]. Spectroscopic studies of 
[Tc2Cls]'- reveal a baJld in  the near IR between 6000 and 8000 cm-' showing vibronic 
structure. This band was assigned to the tF + 5' transition [516]. 'I'he vibronic structure 
o f  the (i + (S transition was also reported for [Tc2Brs]"-, which was prepared by 
reduction of [Tc2Hr8l2- with [BH4]- in acetone [SlS]. 

Grey-black K3Tc2CI8J . nI IzO crystallizes in the trigonal space group P3,21 or 
f j221  with rr=12.838(3), c=8.187(2) A, and %=3. The Tc-Tc bond distance is 2.117(2) 
A, the average Tc-CI distance again 2.36 A [Sly]. Y[rc2CIs]. 9 H 2 0  crystallizes in the 
tetragonal space group P42*2 with n=11.712(2). c=7.661(2) A, and %=4. The Tc-Tc 
bond distance is 2.105(1) A which is slightly shorter than that in K~[Tc~C18].nH-O. 
' f i e  average Tc-(ll distance in Y[Tc2Cls] 9H20 is 2.364(2) A. and the average Tc- 
Tc-C1 angle is 104.34(6)" [520]. 

Rotating disk electrode polarography and cyclic voltammetry at platinum elec- 
trodes of [Tc2Cls]"- solutions in  hydrochloric acidiethanol mixtures suggested a quasi- 
reversible oxidation at El,? = 0.140 V vs SCE involving one electron: 

The life-time of  the oxidized product was concluded to be considerably longer than 300 
s. hotvevcr. attempts to isolate crystalline salts of['Tc2Cls12 failed at that time 1.521 1. 

r- 
12.76.A ). [ I'c2C1,]'- [514]. 



Grey-blue [n - (C4Hg) j~ ]? [~ l ' c2Cl~]  was prepared by reduction o f  [TcCl6I2- with Zn 
in conc. IICL dissolving the purified product in dilute HCI. adding [ I ~ - ( C ~ H ~ ) ~ N ] C I .  
extracting the solution with CH2C17, and precipitating the complex salt in acetone. Its 
vibrational spectrum was assigned according to D4h symmetry. The Tc-Tc vibration 
(A,,,) was observed a t  307 c n r l  15221. The disproportionation and oxidation o f  
[Tc2Cls]'- in hydrochloric acid solutions was studied spectrophotornetrically [523]. 

Soon after the conclusion that the life-tinic of [Tc2ClsI2- will be longer than 300 s 
[521]. thc compound [}'-(C3Ho)J~]2[Tc2Cl~] was synthesized and identified. When 
TcOJ in HCI was reduced with H3P02, a dark green solution containing [?'c2C.'ls]' 
and [TcC16I2 was obtained. Upon adding [H-(CJII~)~N]CI. the green [ti- 

( C4H9)~JV]7[Tc2Cls] precipitated. However, the strong paramagnetic tctrabutylammo- 
nium salt of  ['l'cCI6l2- was precipitated concomitantly to  some extent. After washing 
with ethanol the precipitate was recrystallizcd several times from acetone, until a pure 
olive green product was obtained. Magnetic susceptibility measurements in the range 
from room temperature down to liquid helium temperature proved the complex salt 
to  be diamagnetic, indicating an even number of electrons at the central atoms. [tz- 

(C4FIo)JN]2[Tc2Cls] crystallizes in the monoclinic space group P2,lc with a=10.922. 
h=1.5.384, c=16.439 A, /1=122.37", and 2 = 2 .  The compound was shown to be isostruc- 
tural with [n-(C4H9)~N]2[Ke2Cls]. In the far IK spectrum of [Tc2CISJ2 a doublet of' 
the Tc-Cl stretching mode Eu was observed at 350 and 356 cm I .  The doublet splitting 
can be explained by the distortion of the Ddh symmetry. Also. a single band at 337 
cm-' was assigned to the A;?" stretching mode and another single band at 173 cm to 
the AZ1, bending mode. The diffuse reflectance spectrum revealed a strong band in thc 
visible at about 700 nm, which may be attributed to the orbitally allowed transition 
from the Tc-Tc bonding orbital 6 to the antibonding orbital 0' .  In accordance with 
this assigment, the 700 nm band showed no decrease in intensity with decreasing tem- 
pcrature [524]. 

X-ray structure analysis o f  [n-(C4H9)4NI2[ Tc2Cls] yielded a Tc-Tc bond distance of 
2.147(4) A. which is longer than would have been anticipated given the Tc-'I'c dis- 
tance of 2.117(2) A in ['Tc2C18]'-. because the removal of the 6 electron might bc 
expected to shorten thc bond. The mean Tc-Cl distance is 2.320(4) i\ and the mean 
Tc-Tc-CI angle is 103.S(J)" [ 5251. In the Raman spectrum of I I?-(CJH~)~N]~[IC~(. : I~]  
the intense T c T c  vibration (Alg) was observed at 307 cm-'. [ I ? - ( C J H ~ ) ~ N J ~ [ T C ~ R ~ ~ ]  
was obtained in carmine red crystals when the analogous chloro complex dissolved in 
acetonc was treated with conc. hydrobromic acid. I h e  Tc-'l'c vibration ( A l x )  in 
[Tc2BrsIZ- was found at 323 cm-' [522]. 

12.5.9 Ternary chalcogenide clusters 

'rhc sulphides K4Tc,,Sj2, Rb4Tc6SI3, and Cs;l'chSI3 were synthesized by heating alkali 
carbonates, powdered technetium metal, a i d  sulphur under an argon atmosphere at 
800°C for about S h. l h e  synthesis of the selenides K , '~ 'C&,~ .  KbJTc6Se12. and 
(:s~I'c&cl.~ was achieved analogously under a hydrogen atmosphere. All six chalco- 
genides u.ere isolated in pure phases and form black. shiny crystals adopting the 
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monoclinic space group ('2/c. ('ompounds of analogous composition arc isostructural. 
The lattice constants are listed in Table 12.15.A. 

Table 12.15.A Dimensions o f  thc monoclinic unit cells for the ternary technetium chalcogenides 15261 
~ 

Compound U h C B 
K4Tc6S12 16.463(3) 9.h67(3) 1 1.841 (2) 91.40( 2) 

K,Tc6Sel, 17.165(2) lO.OlY(2)  12.301 (2) 91.42( 1 ) 

Rb.'TcGS i 3 9.745(2) 16.505(4) 13.913(3) 99.83(2) 

Kb;rc6Sel2 I7.640(3) 10.092( 1) 12.-IGJ( I)  Y 1.30( 1) 

CS17'C6S 13 9.983( 1) 17.120(4) 13.613(3) 1OO.68( 1) 

CsJTc&,-, 10.275(2) 17.X26(3) 14.161(4) 100.89(2) 

The structural units in the six compounds arc [Tc6XS] (X = S.Se) clusters. The six 
technetium atoms in the oxidation state +3 form nearly regular octahedra. The eight 
chalcogen atoms reside over thc octahedral faces. The resulting cube is nearly regular 
(Fig. 12.77.A). The average Tc-Tc bond distances in the different compounds range 
from 2.60 to 2.65 A. The Tq, octahedron o f  each Tc6X8 unit is linked in three direc- 
tions to neighboring octahedra through additional X atoms or X2 groups. The alkali 
ions are inserted in interstices of the anionic framework. The +3 oxidation state indi- 
cates that there are 24 valence electrons per Tc6 unit to give a stable configuration. 
The compounds show a weak temperature-independent paramagnetism that is often 
observed for clusters [526]. Keaction of metallic technetium with Rb2C0.; and 
Cs2C03 at 800°C in a hydrogen stream charged with sulphur yielded. after 10-16 h, 
black, shiny crystals of the composition KblO[Tc6SIJ] and Cs1~[1'c&4], respectively. 
The compounds crystallize in the space group Fm%z with the lattice constants 
a=15.006(2) A for Rblo[Tc,,S,4] and 0=15.619(2) A for C S ~ ~ ~ [ T C & ~ ] .  In the [Tc6SIJ] 
cluster units. the regular Tc(, octahedra arc coordinated by sulphur atoms over their 
eight faces and six vertices. Thesc units are not linked to each other. The Tc-Tc bond 
distance is 2.63 A. The compounds are diamagnetic. The oxidation state of Tc is again 
+3. Kbln[?'c6S1~] and CsIO[Tc6SII] arc extremely sensitive to air and water 15271. 

Structural data of Tc(II1) complexes arc reviewed in Table 12.16.A. 

A Fig. 12.77.A Structural unit o f  ll&] and [ThSexl clustcrs with 
hridging chalcogen atoms [526]. 



Table 12.16.A Some structural data ot selected Tc(II1) complexes. 

Complex Geometry l'c-L v(Tc-Lj P.m References 
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2.320 (.l.c-Cl) 

2.01 (Tc-0) 

2.46 (Tc-P) 

2.025 (Tc-0) 

2.33 (T-S j 
2.05 (Tc-0)  
2.450 (T-P) 

- 

2.42 (Tc-CI) 

- 

2.140 (Tc ~s) 
2.198 (Tc-S) 
2 183 (Tc-N) 

2.059 (Tc~-S)  
2.105 (Tc-K) 

2.01: ( .I  c-N) 

2.06 (Tc-N) 
2.02 (Tc-0) 
1.984 (Tc-0) 
2 12s (Tc-N) 
2.04 (TC-N~;,,) 

1.91 7 (Tc-N) 

- 

1449j 
1.763 (Tc-S,,,,,,) - - [-I511 

1.764 (Tc -NdI1,) [K!] 

2.475 (Tc- S) 

I.YO4 (T-s .,,,,, ',")- 2.Jh "W 
2.450 ( Ic -P)  



lable 12.1h.A ('ontinucd. 
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Conipler Geometry Ts-L v(Tc-L) P.11 Keferrnrer 
IAI IKlRa [cm-'] [R.M.I 

oct ; I l l .  

octii h. 

octah. 
oc t il 11 . 

~ t a h . - t r i g .  
prism. 
trig.bipy 

trig.hipyr. 
trighipyr. 

trig.hipvr 
octah. 

trig hipyr. 

trig-hipy. 

(rctah. 

trig.hipyr. 

(rctah. 

pcnt.hipyr. 

pent.bipyr. 

pent.bipyr. 

octah. 
octah. 
capped ocrah. 
pcnt.bipyr. 
ocrah. 

outah. 

capped octah. 

(.A 

- 

oclah. 

2.449 (rc PI 
2.30.3 (l.c-S) 
2.29 ( I ' c  S) 
2.46 ("c-P) 
2.352 (.I c-S) - 

2.292 (Tc-S) - 

2.496 ( I'c-A\) 
2.318 (T-S)  - 

2.402 (rc -PI 
2.249 ( I c - S )  
2.04 (T~-s) 
2.16 ( r c  N) 

2.08 ( T ~ - N )  
2.61 ('Ic-S) 

1.767 (Tc-NO) ~ 

2.27 ( I c-S) 
2.44 ( T C - S ~ ~ ~ , , . ~ )  
2.226 (Tc-S) 
2.192 crc N) 
2.230 ('l'c-S) - 

2.273 (Tc-P) 
2.26 -2.40 ('I c-S) 
2.31-2.48 (Tc-P) 
2.23-2.49 (Tc S) - 

2.27-2.S I ( I  c-P) 
2.30 ( I  c-S) - 

2.44 (Tc-P) 
2.49-2.52 (re s) - 
2.330 ('re P) 
2.48-2.52 (Tc-S) - 

1.861 (Tc-CO) 
1.754 ( l c -SS)  
2.476 (l'c-S) 
2.56-2.59 (Tc I3r) 
2.43 ('l'c-S) 
2.440 ('lc-S) - 

2.463 (1.c-S) - 

2.44-2.49 ('rc S) - 

2.475 ( I  c- S) - 

2.44 ( rc -P) - 

2.4s (l.c-<:l) 

1.877 (I'c-Cp) 

i.m (rc-cP,) 

1.86 ('l'c-CO) 

1930 (l'c -11) 
425 ('I c-Cl) 2.420 (Tc-CII 

1.78-1.88 (Tc-Cp,) - 

1.81-1.87 
(Tc-LIO) 

- 

- 

clianing. 

diamag. 
diamae. 

diiiinag. 
diamag. 

diama?. 

diamag. 

3.0 

diamag. 

- 

- 

2.7 
2.7 

diamag. 
- 

2.45 

dianiag. 

diamag. 
diamag. 

diamag. 

1.82 re l r ~ )  699 I ' l 'c -0-Tc) 1.1 
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Coinpler Geometry 1:-I, v(1c-I,) Pen References 

[~C-O(TC( t>py)>l3r/J+ octah. 1.828 (Tc-pO) 730 [ I'c 0 Tc) dinmag. [196] 

1.41 IRlRa [cm-'] [B.M.] 

2.56i  (Tc-l3rl 

cquare pyr. 

Tci,( octa h.) 
S*(cuhc) 
'l'c,(octah.) 
Sc,(cuhe) 
'l'c(,( octah.) 
&(cube) 

2.123 (l-c N) 

2.192 ( I c  Tc) - 14991 

2.032 ( ' l 'c-0) 
- - diamag. [SOO] 
2.119 (Tc r e )  - - [ 502.i03l 
2.00-2.0.3 ('l'c 0) 
2.184 (re -TC)  YO (Ic TC) - [506.507] 
2.063 (Tc-O,,,,) 3x4 (Tc-On,,,) 

2.402 (Tc-Ic) - 14971 
1.Y36 (l'c-110) 

2.408 (Tc-(:I) 
- 

2.095 (i,c-.i.Cj 
2.679 (Tc-(:l) 

2.105-2.13 

2.36 (Tc-<'I) 

2.147 (Tc-Tc) 
2.320 (Tc-('l) 

('l'c-Tc) 

2.60-2.61 
('Ic- Tc) 
2.647.65 

2.63 (1.c Tc) 
(T- ' I c )  

paramag. 15081 

307 ( I  c - ~ ~ ' ~ )  I .78 [512-5 14, 
5 19-5221 

(518J 
307 (Tc Tc) diamag. [522.524.525] 
337 356 (Tc-C'I) 
323 (Tc-Tc) [522] 

- paramag. 15261 

paramag. [526J 

- diamag. [527] 

12.6 Technetium( 11) 
Mononuclear, strong ligand field Tc( IT) complcxes are expected to be paramagnetic 
in different coordination spheres duc to the low-spin magnetic moment of one 
unpaired elcctron. Effcctive magnctic moments ranging from 1.4 to 2.3 B.M were 
mcasured. Because of their paramagnetism thc complex compounds of 'Tc(I1) were 
often studied by EPK. Again. predominantly mixed ligand complcxes, 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 gcometry is distorted 
octahedral. Square pyramidal geometry is rcpresented by dinuclear complexes with 
multiply bonded Tc atoms. This chapter also describes polynuclear halogeno com- 
pounds with low valcnt Tch and Tcs cores. 



12.6.1 Halogeno and isothiocyanato complexes with phosphine, 
phosphonite or arsine ligands 

The tetrabromotechnetate(I1) anion, [TcBrJ]*-. was reported to be obtained by reac- 
tion of [TcNHr4]- with 2,2'-dipyridyl in ethanol yiclding c;.~-[Tc"NBr(bpy)2]*[ 'l'cRr4]. 
lc(1I) is tetrahedrally coordinated by Br-. The Br-Tc-Hr angles vary between 106. I 
and 112.1''. The mean Tc-Rr bond length is 2.401(4) A [280.281]. 

[TcC12(dppe)210 and IT~Hrz(dppe)~]" were prepared by reduction of the corresponding 
tervalent complexes with Na[HI I,] in an ethanolhater mixture. 'I'he yellow-green chloro 
complex and the yellow bromo complex have a magnetic moment perf at 20 "C of 2.05 and 
2.28 B.M.. respectively. Both compounds arc soluble in benzene [356]. [TcC12(dppe)2J" 
crystallizes in the monoclinic space group P2,ia with a=17.821(4), b=ll. IS7(2), 
c=23.572(4) A, /1=103.55( l)", and 2=4. Tc( 11) 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 trms position. The average Tc-P 
bond distance is 2.428 A and the average 'Ic-Cl distance is 2.424 A. Oxidation of trans-[- 
T~"CI~(dppe )~]"  to trnrz.s-[Tc"'Cl2(dppe)~] ' causes a shortening of the lc-CI bond by 
O.lOS(2) A and a lengthening of the Tc-P bond by 0.072(2) A. [T~('I:,(dppc)~]" and 
[ TcHr2(dppe)2]" are facile reductants in non-aqueous media [399]. 

A structurally analogous compound is the isothiocyanato complex tratzs- 
[l '~"(NCS)~(dppe)~]':,  which was synthesized by thc action of excess LiSCN on 
[Tc1"X2(dppe):,]' (X = C1,Rr) in DMF o r  ethanol at 80-100 "C 13971. The rose-colored 
complex crystallizes in the triclinic space group P i  with a=21.384(6). b=12.878(5), 
c=9.549(4) A, =71.5 1(3), /j=Sl.94(4), ;.=83.38(4)". and 2=2. The coordination geom- 
etry of Tc(I1) is nearly octahedral. l h e  phosphorus atoms again occupy the four equa- 
torial sites, the NCS- groups are in h.niis-axial positions, N-bonded to the Tc atom at 
an angle of 81" t o  the TcPJ equatorial plane. The average Tc-P distance is 2.44(1) A 
and the average Tc-N distance is 2.04(2) A. Spcctroelcctrochemical measurements 
indicate the reversible oxidation and reduction processes [S2S]: 

and 

[T~"(NCS)~(dppe)?j" + e- H [l '~ ' (NCS)~(dppc)~]  

Similarly, cliloro-diniethylpheiiylphosphine complexes of 'lc(1I) and l'c(1) were 
obtained when [ T C C I ~ ( P M C ~ P ~ ) ~ ] "  was reduced electrochemically in acetonitrile at 
platinum electrodes [405]. 

[T~CI~(PMe*Ph)2(dmpe)]~ with mixed phosphine ligands was prepared by reaction 
of [ T c " ' C I ~ ( P M ~ ~ P ~ ~ ) ~ ] "  n.ith excess dmpc in ethanol. The yellow compound cr)-stal- 
lizes in the monoclinic space group P2Jc with a=12.899(6), b= l3.142(8), 
c=19.088(9) A. /1=121.13(3)". and 2=4. Tc(l1) is located in a distorted octahedral sur- 
rounding, with the two C1 ligands located in traiz.s position to each other and the two 
monodcntate phosphincs in cis position to each other (Fig. 12.78.A). The angles 



around the Tc atom are close to 00 and 180". however. the chelate angle P( I)-l'c-P(2) 
is only 80.1( 1)'. Both 'I'c-CI bond distanccs are 2.431(5) A, and the average T - P  dis- 
tance for the hidentate dmpe ligand is 2.399(4) A. while the average bond lensth 
between 'Tc and r' in PMe2Ph is 2.435(4) A [5291. 

The phosphonite complex [TcC'I2(CoH~P(OC2I~-I5)2)11" was prepared by reduction 
o f  (NH4)2[TcC16] with N a H I i 4  i n  ethanol in the presence of diethylphenylphospho- 
nite. 'fhe yellow compound crystallizes in the monoclinic space group f2lic with 
n=21.740( 19). h=l1.750( 10). c=18.312(12) A? /i=92.92(9)", and %=4. The magnetic 
moment of the complex in benzene solution at 306 K is pelf=1.4 B.M. l'he coordina- 
tion geometry of Tc(I1) 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 0 1  thc packing requirements of the bulky ligands. The 
four Tc-P distances are almost identical at 2.41(1) A. The average Tc-CI bond dis- 
tance is also 2.41 A. The CI-Tc-CI angle is 178.8(1)". l'he P-l'c-P(cis) angles arc 
nearly rectangular while the angles P-Tc-P(trans) are 164" [411]. 

The neutral diarsine complexes [ I ' ~ ' ~ ( d i a r s ) ~ X ~ ] "  (X=CI,Br,I) arc long known and 
are obtained by reducing the 'Tc(1II) compounds [ I ' c ( d i a r ~ ) ~ X ~ ] X  with HJ'02. The 
yellow to brown non-electrolytes are slightly soluble in nitrobenzene and nitro- 
methane. 'The magnetic moment of the complexes range from 1.9 to 2. I M.B. at 20 'C. 
They are isostructural with the analogous complexes of Re(I1) 179.4121. 

C(6)  

Fig. 12.78.A ~urr .~-d ic t~ loro-c . i r -b is (d imL. th~l~l~e~~~l~l~osphi~~e)-b is (  1,2-dirnethylphosphino) 
ethane-trclinctium(II). ['fcCl,(3~le2PhP)7 (dmpe)]' 15291. 



12.6.2 Oxalato, thiolato, thiocarbamato, and thioethcr complexes 

'Ibe neutral complex [Te(ox)( dppe)?]" (ox = oxalato) was synthesized by reacting 
TcOJ jn ethanol under nitrogen with dppe and ox;ilic acid. Orange-red crystals o f  
[?'~(ox)(dppe)~]".K~PF6].1 .S H 2 0  crystallize in the triclinic space group P i  with 
n=16.991(13). h=18..301(8), c=19.114(12) A. x=91.06(4). p=113.07(7). ;~=91.25(4)'. and 
%=4. 'The compound is paramagnetic. llie Tc atom is hexacoordinated by four P 
atoms o f  the two dppe ligands and two 0 atoms of the bidentate oxalic acid. 'I'he aver- 
age 'Ic-P bond distance is 2.42 A and the average Tc-0 distance is 2.13 A 15301. 

[ T~"(SC~H~-4-Cl)~(dnipe)~]"  was obtained as both cis and t i - m s  isomer when rrrrns- 
[ ?'c''O(OH)( d m p ~ ) ~  J [ PFh]2 was reacted in  ethanol with 4-chlorobcnzenethiol in the pres- 
ence o f  a small amount of NaOH. The Tc(V) cation is both reduced and ligated by excess 
thiol. Ked-black r-i.s-[l'c(SC~,Fl~-4-Cl)2(dnipe)2]o crystallizes in the orthorhombic space 
group Iha2 with a=10.4S40(14), h=16.505(2). c=17.783(4) A. and Z=4. The Tc atom 
resides in a roughly octahedral coordination. 71ie thiolate ligands are mutually cis, which 
is an unusual configuration for [TcX2D21'"' 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 lc-P (frn17.s to P) distance is 2.385(2) A, while the Tc-P ( r rms  to S) dis- 
tance of 2.439(3) A is lengthened. Red t~~it?s-[Tc(SC~€I~-4-CI)?(dmpe)~]~ crystallizes in 
the monoclinic space group P2Jc with a=9.882(2). b=15.311(3), c=10.285(2) A. 
8=96.226(12)", and Z=2. ' f ie  ligand arrangement is t rms octahedral. The bite angle of 
dmpe induces some distortion. 'Ihe Tc-S and Tc-P distances are 2.424(2) and 2.397(2) A, 
respectively. The isolation of the trow isomer is difficult because of its rapid isomenzation 
to the more stable cis foim. Thc half-life of this tmiz.s-ci.s isomerization in CHzC12 is about 
74 min at  room temperature. Cyclic voltammetry reveals a reversible Tc(TI)/lc(TII) redox 
couple for c i ~ - [ l c  (SC~€IJ-4-C1)2(dmpc)~~" at -0.182 V V S  the AglAgCI electrode [S31]. 

The phenylthiolatc-diarsine complex ~rans-[Tc"(SC,,H~)~(diars)~]', was prepared by 
reaction of t i a iz .~- [Tc"O(OH)(diars )~] [~~~,~~ with excess HSCf,HS in ethanol. similarly 
to the preparation of [Tc(SC6H?-4-C1)2(dmp~)l_]o. The blue-purplc /rarzs-[Tc 
(SC,H,)l_(diars),]" crystallizes also i n  the monoclinic space group 1'2,ic with 
a=12.406(2), b=14.924(3), c=9.838(2) A. /3=108.62(2). and %=2. 'The arrangement o f  
the donor atoms is approximately octahedral. l'he bite angle of the diars ligand is 
83.02(2)". The Tc-S bond forms an angle o f  8339)"  with the basal coordination plane 
defined by the four As atoms. The 'Tc-As bond lengths average 2.477 (2) A. The Tc-S 
bond distance is 2.410(2) A. Concomitantly with the preparation of tra/zs-['I'e 
(SCf,f J5)2(diars)2]", dark green cis-[? '~(SC~H~>~(diars)~J '~ is reported to be formed. but 
was not isolated from solution due t o  its high solubility. N o  interconvcrsion of the 
fr i im to the cis isomer was observed [463]. 

The red-brown complex salt ( T C " ( ( C H ~ ) ~ N C S S ) ( ~ ~ ~ ~ ) ~ ] [ P F ~ ] .  containing dimethyl- 
dithiocarbamate, was obtained by reacting r r n r z s - [ ' ~ ~ ~ O ( O H ) ( d e p e ) ~ J [ P F ~ ~ ~  with 
sodium diiiiethyldithiocarbainate and form-amidinc sulphinic acid as a reductant in 
an alkaline ethanoliwater mixture. Similarly. the analogous diethyldithiocarbalnate 
and pen tamethylcnedithiocarbarnate complexes were synthesized. [7'c"( (CH3)2NCSS) 
(dep~)~] [PF6]  crystallizes i n  the orthorhombic space group Pcn2, with rr=19.626(5), 
h=10.854(1). c= 16.725(2) A. and 2=4. Within the constraints of the chelate bite 



angles. the Tc atom resides in an octahedral arrangement (Fig. 12.79.A). The 
(CM3)1NCSS- bite angle is 71.5(1)". the depc bite angles are almost identical. at 
X1.8( I ) "  and 81.9( 1)'. The 'Ic-S bond distances average 2.449(6) A, the 'Ic-P distanccs 
2.43(2) A when thc trans ligand is a phosphinc, and 2.38(2) A when the t m m  ligantl is 
the dithiocarbamatc. Cyclic voltammograms for the dithiocarbamate (dtc) complexes 
reveal two reversible redox couples. 

'Tc"(dtc)(depe)2! +c- ( " 'c) [ T ~ ' ( d t c ) ( d e p e ) ~ ]  " 

[?'c11(dtc)(depe)2] ' (a0-" 3m) - l ' ~ ' ~ ~ ( d t c ) ( d e p e ) ~ ]  i e 

in 0.5 M [(C*H,)~N][CIO,]/DMFat a platinum disk electrode VJ Ag/AgCI [532]. 

C161 

C142l 

c1141 

l+ 
C1321 



When [ T c " O ( t n i t ~ ) ~ ] [ P F ~ ~ ] ~  (tmtu = tctt-amethylthiourea) was reactcd with dppc in 
DMF, brown crystals of [Tc"( (CH3)1NCSS)(dppe)z][PF~,I were obtained, containing 
the dithiocarbarnatc ligand. which is reportcd to be produced from the bonded tetra- 
methyllhiourea in the reaction medium. ['lc"{(CH;)zNCSS)(dppe)~~lPF~] crystallizes 
in the monoclinic space group P21 with u=l1.693(8), h=19.282(7), c=12.148(6) A. 
fi=104.78(5)", and %=2. The coordination geometry of l'c(I1) is ;I distorted octahe- 
dron. Thc Tc-P distances range from 2.413(6) to 2.473(6) A. The chelate P-Tc-P 
angles are S1.0(2) and 81.8(2)" [116], very similar to those of [Tc((CH~)~NCSS) 
(depe),] described before. 

A homoleptic thioether complex of Tc(l1) was synthesized by reaction of 
[Bu4N]Tc04 with 1.4.7-trithiacyclononanc (OS3) in refluxing acetone in the presence 
of SnC1, and H[BF4]. A dark brown precipitate o f  [ T C ( ~ S ~ ) ~ ] [ H F & . ~ M ~ C N  ivas 
obtained and identified. Thc compound crystallizes in the monoclinic space group 
P21/c with a=10.961(4), b=15.284(3), c=8.554(1) A, fi=l04.70(2), and 2=2.  Structural 
characterization by X-ray diffraction established the existence of a TcS6 core arising 
from two 9S3 ligands coordinatcd facially (Fig.12.SO.A) in a tridcntate fashion. The 
Tc-S bond lengths average 2.38 A. Torsional angles o f  9S3 itself indicate minimal 
deviation from those found i n  the free ligand. The magnetic momcnt 11 eff = I .8 B.M. 
at 310 K is consistcnt with that cxpccted for a low-spin d5 system with minimal orbital 
contribution. Controlled-potential electrolyses afforded the analogous pale yellow 
Tc(IT1) complex and the cherry-red air-stable Tc(1) complex (5331. 

1 *+ 
Fig. 12.80.A BIS-( 1.4,7-tritliinc~clononanc)-tcchnetium(lI). 
ITc(OS3)21' 15331. 

12.6.3 Complexes containing nitrogen heterocycles 

The pyridine complex [ T ~ C l ~ ( p y ) ~ ] "  was obtained by reduction o f  [ l ' ~ C l ~ ( p y ) ~ j " ,  sus- 
pended in pyridine. with Zn powder. The purple compound crystallizes in the tctrago- 
nal space group 14,lrrcd with ~r=15.641(4), c=16.S45(6) A. and Z=X. The Tc atom is sur- 
rounded by a nearly perfect octahedral arrangement of donor atoms (Fig. 12.XI.A). 
The Tc-N bond distance is 2.104(2) A and the Tc-CI distance 2.407(1) A. Thc CI-Tc- 
N angles of 90.5(1)" are almost right angles and thc CI-Tc-CI (180.0c) and N-Tc-If 



Fig. 12.Xl.A 7i.cirzs-dichloro-tetrakis(pyriciine) 
technctium(I1). [ l '~CL(py) .~] '  14.331. 

(178.9') angles are linear or nearly linear. [ l ' ~ C l ~ ( p y ) ~ ] "  exhibits in IS."-dimcthylacet- 
aniide (DMAC) reversible redox potentials for the Tc(II)/ Tc(IT1) and Tc(II)/Tc(I) 
couples o f  -0.38 and -1.33 V vs NHE, respectively [433]. 

The homoleptic 2,2'-bipyridine complex cation [ I ~ ( h p y ) ~ ] ~ +  was prepared by reac- 
tion of the frequently used precursor [TcC:li(PPhl)2(.MeCI)]~' with an excess of bpy in 
dry refluxing methanol. '1%~ deep blue compound [Tc(bpy)?][ PE'6I2 crystallizes in the 
trigonal space group P3cl with a=10.847(2). c= i6.299(3) A. and 2=2. [ l ' c (bpj~)?]~+ 
reveals cxact 0 3  symmetry. I h e  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 I\'-Tc-N bite angle of 76.2(4)O in the chelate ring. ?lie cyclic voltammo- 
gram indicated three diffusion-controlled reversible one-electron rcduction processes 
for [Tc(bpy)?l2+ in 0.2 M [NBu4][BF4] in MeCN at Eli2 of -0.34. -1.36. and -1.70 V vs 
SCE leading formally from Tc(I1) to 'l.c(-l) [281.410]. The EPK spectrum of  
[l'c(bpy)~][PFoJ2 was measured in acetone at 130 K. In the trigonally distortcd octahe- 
dral ligand field the unpaired electron occupies the dxy orbital. From the 9"Tc hyper- 
fine spectrum ii considerable covalent Tc-bpy interaction is expected [ 5341. 

The mixed-ligand 2.2'-bipyridine complex cis(Cl),rran.s( P)-['lcC12(PR/le2Ph)2(bpy)]o 
was obtained ;is a grcen precipitate, whcn ,~zer--[l 'cCI~(P~Me~~h)~] '  was reacted with 
excess bpy in refluxing ethanol and aqueous NaOH was added. Similarly, blue-purple 
c-is(Cl),r~-crrr ,s(P)-[l~c~l~(~~le~Ph)z(phen)]~ was synthesized, using 1,lO-phenanthroline 
instead of 2,2'-bipyridine. The phenanthroline containing complex crystallizes in the 
tetragonal space group P4,2,2 with a=10.666(2). c=24.610(4) A. and 2=4. Tc(l1) 
resides in a distorted octahedral environment and lies on a crystallographic two-fold 
axis that bisects the CI-Tc-Cl angle. Both chlorine atoms are f r m s  to the nitrogen 
atoms o f  the phen ligand. The Tc-P distance of 2.391 (2) A is significantly shorter than 
the Tc(ll1)-P distance of 2.461 (1) A in ci.s(CI).tl.cllz.~(P)-[TcCIZ(PMc,Ph)z (phen)]'  as 
a result of the greater n-back-bonding interactions in the lower oxidation state. The 
same applies t o  the shorter Tc(T1)-h' bond distance of 2.036(7) A. But the Tc(T1)-CI 
distance of 2.435(3) A is longer than the Tc(II1)-CI distance because the linkage is 



dominated by electrostatic interactions. The P'l 'c-P angle is 173.9( l)', the N-T-K 
angle 78.2(4)". and the Cl-7'c-CI angle %.8( 1)" 15351. 

The 2,2':6',2"-terpyi-idinc (terpy) containing compound t~ r r rw(P) - [ ' I cHr (P~e~Pl i )~  
(terpy)]S03CF3 was prepared by reaction of [ T C B ~ ~ ( P M ~ ~ P ~ ) ~ ] "  with excess terpy in 
ethanol and addition of NaS03CF3. The analogous complexes fmm( P)- 
[I'cCl( PMe2Ph)2( terpy) I [  S03CF3] and t r m s ( P ) - [  T~C'I(PEtPh)~(terpy)] [ PFh] were 
synthesized similarly. The green tro/7s(P)-[lcHr(PMczPh2)2(terpy)][SO:CF.~] crystal- 
lizes in the orthorhombic space group 1'2/2/2/ with o=lY.975(3). h=19.336(4). 
c=9.615(1) A. and %=4. Thc coordination geometry of Tc(I1) is again distorted octa- 
hedral. The equatorial positions are occupied by tlie three nitrogen atoms of  terpy 
and one bromine atom. The Tc-Br distance is 2.558(8) A, and tlie average Tc-P dis- 
tance 2.395) A. The shortest Tc-N bond length is 2.004(8) A [S351. 
[TcCl(PMe#h),(bpy)I ' was synthesized by  reacting [Tc~l*(PMe,Pli)2(bpy)1[ PF(,I 
with excess PMe2Ph in refluxing methanol and was isolated as the [PF6]- salt in dark 
needles. In addition the neutral, 2,2'-bipyrimidine (bpm) containing complex 
[TcCl2(PMe2P1i)~(bpin)]" was obtained as a dark microcrystalline solid, when 
[TcC13(PMe2Ph)?]" was reacted with bpm in relluxing methanol (435). 

The formal redox potentials b-1,2 of some Tc(l1) complexes determined by cyclic 
voltammetry are given in Table 12.17.A. The values were calculated from the 
average of the anodic and cathodic peak potentials, .El,? = (Ep,a+E,,,c)/2. The poten- 
tials were measured with a platinum disk electrode V S  SCE in acetonitrile containing 
0.1 M [ (C2H~)~KI[CIO,~] .  

Table 12.17.A. 1~rm: i l  recfou potentials of Tc( 11) complexes ISM]. 

Complex 'Ic(IV)/Tc(Ill) 'lc(III)/Tc(ll) Tc(II)/Tc(l) 
Ell2 IVI El12 I Vl Ell2 [VI 

[TcBr2( PMe?Ph)?( bpy) 1" 1.044 -0.040 - 

[TcCI:(PEtPh,)?( hpy)]' 1.080 -0.077 - 

[I'cCI~(PhIeZPh),(bp!.)l" 1.033 -0.1 28 - 

[ . I~Cl?(I 'hIe~Ph)~(phcn)  1' I .n39 -0.130 - 

[ T c C I ~ ( P ~ I ~ ~ P ~ ) ~ (  Mr:hl7?)]" 0.965 -0.189 - 

[TcBr(PMe2Ph)2(terpy)1 ' - 0.467 -I ,067 

[~I ' cCI(PM~~Ph)~( tc r l~y)  I ' - 0.440 -1.123 

[TcCI(PEtPh7)*(terpy)1' 0.4') I 1.072 

As a rule, analogous complexes containing bromide instead of chloride are easier 
to reduce and harder to oxidize. because bromide is a better 7c-acceptor ligand than 
chloride and is thus better able to stabilize lower oxidation states. Furthermore, analo- 
gous complexes containing PEtPh2 instead o f  PMe2Ph arc again easier to reducc and 
more difficult to oxidize, because the more phenyl-substituted phosphines arc bcttcr 
7i-acids that stabilize lower oxidation states [536]. 

The 1 ,lO-phenaiitliroline cation [I '~"(phen),]~'  was incidentally reported to have 
been obtained by reaction of [l'cC13(MeCN)( PPh3)l?]C' with excess phen in refluxing 



methanol [537.538]. [ T c ( p h ~ n ) ~ ] C I ~  was synthesized by reduction of NITI'I'c04 with 
NaBII, in isopropanol/watcr in  the presence o f  excess phen and NaCI. The violet 
compound was identified by a FAB mass spectrum. The magnetic moment /i,ff=1.89 
B.M. at 295 K is in good agreement with the spin-only moment for one unpaired elec- 
tron. The VIS spectrum displays well defincd bands o f  decreasing intensity at 615, 
560(sh), 495, and 403 nm [539]. 

Whcn the heptadentate Schiff-base ligand tris(4-(2-pqridyl)-~-a~a-3-buteii~IJamint: 
(tren-py.;), which is formed by condensation reaction between tris(2-aminoethy1)amine 
and 2-pyridinccarboxaldeh!.dc, was rcfluxcd in methanol with [TcC13(PPh3)(CH,CN)]', 
a purple fraction was obtained. Addition of NalPF6] gave purple crystals of [ l c  
(tren-pv3)][PF& ~. which crystallize in the monoclinic space group I'2,ic with a=15.082(1). 
h=10.7455(8). c=19.777(1) A, ['.=110.29(1)", and 2=4. Mcthanol may serve as a reducing 
agent. The complex cation shows a pseudo seven-coordinate capped octahedral geometry. 
The mean iinine N-Tc distance is 2.071 A, thc mean pyridiiic N-Tc distance 2.109 A, 
while the fertiaiy N-Tc distance is 2.933(7) A. The N(imine)-Tc-N(iniine) angles average 
103". Cyclic voltammetry shows a reversible Tc(II)/Tc(I) couple at  -0.45 V vs Ag/AgCI in 
CH?Cl2 with 0.1 M [Ru4N][C104] [540]. 

12.6.4 Complexes containing nitrosyl or thionitrosyl groups 

' lhe green compound rr-crrzs-[T~"(NH~)~(~'O)(H~O)]Cl~. the first identified nitrosyl 
complex of Tc(IT), was prepared by oxidation of the pink complex salt tram- 
[Ic1(N~13)4(NO)(H~0)JC1, (5411 with Ce(1V) in 2M HCIO4. The magnetic moment o f  
the Tc(1I) complex was found to be pef1=1.7 B.M. at room temperature. The composi- 
tion o f  the Tc(1I) complex was confirmed by elemental analysis. The band in the IR at 
1830 cni-' was assigned to the N-0 stretching vibration. The complex cation is stable 
in water only at low pH. In 3 M trifluoromcthanesulphonic acid thc redox potential of 
thc Tc(Tl)/Tc(l) couple was measurcd to be -0.80 V vs NHE [542]. The EPR spectrum 
of rr-~rn.~-[Tc~~(NH~)~(NO)(I-Izo>13. at 77 K indicates that the Tc atom is in an octahe- 
dral environment with a tetragonal distortion 15431. 

The reaction of Tc02-hydrate with N O  gas at 75 "C in 4 M hydrobromic acid gave a 
blood-red solution from which, after addition of [n-Bu4N]Hr, red crystals of [ / I -  

Bu4N][Tc(NO)Br4] were isolated. [Tc(NO)C14] was prepared by bromide substitution. 
[Tc(NO)Br4]- reacts with excess NH4NCS in methanol to give [Tc(NO)(NCS)s]'-, which 
\\as isolated in ink-blue crystals of the tetrabutylammoniuni salt. The compounds were 
characterized by elemental analysis, conductivity measurements and the IK spectra, 
which showed the N-0  stretch at 17YS cm-' for nitrosyltetrabromotechnet~ite(Il), and at 
1785 cm-' for the nitrosylpentaisothioyanatotechnetate(l1). A reversible one-electron 
couple at El,2=+0.14 v V S  SCE exists in acctonitrik [544,545]: 

[TC"(NO)(NCS)~]'- + e- tj [Tc'(NO)(NCS)~].~ 

Green leaflets o f  [ r z - B u t ~ N ~ [ l ' c ( N O ) ~ ~ ]  were obtained by rcaction of the  analogous 
bromo compound with [IT in refluxing acetone [546]. The EPR hyperfine spectra of 



[n-B~t.~N]~[Tc(NO)<'l.il. [n-But4r\j][Tc(NO)Br4], [n-Rut4N][I'c(NO)14]. and [Ph4AsI2 
[TC(NO)(NCS)~] in organic solvents were measured and evaluated and the formation 
of mixed-ligand complexes by ligand exchange reactions was studicd [546.547]. The 
frozen acetone spectrum of [~z-But4N][Tc(NO)l,I at 130 K is charactcristic for an axi- 
ally symmetric, randomly oriented S=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 
[Tc(NO)CI,]- and [Tc(NO)Br4]- 15481. [ A S P ~ ~ ] ~ [ T C ( N O ) ( N C S ) ~ ] .  dissolved in a mix- 
ture o f  CHC:13 and CH&12. was studied by EPR in the liquid phase and at 120 K in 
the froLen glass phase. Tc( 11) was again found t o  be in an axially symmetric environ- 
ment with g =1.92S. g.=2.045. A I =  0.0236, and A. .  =0.0095 cm-'. ~ l h e  results are 
explained by n considerable tetragonal distortion of the complex from octahedral 
symmetry 15491. 

[n-Bu4N][Tc(NO)Cl4] was also preparcd by reaction of [TcC1612- or [Tc0<'141 with 
NHzOH in methanol. Thc green crystals displayed IR absorptions at 1805 cm for 
the N-0 stretch and at 326 cm ' for the Tc-CI stretch [SSO]. Bright green crystals of 
[ IZ-BU~N][T~(~O)CI~(CH~( ) I - I ) ]  grown from methanol/dicthylether crystallize in the 
monoclinic space group f 2 ] / n  Lvith o= 11.350(10). h=11.4SO(5). c=22.1 54( 10) A, 
/)=91.5(2)". and Z=4. [ T ~ ( N O ) C ~ J ( C H ~ O € I ) ]  has a distorted octahedral geometry 
(Fig.12.82.A) with the nitrosyl and the coordinated mcthanol mutually trans and the 
four CI atoms in an equatorial plane. The ' lc atom resides 0.15 A above this plane 
towards the nitrosyl group. ' lhc bond angles Cl( l)-Tc-C1(2) and Cl(.?)-'I'c-C1(4) are 
172.5(1) and 172.8(2)", respectively. The 'Ic-K-0 bond angle is 175.5(10)' and the 
Tc-N bond distance 1.689(11) A. The ?'c-O(2) bond distance of 2.128(7) A is prob- 
ably elongated owing to the tram cllect o f  the nitrosyl group (55 I] .  

When [Tc(NO)C14]- in aqueous solution is hcated with acetylacetone. the mixed 
ligand anion [lc(NO)(acac)C13] is formed, which gives a red precipitate with 
[As(Ph),]Cl. [AsPh,][Tc(N0)(acac)C13] crystallizes in the triclinic space group P i  

C14 I u c12 

~-rnethanol-nitros~I-technet~te( I I ) .  
[551]. 



with lz=19.261(4). h=11.261(10): c=13.6S6(10) A. a=101.7(5). /?=9l.9(5). ;=97.3(5)", 
and 2=2. The N - 0  stretching vibration appears at 1770 cm-I. 'l'c(1l) resides in a dis- 
torted octahedral surrounding with two C1 atoms mutually in t rms position, the third 
C1 aton1 and the nitrosyl group are t r m s  to the oxygens o f  the pcntane-2.4-dionate 
ligand. The 'Ic-N-O bond angle is 158.6(33)", the 'Ic-NO bond distance 1.74(3) A 

[Tc(NO)C'13(PMe2Ph)2]o was obtained by reaction of [ ' I c C ~ ~ ( P M ~ ~ P ~ ) ~ ~ ] "  with NO 
i n  refluxing benzene. The black-green crystals melt at 175-177 'Y' and show N-(.I 
stretching vibrations at 1770 and 1795 cm I .  The EPR spectrum 0 1  the compound in 
C I  ICI.3 at 27.2 K is characteristic of an axially symmetric, randomly oriented S=1/2 
system with parallel and perpendicular sets of 99Tc hyperfine lines. The hyperfine lines 
are split into well resolved triplets arising from interaction o f  the unpaired electron 
with two equivalent 31P nuclei of the phosphine ligands. The hyperfine splitting shows 
remarkable covalent interactions [553]. [ T C ( ? J O ) C I ~ ( P P ~ , ~ ) ~ ] "  was synthesized when 
nitric oxide was bubbled through a suspension of [TcC113(PPh3)7(Me<:r)l~. The dark. 
microcrystallire solid of [ ' I ' C ( ~ \ ' O ) C I , ( P P ~ ~ ) ~ ] ~  showed an N - 0  stretching mode in the 
IR at 1805 cn- '  [409]. [Tc(NO)Br3(Me2PhP)?]" was obtained by refluxing 
[ T c ( N O ) C I : ~ ( M ~ ~ P ~ P ) ~ ] ~  in acetone with hydrobromic acid. The green crystals of the 
bromo complex melt at 184-186 'C. The N-O stretch Ivas observed in the IR at 1779 
and 1794 cin-'. [ l ' ~ ( N O ) l 3 r ~ ( M e ~ P h P ) ~ ] ~  is easily soluble in organic solvents. Its EPR 
spectrum displays a larger extent of covalency than the corresponding chloro complex. 
as is expected 15551. 

[l'cVNC:I2(Me2PhP);]" reacts with excess S2C12 in refluxing dichloromethane to 
form the red thionitrosyl mixed phosphineiphosphine oxide complex [(Tc(NS)C13 
( MeL?PhP)(Me2PhP0)]", which crystallizes in the orthorhombic space group 1'2/2,2/ 
with n=10.513(1), h=14.274(2), c=15.1S7(2) A. and Z=4. The coordination geometry 
o f  ' lc( I T )  is slightly distorted octahedral. The three C1 atoms arc coordinated nieri- 
dionally cis t o  the thionitrosyl group, the phosphine oxide ligand is arranged in trms 
position to the NS group. The 'Ic-N-S bond is perfectly linear. The Tc-N bond length 
is 1.746(5) A. The phosphine oxide ligand is coordinated via oxygen with a Tc-0 
bond length of 2.097(4) A. The Tc-P distance to the phosphine ligand is 2.464(2) A 

Very recently it was reported that the compound ITcVN(C1)(PPhMc2)2 
(K(SPPh2)2}]o, containing the bis (dip1ienylthiophosphoryl)amide anion,  reacts with 
S2U2 i n  CH2C12 to give frnn.s-[T~~~(NS)C1~(PPhMe~)~]~. The green solid crystallizes in 
the ti-iclinic space group 1'1 with n=S.682(2), h=S.S96(2). c= 15.096(3) A, r=97.7X( 1). 
/,'=93.04( I ) .  ;=106.41(1)'. and Z=2. Tc(I1) has again a slightly distorted octahedral 
environnicnt with the phosphine ligands trui7.7 to each other. The 'T'c-NS bond distance 
is 1.761(4) A. The 'Tc-N-S group is nearly linear with a bond angle o f  176.2(3)' 
(Fig. 12.83.A) [271]. 

were synthesized by reaction o f  [TcCI6l2- and [?.cHr6I2-. respectively. with trithiazyl 
chloridc, (NSCI)?. Yellow [Ph4As][Tc(NS)CI4] was obtained when [Ph4As]?['l'cC:lh] 
was reacted with (NSC1)3 in dichloromethane. 'Ihc N-S stretch of  the complex 
appeared at 1219 cn-I in the IR. Red-brown [Ph4As][l'c(NS)Hr,] was obtained by 

[ S52,55.3 I. 

[ S S h ] .  

The thionitrosyl tetrahalogeno complex anions [l'c(NS)CIJ] and [Tc("S)Br4] 



reacting [Ph4AsI2[ TcBr6] with (NSC1)3 in CH2Cl2, howcvcr. after refluxing the rcsi- 
due. dissolvcd i n  acetonitrile, with 40 % HBr, in order to avoid the formation of mixed 
chlorobromo compounds. 'lhc N-S stretching vibration was found at 1214 cm-'. Rcac- 
tion of [Ph4As][Tc(NS)Br4] with NH4SCN in acetonitrilehater yielded purple 
[Ph,As][Tc(NS)(NCS),] showing the N-S stretch at 1232 cm '. The complex salts are 
readily soluble in polar organic solvcnts, but they undergo considerable decomposi- 
tion by cleavage of the N-S bond and Cormation of the corresponding nitrido techne- 
tium(V1) complcxes [TCNX,~]-. The thionitrosyl complexes were characterized by 
their EPK paratnetcrs [SS7 ] .  Structural relationships dcrivcd from EPR spectra of 
nitrosyl and thionitrosyl Tc(I1) complcxes have been reported [558]. EPR investiga- 
tions on paramagnetic technetium complexes in general were reviewed in [559]. 

12.6.5 Dinuclear and polynuclear complexes 

The dinuclear complex of Tc( 11) with the formal composition K2[Tc2CI,] was obtained 
when KTcOJ in hydrochloric acid was reduced by inolccular hydrogen at about 
30 atm and 140 -'C in an autoclave. Thc dark brown crystals adopt the monoclinic 
space group Cc with a=8.287(2), h=13.956(3), c=8.664(2) A, 8=93.99(5)". and %=4 
The polymeric [I'c2CI6],,'- anions consist of binuclear fragments of Tc&ls linked by 
bridging chlorine atoms t o  infinite zigzag chains. The formula can be more inforina- 
tively written as [lczC14C14,2]2 . The rotational conformation is staggered. The struc- 
ture is strongly distorted from ideal Djd symmetry. Each 'Ic atom is surrounded by 
four chlorine atoms. Thc Tc-Tc distance [560] of 2.044(1) A is considcrably shorter 
than those in [l'c~Cl~13- and [Ic2<llsl' . For the Tc:+ core ;I triple bond based on a 
o'n'h'6 " electron configuration is anticipated. When changes of ri bond order are 
accompanied by changes in the metal oxidation state, thc T'c-l'c distance can be influ- 
enccd as  much or even more by the latter than thc Cornier. hccause 6 bonding is weak. 



'171~ change in oxidation state Tc;' to Tc t '  so enhances the c and n bonding that a 
substantial contraction in the l'c-Tc distance occurs. Furthermore, the staggered rota- 
tional orientation of the chlorine atoms may allow an additional small reduction in 
the Tc-l'c bond distance [561]. 

Some ditechnetium(I1) chloro phosphinc complcxes were synthesized by reduction 
o f  the corresponding TcCI4 phosphinc compounds in benzene or THF with finely 
divided metallic Zn: 

(PK3 = PEt3, PPr3. PMcPh2. PMc2Ph) 

The purple. diamagnetic solids are readily soluble in aromatic solvents and dichlor- 
omethane. [ I ' c ~ C ~ ~ ( P E ~ . ~ ) ~ J "  crystallizes in a body-centered cubic lattice of the space 
group 14317~ with a=12.3261( I )  A and Z=2. [Tc2C14(PMe2Ph)4]o i n  the monoclinic 
space group C2/(, with n=17.613(5). h=9.957(5). c=23.861(6) A, /1=117.19(2)", and 
2=4, and [ ? ' c . , C ~ ~ ( P M ~ P ~ ~ ) ~ ] ~ ) . C ~ H ~ ,  in the monoclinic space group 1'2/lc with 
a=22.Y 10(2), b=12.236(2), c=21.550(2) A, \]=I 15.867(6)", and %=4. Each complex 
adopts an cclipscd Tc21 ,s conformation with approximate DZd symmetry. 'Ihe Tc-Tc 
bond distances arc 2.133(3), 2.127(1). and 2.1384(5) A for [TC~CI.J(PE~~)J]",  
[Tc2Cl4(PMc2Ph)4]", and [l'c2C14(PMcPh&]", respectively. In the structurc of 
[Tc2C14(PMcPh&]" the chlorine atoms reside in clefts described by the two phenyl 
rings o f  one cis-phosphine and by a phcnyl ring and one of the methyl groups o f  the 
other cir-phosphine. 'Ihe average Tc-CI bond distance is 2.372 A, and the avcragc 
Tc-P distance 2.434 A. The Tc-Tc-Cl anglcs range bctwecn 10Y.72(3) and 113.20(3)", 
and the Tc-Tc-P angles bctwecn 101.61(3) and 103.33(3)". 'l'he complexes contain a 
Tc-Tc triplc bond with a ( ~ ' n ' 6 ~ 6 ' ~  ground-state configuration. The cyclic voltammo- 
grams of each complex indicate two reversible one-electron oxidation proccsses [562]. 

[Tc,C14(PMe2Ph)4]c readily undergoes a one-electron oxidation in acetonitrile 
using ferroccnium hexafluorophosphate, [Cp2Fe]I PF6], as an oxidant. A green crystal- 
line product of the mixed-valent [Tc,CIJ(PMe2Ph),][PF,] was isolated in three diffcr- 
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, /?=Y6.39( 1)". and 2=4. The dinuclear cation 
adopts an eclipsed geometry (Fig. 12.84.A). The two ~ m z s - ( T c C l ~ P ~ )  corc fragments 
are rotated by 90" from cach other. rcsulting in D2d symmetry for the inner (Tc2C14P4) 
core. The avcragc 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 [ l ' ~ ~ < : l ~ ( P ~ e ~ P h ) ~ , ] " ,  consis- 
tent with an incrcase in the bond order from 3 to 3.5. The average Tc-CI bond lcngth 
decreases by 0.06 A from 2.394(2) to 2.333(2) A upon oxidation, while [he average 
Tc-P bond undergoes a slight increase in distance from 2.45(1) t o  2.485(2) A. The 
phenyl rings are directed away from the Te2 unit and lie parallel to the lc-Tc bond. 
The paramagnetism of the complex was confirmed by EPK spectroscopy. The elcc- 
tronic spectrum of ITc~CI~(PM~~P~)~]"[PT;(,] in acetonitrile reveals a broad absorption 
in the near-IR at 1418 nm that is characteristic of a 'I-c? corc possessing a a2n4fi26' 
ground statc electronic configuration. This band is readily assigned to an allowed 



Fig. 12.84.A Tctraclilorotctrakis(dim~lh~lphenylphos~~~iinc)-ditcchii~titim(II/III), ['I'c7CI4( Me:PhP).,]' 
[S63]. 

ri4'transition. One-electron oxidation o f  [ f ~ ~ C l ~ ( P M e 2 P h ) ~ ] "  with [Cp&'e]+ in 
the presence of bis(tripiieny1phosphine)iminium chloride yielded the neutral. orange 
compound [ T c ~ C I ~ ( P M ~ ~ P ~ ) ~ ] " ,  which is also paramagnetic. It adopts the monoclinic 
space group P2,lc with the unit cell parameters ~=11.134(1). b=l4.406(1). 
c=19.501(5) A, p=98.144(6)", and 2=4. The complex is structurally similar to 
[ T C ~ C ~ ~ ( P M ~ ~ P ~ ) ~ ]  ' and consists also of two eclipsed 'L'cL4 fragments. 'lhc Tc-Tc 
bond length is 2.1092(4) A [563]. 

[ T C ~ C I ~ ( P M ~ P ~ ~ ) ~ ] "  reacts at  150-160 "C with molten diphenylformamidine 
(Hdpf) to produce a rcd solid of [Tc2(dpf)4C1]". The displacement of three chlorides 
and the phosphine ligands is accompanied b y  the oxidation of the dimetal core from 
-rc.II to ~ ~ c l l ~ ~ c l l l  . [Tc2(dpf)4C1]0.C'7H8 crystallizes in the tetragonal spacc group 
f'4/ncc with a=15.245(2) A, c=21 .X32(3) A, and 2=4. Thc structure of [TcZ(dpf)jCI]" 
consists of four bridging formamidinate ligands. The molecule resides on a crystallo- 
graphic four-fold axis that is colinear with the 'I'c-Tc bond. The chloride occupies an 
axial position at a rather short distance of 2.450(4) A from Tc. The Tc-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 6 bond, the two TcNl fragments are twisted 
from an eclipsed conformation by I2.8(2)". 'l'he 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 o f  a distorted octahedron. Red-purple [Tcz(dtf)sClz]" (where 
Hdtf = N,N'-di-4-tolylforniamidine) was obtained in a similar procedure as used for 
the preparation of [ T ~ ~ ( d p f ) ~ C l ] " .  The coinpound adopts the monoclinic space group 
f'21/n with a=16.185(2), b=15.637(2). c=17.812( 1) A. /~=110.142(5)". and 2=4. The 
fourth bridging formamidinate ligand is replaced by an equatorial chloride. The mol- 
ccule maintains an essentially eclipsed conformation with the equatorial chlorides 
bound in a syn disposition. The Tc-Tc bond length of 2.0Y37 A is among the shortest 
observed for Tc-Tc metal bonds. 'Ihe six Tc-'l'c-N angles arc very close to YO". The 
results of molecular orbital calculations support the presence of a 02?r4d26' ground 



state configuration giving rise to a formal bond order of 3.5. Both compounds undergo 
reversible one-electron oxidation and reduction, presumably producing the rcspective 
TcSi and l c ; '  species [5641. 

b/hen the-.ditechnctium( 11) phosphine chloro complexes ITc2C14(PR,),]" ai-c acidi- 
fied with the strong acid IIBF4.Et20 in a mixture of CH3CN and CHzCll the blue 
coniples salt [ ' l 'c2(CH3C~)lo][BFJjj  is formed: 

This reaction takes advantage o f  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. [ ' I ' C ~ ( C H . ~ C N ) ~ ~ ~ ] [  BE',]J is readily soluble in 
acetonitrile and nitromethane. Its IR spectrum exhibits CN stretching vibrations at 
2330 and 2302 cm-'. ' h e  compound appears to be diamagnetic. It  reveals in acetoni- 
trile a reversible one-electron reduction process at E1;2=-0.82 V 1's Cp#e/('p&k+. 
[Tc2(CH3CN)x]" was obtained as the mixed ligand complex salt [TC~(CTI~CN)~ 
(CI.'3S03)21[BFI]2.CH~CN, which adopts the tetragonal space group P4,2,2 with 
n=12.181(2), c=27.385(3) A, and Z=4. The structure of [Tc2(CH3CN)8]J+ consists of 
two Tc( CH3CN)4 fragments bound by a short lc-Tc bond. The fragments are stag- 
gered with respect to each other resulting in a torsion angle of 43.5(1)". The Tc-lc 
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-0 distance of 2.414(6) p\. The mean 
'Tc-N distance is 2.079 A, the mean N-Tc-'Ic angle 9X.2" [396]. 

Acetonitrilc solutions o f  [ ' ~ C * ( C H ? C N ) ~ ~ ] [ B F ~ ] ~ ,  when exposed to a 1000 W Hg 
vapor lamp, lose their intense blue color by photodissociation of thc 'Ic=Tc triple 
bond. Trradiation into the absorption band at 616 nm appears to be responsible for 
the photolysis. The isolated dissociation product [ T C ( C H ~ C N ) ~ ] [ R F ~ ] ~  o f  salmon color 
crystallizes in the monoclinic space group P2,/c with a=8.1750(9), h=8.3775(7). 
c=16.256(2) A, p=92.058(5)", and Z=2. The 'I'c atom is ligated by six acetonitrile lig- 
ands in an octahedral arrangement. l h e  Tc-N bond distance is 2.062(4) A and the 
N-Tc-h' anglcs are in the range of 88.8 to 92.1". The C=N vibrational modes appear in 
the IR at 2280 and 2319 cm I. The magnetic moment of [I'C(CH~CN)(,][RF,]~ in solu- 
tion is yCff=2.1 R.M. Cyclic voltammograms in acetonitrile exhibit a rcversiblc reduc- 
tion at -0.81 V vs C p 2 k  corresponding to the Tc(II)/Tc(I) redox couple [565]. 

More recently the reduction o f  [ I c ~ ( C H ~ C N ) ~ ~ ~ ] [ B ~ ~ ] ,  in acetonitrile by cobaltocene 
(Cp2Co) yielded thc Tc(1)-Tc( 11) mixed valence compound [ Tc2(~i,rl1,'/*-CH3CN) 
(<'H3Ch')IO][RFJ]3 as a red-brown solid. The two Tc centers are reported to be linked to- 
gether via a ,~,ril,ri'-acetonitrile ligand. [TC~(~.~~*,~~~-CH~CN)(CH~CN)~,] [BFJ]; is readily 
soluble in acetonitrile and is air sensitive in both solution and the solid state. There are 
two crystal log rap hi call^^ distinct Tc2" cations in which the two l'c atoms are bridged by 
an acetonitrile molecule that is bonded to one Tc center via the lone pair on thc nitrogen 
atom and to the second atom in an 11' fashion using the filled r-orbitals of the G N  triple 
bond. Both Tc atoms reside in quasi-octahedral environments. The Tc-Tc distances o f  
4.037(2) and 4.O28( 1 ) A preclude any metal-metal bonding interactions. 'I'he two 
TC(CH~CI%)~ fragments are in staggered confoimation with ;in estimated torsion angle of 



5433)".  [Tc2(,p,q',$-C1 I~3CN)(C:H3('h'),,,] [BFI]34M3 CH3CN crystallizes i n  the triclinic 
space group with ~i=12.658(4). h=16.513(4). c=19.495(6) A. 1=90.21(2). /j=99.33(3). 
y=90.18(3)". and 2=4. Thc 1R absorption at 1822 cm ' was assigned to thc ('N stretching 
\3x-ation of the p,q'.$-nitriIe ligand [566]. 

Polyniiclear complexes of low valent technetium have been extcnsively studied by 
Russian researchers. Halogeno complexes arc selcctively compiled in l'able 12.1 8.A. 
The compounds were prepared by reduction o f  HTcOl in conc. hydrogen halide solu- 
tions with niolccular hydrogen under a pressure of 3-5 MPa at  140-220 ' (1 [567]. 

Structural data of 'Ic(I1) complcxes are reviewed in Table 12.19.A. 

Table 12.1X.A. Selected polynuelear halogeno complexes of low valcnt technetium [S67,568]. 

Complex Tc cluster Tc-TC References 
geometry multiple bond 

distance IAI 

trig. prism. 

trig. prism. 

trip. prism. 

trig. prism. 

trig. prism. 

tctrag. prism. 

tetrag. prism. 

tetrap. prism. 

octah. 

2.16 

2.22 

2.19 

2.1s 

2.17 

2.15 

2.15 

2.16 

Table I2.1Y.A. Some structural data of selccted 'I'c(l1) complexes. 

[SOY 5711 

[ i72] 

1570,571 1 

~ 7 2 1  

I5731 

[574-576] 

[574.575.578] 

jS74.5751 

15771 

Complex <;eometry TC-I, [A] pea [ B.M.] References 

12.6.1 

('I'cRr ,Iz tetrah. 

/ r m - [  I cCI*(tlppe)*j' octah 

2.401 [280,281] 

2.424 (Tc-CI) 

2.44 ( T - - P )  [397.528] 
2.04 (Tc-K) 

2.309 (Tc- P)(dmpe) - [529] 

2.431 (-re CI) 

2.41 (I'c-CI) 

2.428 (Tc P) 2.05 [ 390) 

2.435 (l'c-P)(PMczPh) 

2.41 (Tc-1') 1.4 [4111 

I .Y- 2.1 179.4121 

12.6.2 

rl'c(ox)(dppe)zl" octah. 2.42 (Tc-1') paramag. [ S N ]  
2.13 (Tc-0) 



'l'able 12.19.A. ('ontinued 

Complex 

[Tc( 9S3),I2' 

12.6.3 

rrnns-[TcC12(py) ,I" 

p.c(hpy)3]'+ 

[fcClz( 1'Me2Ph))(phen)]" 
cis(C1). trtrizs(P) 

ll'c(phen);]' 

[ Tc( ti-cn-py3)1'+ 

rr.unr( NO)-[Tc( NO)(acac)Cl?]- 

tra/is(NS)-[Tc(NS)CI7(~~c #hP) 
( M c ~ P ~ P O ) ] "  

('1'c2ClS(PMe2Ph) ;J" 

octah. 2.424 (Tc-S) 

octah. 2.424 (Tc-S) 
2.397 (Tc-1') 

oc t ah. 2.410 (Tc-S) 
2.471 (Tc-P) 

octah. 2.449 (Tc-S) 

octah. 2.439 2.448 (Tc -S) 
2.413-2.373 ('1-c-P) 

trig.bipyi-. 2.38 (Tc-S) 
.. .. .. 

octah. 2. I04 (I'c-K) 
2.407 (Tc-CI) 

octah. 2.077 (1c-K) 

2.086 (Tc-N) 
2.435 (Tc-Cl) 

2.558 (Tc-Ur) 

octah. 2.301 (I'c-P) 

octah. 2.399 ('IC-P) 

octah. 

octah. 2.071 (Tc- K,n,il,c) 
2.109 (Tc-N,,,) 

oct ah. 

octah. 1.689 (fc-N) 
2.128 (Tc-0) 

octah. 1.74 (Tc-S) 

octah. 1.746 ('Ic-N) 
2.097 (Tc-0) 
2.461 (Tc-P) 

polym. chain. 2.044 (Tc-'l'c) 
staggcrcd, LXld 

/ 1 2 d .  eclipsed 2.1384 (Tc-'l'c) 
2.372 (I'c-Cl) 
2.4S-I (Tc -1') 

2.333 (Tc CI) 
2.4S5 (1 c-P) 

eclipsed 2.1OY (Tc-'l'c) 
2.33-2.35 (Tc-Cl) 

D2d. eclipsed 2.1074 (I'c-Tc) 

2.46-2.4s (.I'c-P) 

peff IB.hl.1 References 

- [531] 

15311 

14631 

1.8 [S33] 
.. . .  

- (4331 

paramag. [410] 
- [ S S ]  

1.7 15431 
- 155 I ]  

paramag. (%3] 

paramag. [563] 



Table U.19.A. Continued 

Complex <;cometry Tc-L [A] pen [B.M.] References 

[Tc~(dpf)~CI]" cclipsed 2.1 19 ('I~c-'I'c) - 1564 I 
2.450 (Tc-CI) 
2.1 1 1 (Tc-N) 

2.079 (I'c-N) 
[TC.(CI- I~CN)~(O~SCF~)~~L'  I1 staggered 2.122 (Tc-Tc) diarnag. 1306] 

12.7 Technetium(1) 

In spite of the expected sensitivity of Tc(1) complexes to oxidation. a surprisingly 
great number of compounds has been synthesized and identified. In particular the 
numerous carbonyl containing complexes are remarkable. Most of the known technc- 
tium carbonyl compounds appear in the oxidation state +l. In addition many isonitrile 
and nitrosyl complcxcs have been prepared and characterized. The prevailing coordi- 
nation geometry is thc distorted octahedron resulting in diamagnetism of the low-spin 
d6 compounds. The striking stability of many hexa-coordinate Tc(1) compounds may 
be understandable when one considers the 18-electron rule that also explains the 
stability of the interesting diarene complexes. In cyclopentadienyltricarbonyI and 
related 'Tc(1) compounds the characteristic "piano stool" structure is observed. 

12.7.1 Cyano and isonitrile complexes 

Potassium hexacpanotcchnctatc( I ) ,  Kj[Tc(CN),]. was obtained by reducing an aquc- 
ous solution of TcO2-hydrate in conc. KCN u.ith potassium amalgam undcr rigorous 
exclusion of oxygen. The bright olive-green precipitate crystallizes in a cubic facc-cen- 
tered lattice with the lattice constant of 12.106 A. The compound is isostructural with 
KS[Mn(CN),] and KS[Re(CN),]. The lattice constant of K5[Re(CN),] is only 
12.033 ii. 'Ihe C=N stretching vibration of KS[Tc(CN),] was found in the IR at 
1950 cm-I. In aqueous solution the complex shows an absorption in the visible at 
810 nm, which disappeai-ed rapidly by oxidation of the solution in air [579.580]. The 
Kaman and 1R spectra of K,[J'c(CN),] were recorded in the range 4000 to 40 cm I .  

'I'he calculation of the force constants was based on the generalized valence force 
field. The low C=N valence force constants indicate the relatively strong n-bonding 
character of the tcchnctiumn-carbon bond. The Tc-C valence force constant was found 
to be 1.864 mdync/A [SXI]. 

Hexakis(alkylisonitri1e) and hexakis(arylisonitri1e) complexes of Tc( I), [Tc(CNK),] ' , 
were prepared by reduction of T c 0 4  in aqueous solution with Na2S204 in the presence ol 
the isonitrile ligands. White, crystalline hexakis(ter-t-butylisonitrile)technetium(l) hexa- 
fluorophosphate was obtained by refluxing a mixture of water and ethanol of pH 12 com 



tainiiig KHiIcO,,. rer/-butylisonitrile and h'azS1?(l4 and precipitating the complex salt 
with NI14[PF6]. ['lc( C"C(C€13)3)6][PF6] is air- and water-stable and soluble in polar 
organic solvents [W). The compound crystallizes in the tctragonal space group t4/in with 
m=15.841(2), c=16.899(2) A, and Z=J. The complex is almost octahedral with'rc lying on 
a 2/ni site symmetry. 'l'hc Tc-C bond distances are 2.02Y(5) A. The angles around Tc(1) 
are nearly rectangular or linear [58.3]. In addition to (Tc(CN(.:(CH~)~)~,][PF~,J. the hexa- 
fluorophosphatcs of hcxakis(mcthylisonitrilc), hcxakis(phcnylisonitrile), and hexakis 
(cyclohexylisonitrile) were synthesized under similar conditions. The C=N stretching 
modes o f  thc complexes appear in the TK as intense absorptions hetwccn 2130 and 
2040 ern..'. Voltammetric studies in acetonitrile reveal a reversible one-electron oxidation 
at 0.82-0.88 V vs SCE. [Tc(CNPh)(,l[PE;,j is somewhat harder to oxidize. exhibiting a 
reversible oxidation at 1.1s V vs SCE [582]. 

Synthesis and characterization ol' a technetium( I )  hcxakis(isonitri1e) complex con- 
taining a terminal mcthyl ester group, [Tc(C~C(CH3)?COOC€TR)61', was reported in 
iturk t o  develop ncw myocardial perfusion imaging agents. 'The cornpound was  
obtained in the same way as described above using excess 2-(carbomcthoxy)-2- 
methylcthylisonitrilc. The octahedrally coordinated. diamagnetic complcx shows a 
strong C=N stretching mode at 2093 cm I ,  Addition o f  6.5 equivalents of NaOH in 
methanol/Hti?O produced the hydrolysis product [Tc{CNC( CH3)2COOH}6] '. Nine 
intermediate carboxylic acid containing species were separated and identified [584]. 

Hcxakis(a1kylisonitrile) complexes of Tc( I) arc an important class of potential 
radiopharmaceuticals. Some ""Tc NMR chemical shifts of selected [~ 'C(CNK)~ ,~ -  com- 
pounds are compiled in Table 12.20.A. 

Tdhk 12.20.A v?c NMR chemical shifts d [Tc(CNR)(,]- cations in ppin vs the shift of ""rc0, as the 
reference at 0 ppm.(D20) [SSS]. 

Compound Chemical shift Solvent 
lppml 

[ I'c( CNCI ' - 1916.5 CD ;OD 

[I.c(CNCI I2CHj)e,]- - 1916.4 CD,CI I 

[Tc(CSCH~CI I:C'Hi)h]+ - 1028.7 CDC'IJ 

p(ch-c-r r(cH3)2j,,1+ - 10153 CDCI3 

rI'c{CNCI I;(CH)(CHx)2)6]' 19.38.8 CDCI, 

[Tc( CNC(CH.,).3J,i] ' - 1914.0 CDCI; 

[Tc(CN(C'H?)jCHS}hl- - 1930.3 CDC'I3 

[.I'c( CNCJI, - 1938.8 CDCl3 

(Tc(C:NCe,Hs),I - IS89.3 CDCI? 

[Tc(CNC;,H3(CH3)~J,]+ - 1893.6 CDC'I1 

[TcjCKC(CI 13)~cOc)CII;]h]' - 1936.6 SO EtOIliD20 with CDU;  

[I'c( CXCl I?COOCH?CI 1 +)(,I - 1935.9 50 ?4, EtOl I/DzO with CDCI, 

[Tc((:NCHzCOOCH ; )6 , ]+  - 1Y36.3 SO ?4, EtOH/DZO with CDCI, 

(TcjCN-C( CH,i),C001 I ) d  1936.6 50 7" LtOH/D.O with CDCI:, 

[l'c(CNCH2C(CH~)~OCH1),]+ - IUSO.3 CI)C'I3 



As would be anticipated for a quadrupolar nucleus. the inore symmetric molecules 
produce very sharp lines [SSS] .  In addition. the mixed ligand isonitrile complex cations 
[Tc( CNC(CH3);Jk( CNC6HI and [Tc( CNC(CH3)3]k( CNCH7.COOC2Hi](, k] + 

were obtained by refluxing [Tc(tli)6](--I; in methanol with mixtures o f  the correspond- 
ing isonitriles. Excess of thioureatechnetate(1ll) acts as the reducing agent. 'Ihe molar 
ratio of the isonitrilc ligands i n  the mixed ligand complexes was determined by the 
'"'l'c KMR spectra [586]. 

Several mixed ligand isonitrile complexes containing phosphines have bocn synthe- 
sized. 7;~~/7s-[Tc(CNC(CH3)?}*(dppe)?][ PF(,J and trnns-[l'c(CNC~,HI 1)2(dppe)2][PF6] 
were obtained when ['l'c'(r\.2)H(dppe)71;' and the corresponding isonitrile ligand were 
refluxed in methanol and K[PF6] dissolved in methanol was added. Colorless. dianiag- 
nctic crystals precipitated. ?iun.s-[l'c(C'NC(C'I-13)3)2(dPPe)~][ PF6] melts at 285-286 "C 
and exhibits C=K stretching vibrations in the IK at 2049 and 2079 cm-'. W ~ K -  

[Tc(C~CCoHIl)?(dppe)2][t.'E6] melts at 313-314 "c and the C=K stretches appear at 2058 
and 21 15 cin-l 15871. 7i-iuu-[Tc(CNC(C'H3)3)2(dPPe)z]lPF6] can also be prepared by rcac- 
tion of [Tc(tu),I3+ with a mixture of CNC(CHI); and dppe in refluxing ethanol and prcei- 
pitation with [PF(,] . 'Ihc complex salt crystallizes in the triclinic space group P i  with one 
moleculc of ethanol. I h e  lattice parameters are n=Y.999(5). h=12.059(5). c=l3.776(7) A. 
x=113.55(2). /l=92.1S(3). ;~=lOl.S0(3)". and %=1. The coordination geometry of 'l'c(1) is 
distorted octahedral with the isonitrile ligands trans to each other. 'I'he Tc-C bond dis- 
tance of 2.034 A agrees well with that in [TC(CNC(CH:~)~)~]-  [S83]. The Tc-C-N-C group 
has an almost linear arrangement. The mcan l'c-P distance is 2.426 A. T I . r r t w  
[Tc(CNc'(C€I,)?}2(dppe)2][PF~,] undergoes. in  0.2 M [ Bu4N][BF4]/'IHF, at the Pt elec- 
trode a reversible one-electron oxidation at 

Reaction of NHlTc04 with triphenylphosphine and tert-butylisonitrile in refluxing 
ethanol yielded (Tc(CNC(CH;),),(PPIi~~] + and [?'C(CNC(CH~).?)~(PP~~):]' as a func- 
tion of the inolar ligand ratio. Both complexes were precipitated as hexafluoropho- 
sphate salts. The presence o f  a single 'H NMK resonance in the alkyl region for 
[Tc(CNC( CH3)3)4(PPh3)2]' points to the t m i s  configuration. The 1R spectra suggest 
that the isonitrile ligands in both compounds are linear. 'Lhe reversible one-electron 
oxidation of [Tc(CNC(C'H?)3}5( PPh;)] [PF6] and [ Tc( CKC( CH3)3)4( PPhl)2] [ PF6] in 
CH3CN/ [Hu4N][CI04]  was observed at 0.81 and 0.79 V vs SCE, respectively [589]. 

When r,zrr-[Tc(PMc7Ph)~CI:1]" in re fluxing ethanol solution was reacted with trrt-butyl- 
isonitrile: the complexes f~rr/u-[l'c(C~\:C(CH)?IJ(PMc2Ph)~]- and [Tc(<'NC 
(CH3)3]5(PMe2Ph)] ' were obtained and again isolated as [PF(,]- salts. ' f ie  first complex 
salt gives only one 'H IVMR 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. ?i.ar?s-[l'c(CNC(CI~.;).~}J(PMe7_Ph)2][PF6] crystallizes in the monoclinic space 
group C2/cwith a=17.Y3(Y). 0=9.878(6), c=25.675( 19) A. fl=tO5.29(S)". and 2=4. The ge- 
ometry around the Tc atom is distorted octahedral (Fig. 12.8S.A). The 'L'c atom is located 
on an inversion center. The angles around the 'I'c atom are close to 90 and 180". The Tc-C 
distances range from 2.036( 15) to 2.045( 13) A. The Tc-P bonds of 2.389(3) A are quite 
short caused by the presence of  multiple boncling. The isonitrile ligands are linear, the 
average Tc-EIV angle is 175(1)'. Tc(CNC(CIl;);}i(PMczPh)][PF6J ciystallizes in the tet- 
ragonal space group 1-'4//1 with ii=29.561 (ll), c=10.614(5) A. and 2=8. 'Ihe coordination 

= 0.91 V L'S SCE [588]. 



l+ 

Fig. 12.85.A 
(dimethylph 
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geometry of Tc is again distorted octahedral. The trans C-Tc-C angles are 17S.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)and2.064(18) A [590]. 

[Tc(CNC(CF~3)3]4(br,y)][PFh] was prepared by reaction of NH4Tc04, 2,2'-bipyridine, 
tcrt-butylisonitrile, and Na2S204 in a refluxing alkaline aqueous-ethanolic solution and 
precipitation of the formed complex with [PF6] . 'I'he red-orange complex salt is reported 
to be obtained also by irradiating a mixture of [Tc(CNC(c'H,),),][PF61 and 2,2'-bipyridinc 
in acetone with ultraviolet light for some days. [Tc {Ch'C(CHj)3}4(bpy)][P~6] crystallizes 
in the orthorhombie space group PDca with a=2S.O60(8), h=18.717(3), c=15.769(8) A, and 
2=8. The coordination sphere is again a distorted octahedron. The most prominent fea- 
ture of thc structure is that one of the isonitrile ligands, which is t r m s  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 T - C  bond distances range from 1.90(2) t o  2.04(2) A, while the average 
' I ' c -N~~,~  distance is 2.16 A. CN stretching vibrations appear at 1917,2052. and 2137 cm-'. 
' the addional stretch can be accounted for by a lowering of symmetry due to the varying 
degrees o f  C-N-C bending. A series of other isonitrile complexes with bidentatc aromatic 
ainine ligands like [l'c(CNterr-Hu)~Me~phen~[PF6], [Tc(CNrerr-Bu)4(Me2bpy)][PF6], 
[l'c( CNtert-Rut)4( phen) 1 [ PFc,]. [I'c( CNfer t -B~)~(  N02phen)] [PF,], [ Tc( CNterr-Bu), (Me- 
phen)][PF6], [l'c(CNM~)~(bpy)][PF6], and [Tc(CNmxyl)4(bpy)I[ PF,] (where C"mxy1 = 
2,6-diniethylphenyl isonitrile) were synthesized and characterized. Most of the com- 
pounds exhibit one-electron reversible oxidation waves of similar values at around 
0.4 V vs SCE [591]. 

[Tc(CNtert-Bu);(CO)~]NOj was obtained when (NEt4]2(TcC13(CO)j] was reacted 
in methanol with CNfert-Ru and the complex cation precipitated with [Nt;,t,]NO.;. 
The colorless crystals of [l'c(< ' N t e r t - B ~ ) ~ ( C O ) ~ l N 0 ~  adopt the orthorhombic space 
group 1171112 with a=16.070(2). h=12.028(1). c=12.34+( 1 )  ;\. and 2=4. Tc(1) is coordi- 
nated through a ,fizcial arrangcment of three carbonyl and three isonitrile ligands in an 
almost octahedral geometry. The averagc Tc-Ch' bond distances of 2.088(3) A are sig- 



nificantly longer than in ['J'c(CNfer-t-Bu),] ' of 2.029(5) A. Thi\  finding can be 
explaincd by the stronger x-back-bonding of the CO ligands. The 'Tc-C'O bond lengths 
average 1.949(3) A. The bond angles N-C-Tc are close t o  180" [592]. 

Thc hexacoordinate complexes ITc1(CNR)6][PF6] readily undcrgo oxidative addi- 
tion with X I !  (X = (-1. Br) to provide the seven-coordinate, light-yellow complcx salts 
[ Tc"'( CNR)6X] [PFc,]2 [394]. 

12.7.2 Phosphine, phosphite, phosphonite, and phosphinite complexes 

Excess 1,2-bis(dimethylphosphino)ethane (dmpe) reacts with TcOJ in alkaline cthanolic 
solution under rigorous conditions at 150 "C to form [Tc(dmpc)3]+ in high yield. The cat- 
ion was prccipitatcd with [PFf;], CI04, F3CSCl3-, orF . The ""Tc NMR spectrum with the 
scvcn-line splitting pattern is consistent with one 'Tc atom being bondcd to six equivalent 
phosphorus atoms. [ ' r~(drnpe)~]  ' is colorless, as expected for a lowspin: diamagnetic d6 
complex of n-back-bonding ligands. EXAE'S (cxtendcd X-ray absorption fine structure) 
givcs a Tc-P bond distance of2.40 A and a coordination number of 6 12391. [T~(dmpc)~]+ 
is reversibly oxidized t o  Tc( 11) in non-aqueous media: 

[T~'(dmpe)~]+ t) [Tc"(d1npe)3]~' + c- 

Cyclic voltamnietry on a platinum disk clcctrodc, using 0.5 M [NEt,]CI as a sup- 
porting electrolyte: reveals in propylcne carbonate a rcdox potential of El,? = 0.329 V 
vs AgiAgCI. For ['rc1(depe)31 ' the potential was found to be only 0.166 V. indicating 
that [Tc(depe)?] ' is considerably more easily oxidized [593]. The above elcctron- 
transfer reaction has been thoroughly studied kinetically [594-596]. Electrochcrnical 
reduction of [Tc"'C13(PMe2Ph)3]" in acetonitrile was reported t o  produce [Tc'CI 
( P M C ? P ~ ) ~ ( M ~ C N ) ~ ] "  [ 4051. 

[Tc'Cl(dppe)?]" was prepared by reduction of [TcCIJ(PPh3)2]", suspended in bcn- 
zenc, with zinc powder in the presence of dppc. Dark grccn, air-sensitive 
[TcC1(dppc)2]"C-/Hx crystallizcs in the triclinic space group 1'1 with a=12.920(3), 
6=13.115(3). c=16.091(5) A. r=101.09(3), //=Y5.96(3), ;,=111.85(3)". and Z=2. The 
coordination geometry is a distorted trigonal bipyraniid. The Tc-CI bond distance is 
2.432(2) A. The Tc-P distances range from 2.240(2) t o  2.376(2) A. Treatment of 
[? '~Cl(dppe)~]~ in THFwith €I2  gas results in  the formation of the q'-dihydrogen com- 
plex fia,is-[Tc(H2)<:l(dppc)~]~. This reaction is completely reversible: 

PPh3 Cl 
Ph2 



' ~ C l ( d p p c ) ~ ] "  b!, simply heating i n  lolucnc I W / ] .  

ovides a rich chemistry and undergoes facile reactions with small 
ienylacetylene is added to a solution of  [?'cC'l(dppc))-l' in I'HF. 
utiori changed from grew to orange m d  t h e  ncutrnl vinvlidcnc 
IPh(Cl)(dppe) ! I '  is formed. [?'c= C=CHPh(Cl)dppc),J . I  .S C(,H,, 
: platcs arid adopts the triclinic spscc group ZIT tvith 0=10.175(3). 
15(9) A, tz=96.09(3). /1=03.17(3), ;~:107.80(2)". and Z: :2. The coor- 
of T c  is a distorted octahedron. The 'l'c=C bond length of 
cnt with thc assignment of ;I double bond. Thc 'J'c=C=C' mgle is 
w)(x):'. TIIC nican ~rc-r distance is 2.40 A and the I'C-CI distance 
,111 of a THF solution o f  (Tc.=C=('HPh((:l)(dppc)~J" with HHF4 
loss o f  color and the fommation o f  t he  cationic carbync complex 

Ippc)21+: 

CI CI 

ne) distance is 1.72 A. l'hc carbytic complex salt [Tc=C-<'Hztcrt- 
iJ] crystallizes in colorless cubes. Thc structure of thc cation is clis- 

phosphinc-phosph itc complex [Tc( dppe)( t mp).,J+ con t ;t  i 11 i ng trj - 
tip). P(OCHJ).3, wits obtained bv reaction of [ I'c[NJ)H(dppc)2]- 
lip in refluxing mcthanol. Addition o f  [PF,, ] prccipitatcd the col- 
c(dppc)(tmp),llPF,,], which melts at IX2-1S6 X" The diamagnetic 
c in air and soluble i n  polar organic solvents. The ""Tc N M K  spcc- 
llct signal at -1664 ppm relative r o  ' 1 . ~ 0 ,  in D 2 0  [599]. Thc homo- 
th~lphosphi te) technet ium[I)  cation. ['l.c(tnip)(,] , was syithesired 
ion of TcO; with l'(OCHI),3 in nirthanolic solution in a pressure 
the complex cation was precipitated as the white [ T c ( t n ~ p ) ~ )  
J I - O V ~ . ~  to he stable in air [600]. [ ' I ' ~ ( t n i p ) ~ ] .  WIS also obtained 
its reacted in refluxing methanol with P(OC'H3);. ITc(tmp)c,)lPF,] 

9x1. 



is soluble in polar organic solvents [480]. The 09Tc NMR spectrum o f  [Tc(tmp)(,]+ in 
deuteratcd chloroform consists of a septet centered at  -422 ppm vx TcOS implying 
that the cation contains six equivalent P atoms coupled to Tc. The P-0 bond vibra- 
tions were found in the IK  at 1048 and 762 cni-' [600.601]. 

The hexakis(dimethylphenylphosphonite)technetiuin(I) cation. [Tc((Me0)2PPh)6]-. 
was prepared by reaction of [Tc(tu),,]C13 with excess diisopropylphenylphosphonite in 
rcfluxing methanol. Na[ B(C',H5)4] precipitated colorless [Tc((Me0),PPh),][B(C,1-15)1]. 
which is air-stable and soluble in chloroform and acetone. The diamagnetic compound 
melts at 129-132 "C. Diisopropylphenylphosphonite i s  reported to be converted to 
dimethylphenylphosphonitc during the reaction [602]. Hexakis(diniethylnicthylphospho- 
nite-tcchnctium(I)-tctraphcn~lborate~ [TC{(MCO)~PCH~),][B(C~H~)~], was obtained 
similarly to [ T C ( ~ ~ ~ ~ ) ~ ] [ B ( C , H ~ ) ~ ]  by direct reduction of TcO; with excess ligand and phe- 
nylboratc precipitation. The "rc NMR chemical shift is -248 ppm vs  TcO;. In addition, 
thc meth~ldieth~lphophinite-technctium(I)-tetraphenylbora~c, [Tc{(MeO)PEtZ)6] 
[B(C6H5)4], was synthesized in an identical manner [601]. 

12.7.3 Complexes containing nitrogen ligands 

When [l'cCI3(tpy)]" (tpy = terpyridine) suspended in dme (1,2-dimethoxyethanc) was 
reduced with Zn dust in the presence of pyridine, tr.rrra-[TcCl(tpy)(py)~]" was obtained. 
'lhe dark violet crystals are orthorhombic, space group C'2221, with n=Y.359(3), 
h=l6.088(6), c=18.367(4) A, and Z=4. The coordination geometry about Tc(1) is distorted 
octahedral (Fig. 12.86.A). The bite angle o f  terpyridine N( l)-Tc-(N(3) is only 158.2(2)", 
the Tc-N(l) and 'lc-N(2) bond distances are 2.075(6) and 1.915(7) A, respectively. 'me 
Tc-CI distance is 2.518(2) A. The bond angles CI-Tc-JV(2) and CI-l'c-N(4) are linear 
and rectangular, respectively. Cyclic voltammetry measurements in DMAC show a Tc(I)/ 
Tc(I1) redoxpotential of-0.82 V vsNHE [433]. 

Fig. 12.86.A Chloro-terpyridine-rrrtns-his( pyIicline)-technetium(l). 
I'r-cClctyp)(p!.)zj~ 13331. 



Dark blue [Tc'(ph~n)~]C:l  Lvas synthesized by controlled potential reduction o f  a 
2.10--' Yl solution o f  I T ~ " ( p h e n ) ~ ] C l ~  in 0.15 M NaCl under argon at a platinum cath- 
ode at -1.2 V v.s the saturated Ag/AgCl electrodc. The compound was identified by its 
FAB mass spectrum. ' lhe turquoisc solution of (Tc1(phen)3]- in CH2C12 has an absorp- 
tion maximum at 630 nni and is readily oxidized in air t o  [Tc11(phen)j]2' [603]: 

Reaction of NI 14Tc04 with excess hydralazinc in dry ethanol gives the cationic tris- 
diazene complex [TC ' (C~HSN~N=NH)~] - :  

H-N - N ' q  T{b[ H 

- .rro, + H' 

70 0 N O  

Hydralazine serves concomitantly as the reducing agent. The dark grcen tetraphen- 
ylborate salt is air-stable. freely soluble in ethanol, hut stable in solution only in the 
presence of excess ligand. This property prevented rccrystallization 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 
Tc(1). hydrido-his-[ 1,2-bis(diphenylphosphinoethane)]-dinitro~en-technetium(l). 
[ H T ~ ( N ~ ) ( d p p e ) ~ ] " .  was obtained by reduction o f  [TcCI4( PPh3)2]" 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 em ' can be assigned to the N-N 
stretching vibration o f  the dinitrogen group [605]. [HTc(N2)(dppe)2]" crystallizes in 
the monoclinic space group Z'2,ln with n=l 1.090(3), h=24.550(5), c=16.379(4) A, 
/3=96.02(2)", and 2=4. The Tc atom has a distorted octahedral coordination geometry 
(Fig. 12.87.A) with the hydrido hydrogen tram to the dinitrogen group. The K(1)-Tc- 
H(Tc) angle is 169(3)", the Tc-N(l) distance 2.05( I )  A, the Tc-H distance 1.7( 1 )  A. 
The hydrido hydrogen atom was confirmed by ' H  NMK showing a shift of 6= 
-10.08 ppm. The four P atoms of the dppe molecules are coplanar: the average Tc-P 
bond distance is 2.359(7) P\ [606]. [ H T ~ ( N ~ ) ( d p p e ) ~ ] "  was shown to be a starting 
material for synthesizing mixed ligand complexes of 're( I ) .  because the N2 ligand is 
most labile and can be exchanged under mild conditions. The reactions proceed undcr 
nitrogen in dried solvents. [HT~(CO)(dppe )~ l "  was obtained by stirring a solution of 
[ € 1 T ~ ( N ~ ) ( d p p c ) ~ ] "  in benzene at room temperature undcr carbon monoxide. Analo- 
gous procedures produced [ H T C ( C ~ H ~ ~ C N ) ( ~ ~ ~ ~ ) ~ ] " ,  HTc(terf-B~NC)(dppe)~]". and 
[~IT~((CH~0)~P)(dppc),l". Reaction of [HTc(CO)(dppc)LIO with acetonitrile yields 
by substitution o f  the hydrido ligand the cation [Tc(('O)(CII~CN)(dppe)2]', which 
was precipitated as the [PF,,] - salt. [HTc(rert-BuNC)(dppc)2]" reacts similarly i n  acct- 
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Fig. 12.87.A Hydrido-bis( 1.2-bis(diphenylphosphino-ethane))-dinitro~~n-~~chn~tiu1n(I). 
[ [ I T C ( K ~ ) ( C I ~ ~ C ) * ] "  [hOh]. 

onitrile to form [Tc(ter~-RuNC)(CH3CN)(dppe)~]+, isolated a s  hexafluorophosphate. 
All the complexes arc diamagnetic [607]. 

12.7.4 Complexes containing nitrosyl or thionitrosyl ligands 

When (NH4)2[TcC16] kvas reacted with 2M NHIOH.IIC1, an immediate color change 
was observed indicating reduction of Tc(1V). -10 thc water solution ammonia was 
added until the pH was 7.0. Finally, a pink microcrystalline precipitate was obtained, 
the formula of which was reported t o  be [ I C ( ~ : H ~ ~ H ) ~ ( N H ; ) ~ ( I ~ ~ ~ ) ~ C I ~  [SlO]. Later 
on, the chemical formulation of the pink complcx salt was shown to be 
~ ~ ' c ( N O ) ( N H ~ ) ~ ( I I ~ < ) ~ C I ~  with ?'c in the oxidation statc +1 and with a positively 
charged nitrosyl group. The compound crystallizcs in the monoclinic space group 
f'2,/n1 with a=h.858(2), b=10.579(3), c=6.646(2) A, [1=94.0 1 (2)",  and 2=2. The coordi- 
nation geometry of Tc(1) is distorted octahedral. The 'l'c-N-O angle is almost linear 
at 178.7(2)". The dominating role of n-bonding in thc TcNC) linkagc is displayed in 
the combination of the short T - N O  distance of l.716(4) A with thc relatively long 
N - 0  distance of 1.203(6) A. The 'I'c atom is displaced by 0.165 A from the mean 
plane of the four NH3 ligands. The four ON-Tc-NIl3 angles average 94.4". The Tc- 
OH2 bond length of 2.168(4) A is nearly as long as the averagc 'l'c-NH3 distance o f  
2.164 A 15411. Thc nitrosyl group shows a stretch at 1680 cm ' in thc IR. the low fre- 
quency indicating great stabilization by 'l'c+(NC)) back-bonding. The compound is 



diamagnctic. [ l ' c ( ~ O ) ( N H ~ ) 4 ( € r ? O ) j ~ ~  is reversibly oxidized to [I 'c(NO)(NI13)4 
( I  IzO)j3- in  trifluoromcthane sulfonic acid at 

Kcduction of [ ~ - ~ ~ u ~ N ] ~ [ I ' ~ " ( N O ) ( N C S ) ~ J  with hydrazine or its electrochemical 
reduction at -7 0.14 V \'.s SCE yielded rust-colored crystals of [ ~ / - B u ~ N ] ~ [ l ' c '  
(NO)(NCS)5]. the N - 0  stretching vibration of which appearcd in the IK at 1690 cm-' 
[544]. 

[l'c'(,UO)(CNCMci).~][PF,], was obtained by reaction of [Tc'(Cl\jCMej)6]NO? in 
glacial acetic acid with conc. nitric acid and addition of Na[PF(,], or by reaction with 
NO[ PF6] in acetonitrile. The yellow necdles exhibit a very strong N - 0  stretching 
vibration at IS65 cn1-l and two isonitrile (C=N) stretches at 2200 and 2240 cni ' in the 
IK. The complex is air- and water-stable and soluble in polar organic solvents. Keflux- 
ing of [R~. , iN][Tc~~(r \ '0 )Br~]  and teir-butylisoniti-ile in methanol yielded purple [Tc' 
(NO)Br7(CNCMe3)3]o. which is thermally unstable. Two C=h' stretches appear in the 
IR at 2230 and 2160 cn-', thc N-0 stretch at 1755 cm I .  [Tc(IVO)Ur2(CNCMe3);]" 
crystallizes in the orthorhombic space group P2,cn with r/=10.9S5(2). h= 1.4.250(2), 
c=14.677(2) A, and 2=4. The Tc(1) coordination is slightly distorted from octahedral 
geometry as the four ligands cis to the nitrosyl (Fig. 12.8S.A) bend out of the eyuator- 
ial plane away from the nitrosyl. The Tc-N-O bond angle of 175.9(1.6)" is almost lin- 
ear, the Tc-NO bond length 1.726(1.5) A. Thc thrce isonitrile ligands arc coordinated 
meridionally. The I'c-isonitrile distance of 2.137(22) A t m z s  to the nitrosyl is consid- 
erably longer than the avcrage Tc-C( 11) and 'I'c-C(21) bond distances of 2.081 A. 
The Tc-Br bond distances of 2.852(3) A for Tc-Br(1) and 2.543(3) A for Tc-Rr(2) 

= -0.SO V vs N HE [542]. 

c15 1 0  
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are unexceptional [608]. [ T C ( N O ) C ~ ~ ( ( ' N C M ~ ~ ) ~ ] ' ~  was prepared analogously t o  
[ I c (  NO)Br2( CN C M C ~ ) ~ ]  [ 6091. 

The mixed ligand nitrosyl complex [ T c ~ ( ~ \ . O ) C ~ ~ ( P P ~ ~ ) ~ ( ( : H ~ ~ C ~ ) ] ~  was synthesbed 
by reaction of [ri-BiiJN][Tc"(N0)CI.,] with excess triphenylphosphine in acetonitrile. 
PPh3 acts as a reducing agent. The neutral, air-stable, yellow-orange compound is dia- 
magnetic and on ly  sparingly soluble in benzene or methanol. The presence o f  the 
nitrosyl moiety is confirmed by a strong absorption in the 1K at 1721 cn-'.  '11 N M R  
reveals equivalent fl-ans-triphenylphosphine ligands and shows the lability of the 
CH3CN ligand. Refluxing a solution of [Tc(NO)C12(PPli:;)2(Cl I;CN)]" in pyridine 
yields [ l ' ~ ( N O ) C l ~ ( p y ) ~ ] "  with \(NO) at 1688 cni-' i n  the IR. Red needles o f  
[Tc(r\'O)Cl2(py),],2C1~~C~ crystallize in the monoclinic space group C2/c with 
a=19.182(1). h=lO.S725(S). c=l1.9371(8) A. /i=116.580(7)". and %=4. The coordination 
of Tc( I )  is in nearly octahedral geometry. The structure confirms the meridional pyri- 
dine ligand arrangement and the linearity o f  the NO group. The T - N ( N 0 )  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 'l'c-NO bond. Substitution reactions yielded, in  
addition, the compounds [~C(NO)CI~(PP~;)~(CH~OH)]" ,  [Tc(NO)a,(PPh,),(py)]", 

(NO)CI,(PPh,)(bpv)]'. [Tc(N0)Cl2(PPh3)(phen)]". [T~(NO)<:l~(lut)~], ' .  and ['I'c(NO) 
C12(terp!;)]" 161 01. W'ith neutral bidentate 2-hydrazinopyridinc the complex ['I'c(KO) 
C12(IIN=NC'jH4N)(PPh3)]' was obtained and with anionic, bidcntate 2-hydrazino-4- 
trifluoroniethylpyrimidine the complex [ I C ( K O ) C I ( N = N C ~ H ~ N ~ C F ~ ) ( P P I ~ ; ) ~ ] ~  
[blOa]. 

Very recently the bis-pyridyldipIienyIphosphine complex [Tc('12(NO)(pyPPh,-r,N) 
(pyPPh,-P)]" was obtained when excess 2-pyridyldiplienylphospliine was reacted with 
[Bu~N][l'c"(NO)C14] in rcfluxing methanol. The yellow-brown, neutral compound 
crystallizes in the triclinic space group P i  with a=9.8440(3). h=13.4854(5), 
c=14.2401(5) A. ~=106.406(1). /j=96.013(1). ;,=92.792(1)". and 2 = 2 .  The coordination 
geometry of Tc(1) is a very distorted octahedron. The P-l'c-N bite angle is only 
66.1 (1)". Lncxpcctedly, the phosphinc ligands are in cis-configuration with one phos- 
phine bonded i n  a monodentate manncr (P) and the other bideiitate (P,N). The Tc- 
NO bond length is 1.743(5) A and the 'l'c-N-0 bond angle 177.2(5)" [61 I ] .  

IJsing the vcrsatile starting material [ ' I C ( ~ O ) C I , ( P P ~ ~ ) ~ ( C H ~ ~ C N ) ] ~ ,  nitrosyl con-  
plexes of Tc(1) with sulphur-containing cores were synthesized. Isobutylxanthate 
reacts with the nitrosyl complex in refluxing CH2C12 to form the bright yellow 
[ . I ' C ( ~ O ) C I ( P P ~ . ~ ) ~ ( S ~ C ~ R ~ ' ) ~ "  or thc red-orange [Tc(r\'O)(PPh3)(S,COHu').I'.. In  
analogous reactions with rnethylxanthatc or neopentylxanthatc the red-orange coni- 
pounds [ Tc( NO) ( PPh;) ( S2COMc)2 1'' and [ Tc( NO) (PP ti;) ( SzCOnPe)2] ' were 
obtained. Reaction of [TC(NO)CI~(PP~~),(CI-I~CN)]~ with 2-mcrcaptopyridine (Spy) 
in refluxing dichloromethane and in the presence o f  1.1.3.3-tetramcthylguaiiidine as a 
proton sponge yielded a purple precipitate of [ T C ( N O ) C I ( P P ~ , ) , ( S ~ ~ ) ] ~  [612]. 

The nitrosyl-hydrido complex [rc(NC))(PPh3)3(H)2]o was synthesized by refluxing 
a mixture of ITc"(NO)(PP~)~CI,]'. PPh; and Na[HIT,] in absolute ethanol. The dia- 
magnetic. bright yellow precipitate was characterized spectroscopically. 111 the 1R 
(NO) appeared at 1636 em l .  l,(Tc-H) at 1733 cin and 1185 cin I .  The 'H NMR in 

['~'c(NO)CI,(PP~;),(~LI~)]~, [~Ic(~O)CI,(PPh.~),(PV>21". [Tc(N0)Cl,(PPh;)(l~t)~]". [Te 



C6DsC:D3 showed hydride rcsonanccs at S= -1 .S ppm and h= -3.35 ppm. The hydride 
ligands arc labile [613]. 

The 1,lO-phenanthroline containing complex salt [Tc(NO)( NI 1 I)(plien)l][PFh]2 
was obtained by boiling NHJTc04 in water containing NH201 T.HCI and phenanthro- 
line and adding NHl[ PF6]. Hrown crystals of c i .s-[T~(~ 'O)(NI-I~)(phen)~j[PF~]~.  
M e 2 C 0  adopt the triclinic space group P i  with L I = I  1.12(1). h=l4.25(6). c=10.79(2) A, 
a=90.4(2). /I=107.Y(1). ;-86.0(2)", and Z=2. The coordination geometry of Tc is dis- 
torted octahedral. The I'c-KO bond distance is 1.73Y(9) A, and the Tc-N-0-angle 
17l.Y(8)". The Tc-N(phen) distance is 2.11 A on avcragc. which is 0.075 shorter 
than the Tc-NH? bond Icngth. The N O  stretching vibration was found in the IR at 
1630 cm-' 16141. 

The thionilrosyl complex salt c.is-[l '~'(NS)Cl(phen)~l[~F~,] was synthesized by 
refluxing [T~\ 'Ti(Cl)(phcn)~]Cl~H~O with SlC12 in chloroform and precipitation of the 
cation with [PF6]-. The dark brown compound crystallizes also in the triclinic space 
group P i  with a=9.850(3), b=16.293(3), c=8.34Y(2) A, x=100.06(2), [1=93.84(3), 
;~=106.96(3)", and 2=2. Owing t o  the similar sizes of thc CI- and NHI ligands in 
[T~(NS)Cl(phcn)~]+ and [T~(NO)(r\l 'H~)(phen)~]'-,  the degree of distortion from octa- 
hedral geometry around Tc(1) is quite similar. The Tc-NS and the Tc-Cl distances in 
[T~(NS)Cl(phcn)~]+ are 1.782(6) and 2.387(2) A, respectively. The NS stretch 
appeared in  the IK at 1173 cm I .  The thionitrosyl group in Tc(1) complexes binds less 
strongly than the nitrosyl group [614]. 

[Tc(KS)Cl2(pico)~]" was prepared by refluxing [ BuJK][Ic"~NCI~] with Na2S204 in 
4-picoline. 'I'he grcen crystals 0 1  n?er.[Tc(NS)Cl2(pico)3]".~H~1~ adopt the ortho- 
rhombic spacc group l ' r ~ 2 ~  with n=19.628( 1), h=l  l.848(3), c=11.332(4) A. and %=4. 
The NS stretching vibration was found in the IR again at 1173 cm '. The core atom 
arrangement about Tc(1) is essentially octahedral (Fig. 12.8Y.A). The Tc atom is dis- 
placed by 0.096 A toward the thionitrosyl group out of the basal plane defined by 
C1(2), N(2). N(3), and N(4). The l'c-NS angle of 176(1)" is almost linear. The Tc-NS 
distance of 1.73(1) is 0.41 A shorter than the Tc-N(pico) Icngth average at 2.14(1) A. 
The N-S bond distance is l.S4(1) A. I'hc axial Tc-Cl(1) bond distance of 2.443( 1 )  A 
is only 0.013 A longer than the equatorial Tc-Cl(2) distance, in spite of the expected 

Fig. 12.89.A L~ichloro-~~ier.1ris(J-mcthyl~~yridine)-1hionitrosvI-trchnetium(I), ['l'c(NS)('I, (pico)3]' [hl 51. 



II'CIILS effect of the thionitrosyl ligand. The compounds iner-[Tc(IVS)CI*(py);I" and 
n7e~-[?'c(NS)C12(lut)7)o were similarly synthesized and characterized spectroscopically 

Mei.-[Tc(~S)CI1(Me~PhP)3Jo is accessible by reaction of [TcVNC12(Mc2PhP)3]" 
with equimolar amounts of S2CI2 in dichloromethane [556]. T h e  red crystalline 
compound melts at 141-143 "C and crystallizes in the monoclinic space group P2,l 
c with n=9.4730(6). 6=18.6904(9). c=16.1676(6) A. 8=93.467(4)". and %=4. The 
coordination geometry of lc (1)  is slightly distorted octahedral. The three phos- 
phine ligands are coordinated meridionally cis to the thionitrosyl group and are 
bent out of the equatorial plane away from the thionitrosyl. The Tc-N-S angle is 
178.8(2)", the K-S bond length 1.548(4) A, the Tc-N bond length 1.747(3) A. The 
KS ligand again shows a negligible trms-effect as mentioned before for the structu- 
rally similar complex nzei--[Tc(NS)C12(pico)3]o. The diamagnetic [Tc(NS)Cl2 
(Me2PhP)3]o reveals a ""Tc NMK resonance at +645 ppm vs TcO; and a (NS) 
vibration in the IR at 1177 cm 

[615]. 

[556.616]. 

12.7.5 Arene complexes 

The bis(benLenc)technetium( 1) cation ['lc( ChH&] ' was synthcsizcd by heating 
'I'cC14, aluminum powder, AIC'l3, and benzene in a sealed tube at 135 "C for two days: 

After hydrolysis o f  the anion o f  [Tc(C6H,)21[AlCI,], the cation was precipitated as 
hexafluoropliosphate. l h c  yellow-green, diamagnetic complex salt is stable in air, 
acids and bases 16171. Prior to the preparation of ponderable amounts, the cation was 
produced by irradiating hip(benzene)molybdenum with thermal neutrons: 

Taking into account the benzene 71 electrons, [?'c(C~,H~,)~]- attains the electron con- 
figuration of xenon. The cation is decomposed in melting Na202 [618,619]. 

Reduction of [Tc(C6Hh);?][YF6] in 1.2-dimethoxy-ethane with LiAIH? yields ben- 
zene-cyclohexadienyl-technetium(l), [(C6H6)Tc'(ChH,)]''. 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 NMK and 
IR spectroscopy. The low energy frequency at 2752 cm- ' was assigned to the C-H(/I) 
stretching vibration. Kcaction of hexamethylbenzene-technetium(1) with LiAlHJ pro- 
duced the analogous, more air-stable complex [(C,(<:H,),,)lc'(C,(CH3)6~1}l3. Its 
reduction with liquid lithium is reported to result in  the formation o l  the dinuclear. 
neutral complex o f  'l'c(1) [Tc(C6(CH3),J2I2 16201. The cations bis( 1.3.5-trimctliyl-ben- 
zene)tcchnetium( I).  [Tc( Ch(CH3)jH3}2 I ' . and bis( 1,2,~,5-tetramethylbenzene)technc- 
tium(I), [ T C { C ~ , ( C H ~ ) ~ H ~ ] ~ ] + .  were obtained by reacting NaTcOj instead of ?'cC:l~ 
with aluminum powder, AIC13, and thc corresponding methylbenzene at 135 "C. The 



Fig. 12.90.A Proposed structure 
tium(l), [(CGHJI'C (CJ I,)]" 16201. 

of 

complex cations were precipitated as hcxafluorophosphate salts and identified by 
FAB-MS [6211. 

12.7.6 Compounds containing carbonyl ligands 

The pentacarbonyl halides, [TC(CO)~X]", (X = C71, Rr, I) were prepared by the action of 
the halogens on [TC~(CC))~~)]" [622] or by reaction of K2[IcX6] with CO under ;I pressure 
of 250-270 atm at  2.30-250 "C in the presence o f  copper powder to bind the halogens 
[ 6231. To synthcsize [TC(CO)~C~]", [Tc2(CO),,~] was dissolved in CCI?, previously satu- 
rated with (:I2 gas at 25 "C. A mixture of [Tc(CO),CI]" and [Tc(CO)~CI]~" precipitated, 
which was entirely converted to colorless crystals of [TC(CO)~CI]" by treating the mixture 
with carbon monoxide at a pressure of 1000 psi at 100 T. [Tc(CO)5Cl]" exhibits CO 
stretching frequencies in the IR at 1991. 2028, 2057. and 2153 cm '. The spectrum is in 
agreement with a C4,.structure [622]. [TC(CO)~CI]" crystallizes in the orthorhombic space 
group Pnnza with the lattice parameters r r = l I .  17. h=10.98, c=5.78 A, and Z=4 [6241. 

[Tc(CO)~H~]" was prepared by replacing C12 by Br7 dissolved in CCI4. ' f ie practically 
pure, colorless [l'c(CO),Sr]" was obtained without carbon monoxide pressurizalion. The 
CO stretching bands were found in the IR at 19%, 2027,2056, and 2150 cm-' which again 
point to the Cdv  molecular structure [622]. [Tc(CO),Sr]" is isostructural with 
[lc(CO)SC1]".'lhclatticeconstantsare~~=11.76.h=1 1.56,andc=6.10 A [624]. 

The reaction of [Tc7(CO)lo]" in CCJ4 solution with I2 is extremely slow. Direct 
action of l2 on ITC~(CO)~(,]" at 100 "C in scaled ampules yielded the dimer 
[?'c7(CO)41]2'~ which was converted to ITC(CO)~I]" by high-pressure carbonylation. 
7he diamagnetic, colorless compound absorbs in the IR at 2000. 2024. 2055. and 2146 
cm-', again in agreement with C4, symmetry [622]. The temperature dependence of 
the [?'c(CO)~L]:' vapor pressure was determined (6271. 

Heating the pentacarbonyl halides to 100 "C in air resulted in complete conversion 
to the tetracarbonyl diniers 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 o f  
[Tc(CO)~X]" does not stop at ['Ic( CO)4X]2", but after prolonged boiling in chloroben- 
zene it is said to be completely converted into [IC(CO),X]~": 

The tetrameric tricarbonyl halides are greenish-yellow. finely crystalline com- 
pounds adopting a cubane structure with triply bridging halides [625.626]. 
[Tc (CO)~C~]~"  crystallizes in the cubic space group I&?m with a=10.322(3) A and 
%=2. The structure of the Tc4C14 core can be described as a distorted cube. 'The short- 
est Tc . . . Tc distance is 3.84(1) A with no direct Tc-Tc bond. The mean Tc-C1. Tc-C, 
and C-0 distances are 2.559( l), 1.903(3), and 1.128(4) A. respectively. The average 
'Ic-C-0, C-Tc-C, and Tc-CI-Tc angles are 88.4(1), 178.6(3), and 97.23(2)", respec- 
tively [573]. The dependence of the [Tc(CO)~CI]~"  vapor pressure on the temperature 
was measured 16271. Gaseous [Tc(C0)3CI]4" absorbs at 210 "C in the 1K at 2065 and 
1984 cm-', [ T C ( C O ) ~ B ~ ] ~  at 250 "C at 2063 and 1982 cm-' [628]. 

The carbonyl stretching frequencies obtained from high resolution 1K spectra of 
the tetracarbonyl halide dimers of technetium are given in Table 12.21.A together 
with their assignments. The IK spectra greatly support the IAh halogen-bridged struc- 
ture, which was confirmed by X-ray structure analysis of [Mn(CO)4Br]2". 

Table 12.21.A Carboiiyl stretching frequencies [cm-'1 of the tetracarbonyl halide dimers of technetium. 
and their assignments [629,630]. 

Compound B ~ N )  B1" &(b) u2. 

"l'c(co)JCI]~" 2119 (w) 2048 (s) 2011 (m) 1972 (m) 

[Tc(CO),I3rll' 2116 (w) 2046 (s) 2012 (m) 1973 (m) 

[ I'c(C0) ,112" 2108 (w) 2042 (s) 2012 (m) 1975 (m) 

A technetium tricarbonyl hydroxide [Tc(CO)~(OH)],~" was reported to be synthe- 
sized by heating KTc04 with an excess of formic acid in an autoclave at 170-180 "C 
for 3-4 h. 711ie colorless compound was characterized by elemental analysis, the IR 
spectrum, and the X-ray powder diffraction pattern [632]. A rhenium compound of 
the composition [Ke(CO);(0H)I4" exhibits a similar IR spectrum and has a tetra- 
meric structure in which the corners of a cube are formed by alternating Re(CO)3 and 
OH groups [633]. 

A unique cubane-type cluster of Tc(1) is the compound N ~ [ T C ~ ( C O ) ~ ~ ( O C H ~ ) ~ ]  that 
was shown to be an intermediate product formed by thc incomplete carbonylation of 
NaTc04 conducted in  CH30H: 

N a T c O d e  Na[Tc3(C0)9(OCH3)4: 

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, acetonitrile. and methanol. 
N ~ [ T C ~ ( ( X I ) ~ ( O C H ~ ) ~ ] . ~ C H ~ C N  crystallizes in the monoclinic space group 1'2,in with 



rr=8.526(4), h=17.61 (l) ,  c=18.437(9) A, /j=93.93(4)”. and 2=4. The Na atom is inte- 
grated into the cuhane structure. Each ‘I’c atom is surrounded by 3 carbonyl groups 
and 3 oxygens o f  the methoxy group in a strongly distorted octahedron (Fig. 12.91.A). 
The relatively short Na-OCH; bond distances, averaging 2.39 A: inrcr a strong Na-0 
coordination. The compound is not dissociated in mcthanol or acetonitrile into Na’ 
and [?‘c~(CO)~(OCFI~)~]-.  The mean bond distances o f  Tc-O( 123)(/4 of  2.19 A are 
significantly longer than the other ‘re-0 bond lengths of 2.14-2.16 A. The carbonyl 
C-0 distance is about 1.16 A, the Tc-CO distance 1.90 A [634]. 

The reduction of [TcOCIJ] or TcO; with a 1 M HH3 solution in ‘I’HF and concomi- 
tant carbonylation at 1 atm of CO in diglyme/[n-Hu4N]C1 resulted in a high yield 
production of the dianion [TcC13(CO)3]2 which was precipitated as colorless 
[NEt4]2[TcC13(CO)3]. This procedurc provides a novel route to synthesize a variety of 
Tc(1) carbonyl complexes without high CO pressure reaction conditions. The halide 
ligands of [ NEt?]2Vuc-’I‘cX3((30).~] are readily subsitutcd by other ligands at ambient 
temperature in various solvents. Keaction of [NEt4]2[TcC13(CO)3] in THF with tert- 
butyl-isonitrile yielded yellow IT~Cl(rert-BuCN)~((‘0)~]~. Substitution of the third 
halide is apparently more difficult. [T~Cl(terr-Bu(:N)~(CO)~1, crystallizes in the 
orthorhombic space group P2,2]2, with a=6.1348(4), h=9.9930(7), c=29.083(3) A, and 
2=4. ‘The coordination geometry of Tc(1) is distorted octahedral with angles close to 
180 and 90”. Chloride and terr-BuCN are trans to CO. The mean ‘I’c-C:O distance is 
1.93 A, the mean Tc-CN distance 2.1 0 A, and the Tc-(31 distance 2.496(2) A. The sul- 
phur macrocycle 1.4.7-trithiacyclononane substitutes all three chlorides of [TcC13 
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Fig. 12.91.A Natriuni(enneacarbonyl-tetrakis(/l;-mctho~y)-trit~chiict~it~(I)~, Na[l’c;(C‘O)~ (OCII;),] 
[ 6341. 



(CO),]-2 at room temperature in diglyme solution [63S I .  Dinuclear carbonyl com- 
plexes of Tc(I) containing macrocyclic thioethers of larger ring sizes were synthesizcd 
and structurally characterized [ 635al. 

Reccntly. the cation [T~(ter-r-RuC~)~(C:0)3]- was prepared b y  reaction of 
[NEt4]2[TcC13(CO)3] with Ag- in aqueous solution. precipitation of AgCl and addi- 
tion of tei-I-RuCN in ethanol to the technetium solution. [Tcl(terf-RuCN), 
(CO).3]N03 was obtained in colorless crystals which adopt the orthorhombic non- 
centrosymmetric space group l i iztr2 with a=16.070(2), h=12.028(1), c=12.344(1) A. 
and 2=4. The Tc(1) center is coordinated by a frrcial arrangement of three carbonyl 
and Lhrce isocyanide ligands in an almost octahedral geometry (Fig. 12.92.A). The 
average bond distance of Tc(1) to the isocyanide ligands of 2.088(3) A is signifi- 
cantly longer than in ['I'c(tcl-f-B~iCN)~]' of 2.029(5) A. The mean 'Lc-CO bond 
length is 1.969(3) I\, the mean Tc-C-0 angle 177.5'. [N~tl]2[TcCI:I(CO)3j reacts 
with 2-mercaptoethanol in H2Oirnethanol or THF to form the dinuclcar compound 
[ N ~ ~ ? ] [ ' ~ ' C ~ ' ( ~ ~ - S C ' H ~ C ' H Z O H ) ~ (  ('O)6].0.STHF in pale yellow crystals that crystallize 
in the orthorhombic space group Fhizc with rr= 16.427(3), h=l8.S2S(4), 
c=20.779(2) A, and 2=8. The dimeric anion consists of two fk-Tc(CO)3 units that 
are bridged by the sulphur atoms of the thrce mercaptocthanolato ligands. The six 
CO yx)ups are in a complctcly ecliptic conformation. The Tc-Tc distance is 
3.35 A, which is too long for it single bond. The most significant deviation from 
octahedral geometry is demonstrated in the three S-Tc-S angles that are only 

l+ 



around 80'. The Tc--!-'I'c angles arc 83". ' the average bond lengths for Tc-C and 
Tc-S are 1.902(6) and 2.513(3) A. respectively [636]. Not too long ago, [NEt,], 
[ T C C ~ ~ ( C O ) ~ ]  was reacted with sodium bis(diplicnylthiophosphoryl)amide in accto- 
nitrile t o  form [rc(CO);((PhzPS),r}(C:H~CN)I. Tc(1) has a distorted octahedral 
coordination geometry with facially arranged carbonyls [636aJ. 

Already in 1945 ii series of [TC(CO)~L~X] '  compounds (X=CI,Hr.l) was obtained 
by reaction o f  technetium pentacarbon~lhalides with various ligands L. Independent 
of the reaction conditions always two carhonyls were substituted by L: 

Iteactions with isonitriles require benzeiic instead of ethanol. 'I'hc following com- 
pounds were prepared and identilied by elemental analysis (Table 12.22.A). 

Table 12.22.A. Carhonyl substitution compounds [I'C'(C'O);I,~X]" 16231, 

Coiiipound Color 

ll'c(<:O)~(P(ChHs)~},CI]~' colorless 

ITc( CO) ;[ P( OC:(,Mi),J:CI]" colorless 

('l'c(CO),[ As(<:J ly):)2CI]'  colorless 

['l'c(('O).~(Sb(('hHi);t~~lJ'~ col~lrless 

[ Tc( CO)j(J-CRH7N),CI 1";' colorless 

[T~(('o)~(J-c,H~oN)~C'~]"' colorless 

[ l'c(C'O)3( C;H~N):C:l]'C colorless 

~I 'C(CO)~(C,:~I I~N~)CI] '"  yellow-brown 

[rc(CO),(P(C,,H,);)~Brl' colorless 

['i~c((10);(C,2HsS,)Hrj-d light brown 

[l 'c(Co)~[P(C~,IIi);}21]~ yellowish 

(Tc(('O);(C121 I,Jz)l]"" brown 

The undissociated neutral compounds are readily soluble in benzene, diethylethcr, 

Technetium I.'entacarbonylchloride also reacts with thiols by replacing one carbonyl 
and hexane [623]. 

group and the chlorine to form sulphur-bridged dinuclear compounds: 

The yellowish complexes are non-electrolytes and easily \oluble in benzene and 
chloroform. Mononuclear. brown N,N-dialkyldithiocarbamides o f  technetium wcre 
obtained by reacting [Tc(CO)~CI  1" with sodium N,N-diafkyldi thiocarbarnides: 



The compounds prepared by the given reactions and identified by elemcnlal anal- 
ysis are summarized in Table 12.23.A. 

.l'ahk 12.23.A. S-bridged dinuclcar complexes [Tc'(CO) ,SKI 
bamides ['l'c'(<'O)~(SzCNR,)I ' 16231. 

and mononuclcar S,~-dialkS.ldithiocar- 

[ I'e(CO)JS~('N(C_Hj):l yellow-brown 

(TC(CO)~C'I]" and [Tc(CO)3(P(CoI 15)3]~C1]o react with CO under a pressure of 
300400 atm in the presence of AICll to produce the cationic complexes: 

Both compounds arc electrolytes and readily soluble in polar organic solvcnts. The 
carbalkoxo-bis(tripheny1phosphine)tricarbonyl technetium complexes were readily 
formed by reaction of TTc(CO),(P(C,,H,),},] [A1C14] with alcoholates: 

These neutral and air-stable complexes are rccrystallized from a mixture o f  ben- 
zene and petroleurn ether. Synthesized compounds are given in Table 12.24.A. 

Tahle 12.24.A Cationic carbonyl complexes a n d  carbalkoxo carbonyls of tcchnctium(1) [623] 

Conipound Color 

['I'C(CO)~][AI('I,J colorless 

[T-c(cO) ,lP((:,,~~I~);J2l(A1CIJ1 reddish 

ITc(CO).;(P(C'(,Hs)3J2COOC'Hjl" ivory 

[l'c(C0)3( I'(<'(,Hi)~)zCOO(.'~Hj]" light yellow 

I.I-c(CO)?(P(C~,I-15)i)2COOCHzc'~Hj]~ ycllow 

Halogen-carbonyl-phosphine complexes of Tc(1) were also obtained when CO at 
1 atm was passed through a refluxing solution of ~izer . - [Tc" 'X~(Pie~Ph)~] ' '  in cthyl- 
cneglycol methyl ether. The colorless compounds trm~s-[TcX(CO)~(PMe~Ph)2]" 
and ~is-[ 'l 'cX(CO)~(PMc~Yh)i]o (X = C1. Br) wcrc isolated. When [ I ' C ' \ ' X ~ L ] ~  
(X = CI, Hr. and I, = PPh3, PMe2Ph) reacts with CO under the same conditions. the 



exclusively formed products are [TcX(CO);L2]". The diamagnetic complexes. iden- 
tified by elemental analysis, IR. and 'H NMR spectroscopy, are summari~ed in 
Table 12.25.A. 

Table 12.25.A Halogen-carbonyl-phosphine complcxe\ of Tc(1) 16371. 

Compound Melting v(Tc-X) [ c d l  
Doint IT1  

/KU~,Y-[TCCI( CO) i(PPh.j)z]" I74 (dcc.) 27s 

rr-t1/is-(TcBr(CO)~(PPh3). 1' 172 (dec.) 192 

rr-~n.s-[l'cC1(CO)3( PMe71'h)2]^ 100 275 

/rcltz.s- [ 'l'cBr( CO) ~ ( P M C ?  Ph)*]' 122 175 

~ i .~ - j ' l ' cC l (CO) : (P IL l~~~h)~~~  142 (dec.) 272 

cis-[ TcUr(CO),( l'Me?Ph).%]" 144 I70 

Coulometric oxidation of ( T c C I ( C O ) ~ ( P M ~ ~ P ~ ) ~ ~ ] "  and [TcCI(C0)3(PMc~Ph)2]" in 
acetonitrile revealed the formation of Tc(II1) species. ?'he complex salt [Tc"'CI(CO) 
(MeCN)2(PMczPh)7J(C10J]2 was isolated and identified [638]. 

Thc dicarbonyl-phosphonitc-technctium(1) cation [ ~ C ( C O ) ~ { P ( O E ~ ) ~ P ~ ) ~ ] '  was 
synthesized by reacting [TC"'CI~(P(OE~)~P~)~][C~~~] with CO at 50 "C in an ethanol- 
ic solution containing diethylphenylphosphonite. The chloride atoms are replaced by 
CO. Colorless crystals of tl-nrrs-[T~(C0)2(P(0Et)~Ph}~][C10~1 precipitated. C'onconii- 
tantly the analogous cis-complex was lormcd and isolated. Cis-[Tc(CO), 
(P(OEt)2Ph)4][CI04] adopts the triclinic spacc group Pi with a=17.708( IS): 
h=13.977(12), c=10.185(10) A, a=93.22(5), /I=90.48(9), ;~=96.13(1 I)" ,  and Z=2. The 
coordination geometry of Tc(1) is distortcd octahedral. The angles around Tc are 
rathcr close to 90 or 180". Both Tc-CO distances are 1.90(2) A, and the mean Tc-P 
distancc is 2.42(1) A. The cis- and thc tmns-complcx are diamagnetic, air-stable, and 
soluble in polar organic solvents [416]. 

Refluxing of [Tc(CO)5Br]" in CI-T;CN and addition of Ag[ PF6] yielded the complex 
salt [I'c(CO).I(CH~CN)~~[PF,], which proved to bc a starting material to obtain car- 
bony1 complexes o f  'l'c(1) by replacing the labile nitrile groups. The colorless crystals 
melt at 13s-140 "C. Keaction of [I'C(CO)~(C€I~CN)~][PF~] with several phenylphos- 
phincs in CH2CI2 or CHC13 gave the compounds /irc-[Tc(CO)3(3-Na03S(:(, 

and [Tc(CO).~Cl(~e2rhP)21, which were structurally characterized by IK spectros- 
copy [639]. "'Tc NMK spectra of a series of neutral and cationic lc(1) carbonyl com- 
plexes were measured and evaluated [640]. Also the following compounds (Table 
12.26.A) were obtained by reaction o f  [Tc(CO)SBr]" with n-acceptor ligands L in 
ethanol. The structure of the compounds was derived from 1R and ' H  NMR measure- 
ments [641]. 

H$'Ph2)3][PFh]. [I'c(CO)j(CHjCX)(PPh,),I[PF,j]. ['r'c(CO);(CH,CN)(dppc)lIPF(,], 



Table 12.26.A [Tc(CO);Hi L.1 complc\e\ [641] 

Compounds Melting point I"C] Color Symmetry 

tnc-  [Tc(CO)?Hr(PPhj).J- 160 (dec.) colorless C, 
$ 1 ~ -  [Tc(CO):Rr(I'Me2Pli)ll' 1.70 (dec.) colorless C, 

f(/~.- [rc(Co)-(Br(dppe)l" 1 SO (dec.) colorless C, 

[Tc( CO)~BI (PEtPh~)~]"  33.5-140 [dcc.) colorless Cq 

wwr-lTc(CO).~Hr( Ph2PC,I~.,SO?Na-3)~1" 22.5 (dec.) colorless C2, 
[fC(CO) \MpY)21" 190-240 - c, ,? 

t ic-  [l~(CO):~Br(hpy)]' 27.5 (dec.) orange (-5 

fk -  rT~(CO)~Hr(py-aldosirne), J '  192 (dec.) yellow c 
j kc-  [T~(CO);nr(py-amidosirne)~]~ 178 yellow c, 
f iu -  [l.c(CO)?Br( Ph-pv-kctoiieosiine)21" 187 (dec.) yellow CS 

firc- ITc(CO)?Br(Me-py-ketoneosime)l" >300 ycllo\v c, 

fnc- ITc(CO)?Br(cyclohexyl-SC):l; 93 colorless cs 
f i i c ~  [Tc( CO); H i-(tert-HuN (-7)2]" 131 colorless C, 

~ ' I . C C I ( C O ) , ( ~ P ~ , ) ~ ~ "  may also be synthesized by reaction of [n-Bu4N][TcVO(:14] 
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 Pi 
with n=10.245(1), h=12.744(1), (.=14.423( I )  A, ~=69.42, /?=74.89(1), y=81.51 (l)', and 
2=2. Tc(1) cxhibits an almost undistorted octahedral coordination geometry 
(Fig. 12.93.A) with a meridional arrangement of the carbonyl ligands. The Tc-P bond 
distances of 2.44 A differ only slightly. The carbonyl group located t n w s  to chlorine 
shows a shorter Tc-C distance of 1.887(2) A and a longer C-0 distance of 1.145(2) A 
than the other carbonyl groups with a mean Tc-C distance of 1.W A and mean G O  
distance of 1.124 A. The bond angles around Tc(1) arc close to 90 and 180" [642]. 

[ l'cCI(CO)3(PPh3)2]" was slrown to also be a useful starting compound lor substitu- 
tion reactions. Chloride. one CO, and one PPhj are readily displaced in THF by the 
N,N,N-aniines. 1.4,7-triazacvclononane (9N3). and h\.dridotris(pyrazol~l)borate. 
(FIB(pyz);}, resulting in the complexes [TC(CO)~{(YN~)(PPI~~)]]+. and [Tc(CO),(I-IB 
(py~)~}(PPh.~)lO. [Tc(C0),(9N3)(PPh3)]C1 . CH30H forms colorless needles crystalliz- 
ing in the monoclinic space group P2,lc with 0=12.997(5). b=X.hSO(l), 0=25.189(5) A. 
/klOl.13(4),'. and Z=4. while [Tc(C0)2(HB(py~)~)(PPh?)l" crystallizes in yellowish 
blocks adopting the monoclinic space group Cz/c with a=31.191(8), h=9.7252(6), 
c=18.818(5) A, /?=93.36(1)", and %=8. Both compounds have an octahedral core ge- 
ometry with the three nitrogen atoms in fiicial positions [642]. 

When a solution of n-butyl-lithium i n  hcxane is added to a benzene solution o f  
4-CH3C6H4NH-N=NCoH4CH3-4(Hdtt), the lithium salt of the bidentnte triazenido 
ligand is gcncrated. which reacts i iz  situ with rnel--[TcCl(C0)2(PMe2Ph)~]" to produce 
the neutral compound [ Tc(C0),(PMe2Ph),(dtt)]'. The orange complex crystallizes in 
the orthorhombic space group Phca with rr=l1.036(2). h=14.657(4), c=38.92( 1) A, and 
E 8 .  The coordination geometry of Tc( I) is roughly octahedral, with thc two PMe2Ph 



Fig. 12.93.A C'hloro-nrc,i--tricarboii~l-/~~iz.s 
bis( 1riphenylpliosphinc)-technetium(1). 
[I-cCI (CO)I(PPh?),]" 16423. 

ligands in films position forming a P-l'c-P angle of 173.80(4)". Ihe  niaximum devia- 
tion from octahedral symmetry is observed in the equatorial plane as a consequence 
of thc small bite angle N-Tc-N of the bidentate ligand of 57.2(1)". The mean 'lc-Ti 
distance is 2.184 A. The two C'O groups are in &-position to each other. In a similar 
proccdure, the complex [ T ~ ( C 0 ) , ( P M c ~ P h ) ~ ( d p a ) ] ~  {where (dpa) = [C6H.5N(CMe) 
NC6HS] ] was prepared. The pale yellow coinpound again crystallizes in the ortho- 
rhonibic space group I'Bca and has the lattice parameters a=8.954(3). h=l6.727(2)? 
c=41.335(5) A, and 2=8. Its structure resembles that of  [ - I ~ ( C o ) ~ ( U M c ~ P l i ) ~ ( d t t ) ] ~ .  
Other compounds synthesized are orange-yellow [Tc( CC>)2(PMe2Ph)2(dct)]o (where 
(dct) = (4-CIC6HJN(N)NC6H4Cl-4)). yellow [Tc(CO)2(PMe2Ph)2(dtf)]o (where 
(dtf) = ( 4-MeC(,H4N ( (:H)NChH4Me-4-], and orange [ Tc( CO)L( PPh3)2( dtt )Ic 16431. 

Using again rr-butyl-lithium in hexanc. adding a benzcne solution of amido, carbox- 
ylato or thiazolato derivatives and reacting their lithium salts with [TcCl 
(CO).I(PPh3)2]G yielded the compounds given in Table 12.27.A. 

The compounds are air-stable and soluble in Me2CO. CH2Cl2. and CHC13. The two 
v(C=O) stretching vibrations for each compound suggest a cis arrangement of the car- 
bony1 groups [644]. 

[I'c(<'0)2(PPh~)2(4-MeC~I~~NCI-lO)j" reacts with cxcess PhNCS in wet benzcne at 
reflux to yield [TC'(CO),(PP~~),{SC(NHP~)S)]~ containing a bidentate, monoanionic 
dithiocarbamate derivative. 'Ilie compound crystallizes in the triclinic space group P i  
with a=13.864(5). b=12.S42(5), c=12.610(5) A, a=103.53(3), /j=112.90(3), ;1=94.52(3)", 
and 2 = 2 .  The Tc core has a distorted octahedral geometry with t r m s  PPh3 groups and 
cis CO groups. Selected bond distances arc Tc-P 2.443(2) and 2.428(2) A, Tc-S 



~ _ _ _ _  

[Tc( CO),( t'l'h~)r(-I-~leC,H~SCHO)I' white 1920. 1840 

[l'c(CO)>( PPh3)?(4-MeOCGII INCI IO)]" white 1020, 1840 

[Tc( CO)2(1'I'li :)-( amt I 11' !ello\\ 1920, 1840 

[Tc(CO),( t't'li3)2(:~nit2)]* pale yellow 1927, 1850 

[ I  c(CO)Z( PPhj)?( 1'h:C'HCO 1) I white 1935, 1854 

1l'c(C:O)z(PPh ;),( Ph('H,CO2)]" white 1935, 1860 

"l'c(CO):.( I ' l ' l l~)~(cc ' l , ( 'O~)]~  pale yellow 1940, 1860 

I lamtl  = 2-(methylamino)thia~ole 
Hamt? - 2-(4-1nethoxyphenylainino)thi~i~oIc 

2.530(2) and 2.482(2) A, and Tc-CO 1.88( 1 )  A. In addition. the coinplexes [Tc(C0)2 
(PPh,)2(OC(~HPh)S)]",  [ ~ C ( C ( ~ ) , ( P P ~ ~ , ) ~ ( S C ( O ~ ~ ) S ) ~ " ,  and (Tc(C0)2(PPh3)2 
{C,HiNC(OEt)O] 1" were synthesi7ed and characterized [645]. 

l'he neutral complex [lc(CO),(PPh3)2(Phr\i=C(OEt)S}]o with the bidentate. niono- 
anionic thiazetidine ligand was obtained by refluxing [l'c(C0)3CI(PPh~),]" in 'I'HF 
with PhKC(0Et)SNa. The white crystals of the complex adopt the monoclinic space 
group PZ, with rr=12.825(5), b=16.713(5), c=9.480(5) A. /,'=94.29(3)", and 2=2. The 
'Ic(1) environment is distorted octahedral. Again the PPhi groups are in II'LIIIIS position 
and the CO groups in c i s  position. The thiazetidine ligand has a bite angle of o~dy  
64.7(1)". I h e  Tc-N and Tc-S distances are 2.228(5) and 2.529(1) A. respectively 

Another structurally similar complex [rc(CO),( PPh,)?( (C3H2NS)N=CHC,jH40)]", 
containing the Schiff-base chelating monoanionic, bidentate ligand (LH) N-2-hy- 
droxybenzylidene-2-thia~olylimine, was synthesized by adding [ I c ( C O ) ~ C I ( P P ~ , ) , ] ~  
to a boiling THF solution of the lithium salt of the ligand generated in sitzi by treating 
LH with iz-HuLi. Red-violet [Tc(CO)~(PPh, )~( (< '~I -~2~S)N=CHC~H~O] 1'' crystallizes 
in the monoclinic space group f2,in with n=17.905(5), b=24.895(4). c=9.285(6) A. 
p=102.63(3)", and 2=4. The coordination geometry is distorted octahedral with trnrzs 
PPh, and cis CO. The 0-'lc-N bite angle o f  the chelate is X3.6(2)". The chelate anion 
forms with Tc(1) a hexa-atomic planar ring. The Tc-0 and Tc-K distances are 
2.164(5) and 2.210(7) A, respectively 16461. 

Reaction of [Tc(CO)3CI(PPh3)2]" with dithio ligands in acetone or THF under 
reflux yielded colorless or yellowish crystals o f  N,h'-diethyldithiocarbamato- 
I T C ( C O ) ~ ( P P ~ ~ ) ~ S ~ C I ( C ~ H ~ ) ~ ] " ,  ethylxanthogenat0-[7'c02(PPhj)~S~COC~H~]",  
and dimeth~~ldithiophosphato-[Tc(CO)~( PPh3)2S,P(OCHj),]-dicarbonylbis(triphcn~l- 
pliosphine)technetiuni(T) compounds which were Characterized by "Tc NMK and IR 
spectroscopy [647]. 

Very recently technetium carbonyl triphenylphosphinc complexes containing 1.4- 
benzodiazepine derivatives were synthesized by reaction o f  [I-c(CO),Cl(PPh,),]~, in 
refluxing CH2C12/EtOH with 7-chloro-5-(2-chlorophenyl)- 1,3-dihydro-2H-l,4-bcnzo- 
diazepine-2-one-~-oxide (LH) and other derivative ligands. Pale yellow crystals of the 

(2921. 



complex ITc'(C0)2(PPli3)2 (L)],C2H50H adopt the monoclinic space group /'/?,it? 

with ~1=12.022(3), h=24.377(4): (.=I 7.763(6) A. /I= 106.45(3)". and %=4. 'l'he coordina- 
tion geometry around the 'l'c atom is roughly octahedral with the two PPh3 ligands in 
trans position and the two carbonyl groups cis to each other: 

CI 

The maximum deviation from octahedral symmetry is observed in the equatorial 
plane as a consequence of the small bite angle N-Tc-O of only 50.2(1)". The Tc-N 
bond length is 2.214(3) A, the Tc-O distance 2.238(3) A [6443]. 

Tcchnetium-pentacarbonyl-trilluoroacctatc, [Tc'(CO)5CF3C02]". was obtained by 
grinding a mixture of [Tc(C:O)SCI]" with CF3COOAg under a laycr of CHCI;. The 
compound sublimes upon heating in vacuum at 60-75 "C and condenses as colorless 
crystals. It is stable in CC14 solution. lJpon reaction of [TC(CO)~CF~CO~]"  with ethyl- 
enediainine (en) in ethanol two CO groups are replaced and [ ~ ' C ( C O ) ~ C F ~ C O ~ ( ~ ~ ) ] '  
is formed. Reaction of [Tc(CO)~CI]" with CH3COONn in ethanol is reported to yield 
ITC(CO)~CH~CO~]"  which was transferred into [ T C ( C O ) ~ C H ~ C O ~ ( ~ ~ ) ] "  upon reac- 
tion with ethylencdiamine. The compounds were characterized by IR spectroscopy 
[ 649). 

Grinding of [TC(CO)~CI]" with the potassium salts of several /j-diketonates (KL) 
under a layer of C<'I1 induces the exchange reaction: 

The used P-diketones are acetylacetone (Hacac), trifluoroacetylacctonc (Htfa). 
pi\.,aloyltrifluoroacetone (Hptfa). and hexafluoroacetylacctonc (Hhfa). However. the 
complexes [TC(CO)~L]" are unstable in CCI4 and gradually convert to the hydrated 
tricarbonyl p-diketonatcs [Tc(CO)jL]". The coordinatively unsaturated compounds 
seem to exi5t in the dimeric form. In addition. adducts o f  tricarbonp! 0-diketonates 
with amincs were obtained [650]: 

[Tc(CO),C:lj" A 2EtzNH I HL +['I'c(CO)~I,. EtzNH]" + Et lNH.  HCI 1 2C0 

Reaction of (Tc(CO).3,Br]10 with an excess of THF produced the crystalline, prob- 
ably dinieric compound [TC(CO)~B~.THF]~" .  In acetonitrile the analogous complex 
[ T c ( C O ) ~ H ~ C H ~ C N ] ~ '  was reported to be formed [65 I ] .  The mass spectra of techne- 
tium carbonyl compounds were studied extensively [652]. 



[Tc(CO)3Br(en)]" was structurally characterized. however, no information about 
its preparation seems to be acccssible. The neutral complex crystallizes in the mono- 
clinic space group P2'21/tz with a=7.013( I ) .  h=13.177(8). c=10.736(5) A, [I=lOl.73(3)". 
and 2=4. The coordination geometry of Tc(1) is a distorted octahedron with Br in 
trim-position to one of the carbonyl carbons. The angles OC-Tc-CO and Br-Tc-CO 
are close t o  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 
absence o f  a ~I'LIILS influence. The Tc-Br and the mean Tc-N distances are 2.640(1) 
and 2.217 A. respectively [573]. 

In tl.~,?.s-[Tc'(Co),(PPh,)~][BE'il]. synthesized from the nionohpdride complex 
[ H T C ( C O ) . ~ ( P P ~ ~ ) ~ ] " .  the carbonyl ligands are susceptible to attack by a variety of 
nucleophiles. The pale yellow formyl compound [Tc(CO)~{C(O)H)(PPh,)21, was 
obtained by treating [Tc(CO),(PPIi3)2][BF4] with LiBEt,H in toluene. Addition of 
CIl3SOiCF3 to a toluene solution of the formyl compound yielded the carbene 
[I'c(CO),( C( 0 M e ) H )  (PPhj)*] [ S03CF3] containing a Tc=C bond. Reaction of 
[ ~ C ( C O ) ~ ( P P ~ ~ ) ~ ] [ B F ~ ]  with NaOH in MeCN led to the precipitation of the white 
hydroxycarhonyl complex [rc(<'O),(C( O)OH](PPh3)2]", while the reaction with 
KaOH in  methanol or ethanol gave the corresponding white ester complexes 
[rc(CO)3(COOR)( PPh;)LI". The analogous beige colored aryloxycarbonyl complex 
[Tc(CO)j(COOC,H4CH,)(PPh3)2]r was obtained with the nucleophile KOC6T-14CH3 
in THE Keacting the starting material in MeOH with NaN3 yielded the cream colored 
isocyanate compound [ ~ ' C ( C O ) ~ ( N C O ) ( P P ~ , ) ~ ] ~  [&53]. 

The hpdrido-tris(l-pyrazolyl)borato-tricarbonpltechnetium(T) complexes [HB 
(Cjl 13K2).iTc(C0)1]0 and [HB(~,~-M~?C,HN~) ,TC(CO)~]"  were synthesized by 
refluxing [TcBr(CO)S]" in  THF with KHB(CRH3N2)3 and K H B ( ~ , S - M C ~ C , H N ~ ) ~ ,  
respectively. [HB(C3H3N2)3T~(CO)3]" crystallizes in the trigonal space group P,, with 
a=lt.464(4). c=8.091(3) A, and %=2. The colorless compound l'c(1) reveals a distorted 
octahedral coordination geometry and is surrounded by three nitrogen atoms and 
three carbonyl groups in ji~cial arrangement. The symmetry of the molecule is C.3v 
The Tc-CO distances of I.S2(3) A are almost identical, as well as the Tc-N distances 
of 2.12(1) A. [HB(~.~-MC~C~HN~)~T~(CO)~]~ adopts the monoclinic space group 
P2,/c with m=8.026(3), b=14.081(4), c=lS.995(6) A, /1=97.51(2)", and 2=4. ' f ie  com- 
pound has the same molecular structure as [HB(C3H3N2)3Tc(CO)3]o. Both complexes 
a.crc, in addition characterized spectroscopically and by the determination of the 
charge distribution within the molecules [ 6541. 

When [FTB(C3HjN2)3Tc(C0)3jl) in T H F  solution is irradiated with UV-radiation at 
an intensity maximum of 254 nm, a photolytic CO substitution reaction with added 
PPhi as ;I substituent is catalyzed leading to the compound [I-IB(C,l IIiN2)? 
T C ( C O ) ~ P P ~ ~ ] "  that was obtained as yellow crystals. In a similar procedure [HR(3.5- 
M C ~ C ~ H N ~ ) ~ T C ( C O ) ~ ] "  was reacted with trimcthylphosphite, P(OMc),. yielding 
[ H H ( ~ , ~ - M ~ ~ C , H N , ) T C ( C ~ ) ~ ( P ( ~ M ~ > , ) ~ " .  The colorless crystals adopt the monoclin- 
ic space group f'2,ic with a=19.960(4). h=8.180(3), c=33.759(5) A. j=107.51(2)", and 
Z=2x4. The unit cell contains two crystallographically independent molecules of 
somewhat different bond distances and bond angles. Tc(1) is distorted octahedrally. 
surrounded by three boropyrazolyl nitrogen atoms, two carbonyl carbon atoms, and 



the phosphorus atom of the trimethylphosphite group. The I'c-P distance is only 
2.299(5) A and the 'Ic-CO distance 1.84(2) A [6SSl. 

Alter IJV irradiation o f  [ HB(3,S-Mc2C3H~\'I)~Ic(C<))il'; in THE the intermediary 
compound [ HH(3.5-MeZC?HN2)~Tc(CO)z(THF)]~ reacts \vith elemental N2 t o  yield 
the air-stable N,-bridged binuclear complex [ { 1~B(3.S-Me2CII-1~2)3TCo2),  
(p-N?)]". The dark brown complex crystallizes in the monoclinic space group C2/c 
with a=20.322(6). 6=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 cnvi- 
ronment. The Tc-N-N-Tc group is almost linear with a l'c-N-N anglc of 174.0(10)". 
'fie liydro-tris(pyrazol~~l)borato ligands are in a skew conformation to cach other. 
'Ilic N-N(jt-N2) bond distance is 1.160(3) A, which is 0.06 A longcr than i n  elemental 
N2. The Tc-N(p-N2) distance is 1.94(2) A. This remarkable compound was addition- 
ally characterized by IR. ' H  NMK. UV. and MS spectroscopy [656]. 

Reaction of technetium peiitacarPonylchloride with diphenylsulphidc or dipheny- 
selenide in refluxing ethanol results in the formation of the dinuclear CI-bridged com- 
plexes: 

2 !T~(C0)~Cl j"  + 2(C6HS)2S(Se) + [Tc(CO),I(C6HS),S(Se~Cll~ !- 4 CO 

which easily react with excess tctrahydrothiophene to the dimeric substitution product 
[Tc(('O);(SC4Hs)Cl]2''; however, with excess pyrrolidinc by opening of the chlorine 
bridge to the monomcric complex [lc(C0)3(HNCIHx)2Cl]" because of its more basic 
character. Tc( 1) is octahedrally coordinated in these colorless to light yellow. diamag- 
nctic compounds [6S7). 

An unusual dinuclear complex of 'Tc(1) containing carbonyl groups is p-[rr?eso-tet- 
raphcnylporphinato-bis(tricarb(~nyl)technetium( I), [TPP(Tc(C0)3)2]". which was pre- 
pared by refluxing [ T C ~ ( C O ) ~ ~ ] O  with r7zeso-tetra-phenylporphine in decalin under 
argon. Reddish brown crystals. m.p. 323-325 "C, were obtained, which crystallize in 
the monoclinic space group P2,lc with the lattice constants a=l1.934(1), h=16.2%( I ) ,  
c= 11.596( 1 )  A. /1=117.02(1)'), and %=2. The structure of the complex is centrosym- 
metric (Fig. 12.94.A). The two TC atoms are bonded t o  tctraphenylporphyrin, one 
above and one below the plane o f  the macrocycle. The Tc atonis are located 1.42 A 
from the plane and set to one side such that each Tc is bonded to three nitrogens. 'The 
Tc-N(1) distance is 2.16 A, while the Tc-ru'(2) bonds arc much longer. averaging 
2.39 A. The Tc-Tc 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 
r?zc..so-tetraphenylporphin by rncw-porphyrin 1X dimethylester (H2MP). Using a simi- 
lar preparation procedure the reaction with [ T C ~ ( C O ) ~ ~ , ] ~  yicldcd the greenish brown 
solid [ (H-MP)Tc(CO):I]" and. by changing the ratio of reactants, the dark reddish- 
brown solid [ ( M P ) { T C ( C O ) ~ ) ~ ] ~  was obtained. When [ (H-MP)Re(CO),]' was mixed 
with ITc7(CO)lo]" and the mixture refluxed in decalin under argon. the unusual het- 
erodinuclear metalporphyrin complex [(OC);Tc(h/rP)Re(Co)jl" was isolated as a 
dark red solid. The compounds were characterized by IJV, IK, 'H NMR, and mass 
spcctroscopy [65S-6611. 
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Fig. 12.94.A Ic-(meso-tetraphet~ylpol.phinato)- 
bis(tricarbony1-tcchnetiuni(I)), 
[l'l'I'['lc (CO),],]". 'Ibc lines between thc 
nitrogen signify the macrocycle plane [6S8]. 

With the goal of labeling bioactivc molecules with 99n1Tc, the tricarbonyl- 
dithi~ether-~~Tc(T) complex bearing the steroid ligand 3.17/3-estradiol was synthesized 
and identified recently [661 a]. 

Cyclopentadienyl-tricarbonyl-tcchnctium(1) was prepared by reacting TcClj 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 [(C5H5)Tc(CO)3]" melts 
at 87.5 "C [662]. Irradiation of the diineric compound [(CsH5)Mo(CO)3]20 with [her- 
ma1 neutrons produced [(CsHs)""'ll'l'c(CO),lo by nuclear transformation of molybdc- 
num to technetium [663]: 

[(CsHs(Mo(CO),]i 7 nthcrm - J [(C'SHY'MO(C:O)~]~ --t [(CSHS)"~TC(CO),:" + / I  

[ (C5Hs)Tc(CO)3]" undergoes a FriedelLCrafts reaction in CS2 with a mixture of alumi- 
num chloride and benzoyl chloride under rellux yielding [(C6HsCOCSHj)Tc(C'O)3]" 
by acylation o f  C5H5. The colorless, crystalline compound melts at 87.5 :'C and was 
characterized by IR spectroscopy 16641. Pentamethylcyclopentadienyl-tricarbonyl- 
technetium(1). [(115-C.i.MeS)'lc(Co);I ' is accessible in a simple route by reaction of 
Na[Tc3(CO)q(OCH3)4] with pentamcthylcyclopentadiene: C5(CH3)5H. The complex 
is readily soluble in organic solvents. Na[Tc3(C0)9(0CH3)4] reacts with benzenci1ICl 
to form the yellow complex salt [(i~6-C6H6)'L~(C0)3]C1 [634]. 

Keaction of [I'C(CO)~I]" with lithium cyclopentadienides (LiCp) in THF at room 
temperature led readily to the formation of  cyclopentadieiiyltricarbonyl-techne- 
tium(1) and some derivatives: 



TI I r .  
[Tc((:O)51]c - LiCp - CpTc(C:O)$ ~. LiI t 2CO 

where Cp = $-CgHs, q5-C5Me5. I ~ ' - C S M ~ ~ ( ( : H ~ ) ~ N M ~ ~ .  The amino group in 
[(;Me2N(C:H2).ICf;MeJ)'l~c(CO)3[~ was quaternized by treating the complex with excess 
Me1 to yield the complex salt [ (Mc3N + (CH2)3CSMe4}Tc(C0)3]1, which crystallizes in the 
monoclinic space group f'2Jc with n=14.0S1(2): 6=9.089(1), c=l7.207(3) A. /i=91.13( 
and %=4. Thc geometry around Tc may be described as a piano stool composed of three 
carbonyl groups and the ll'-coordinated cyclopcntadienyl ligand with a side chain bearing 
the ammonium group. The 'lc-C bond distances to the cyclopentadienyl ring carbon 
atoms range between 2.275(9) and 2.30(1) A. The mean Tc-CO distance is 1 .YO( 1) A. 
The OC-rlc-CO angles are closc to 90". [(CSM~,)TC(CO)~]" reacts easily with NO[  PFh] 
in acetonitrile to give the cationic nitrosyl complex [ (C+le,)Tc(CO),(NO)]- with the 
hexafluorophosphate anion [665]. 

The cornplcxes [($-C5MeS)Tc(CO)3]". [(r/S-CSMeJEt)?'c(CO)~]~, and [(ili-CgH7) 
TC(CO)~]~ '  were prepared by reaction of [ T C ~ ( C O ) ~ ~ ] ~  with excess pentamcthylcyclo- 
pentadiene, tctramethylethylcyclopentadicnc or indene at 200 "C. Colorless [ ( t is -  
CSMeS)Tc(C:O),]". m.p. 119-120 "C, crystallizes i n  the triclinic space group f'i with 
tr=6.9S0(1). h=7.854(2). c=12.936(5) A. r=X5.46(2). p=87.57(2), ;=7.5.32(2)", and 2=2. 
Fig. 12.95.A shows the piano stool structurc of the complex. 'I'he Tc-C bond distances 
to the carbon atoms of the cyclopentadienyl ring vary from 2.276(5) to 2.356(5) A. 
The OC-Tc-CO angles are again close to 90" and the Tc-C-0 angles are almost lin- 
ear. [(~'-CS~c,Et)'r'e(C0)3jo is also colorless and melts at 55 "C. I t  adopts the mono- 
clinic I'21/m space group with the lattice parameters u=7.050(6). b=11.300(11), 

lo 
C13 

Fig. 12.95.A Pciitnmethyl-cyclopcnt~idienyltricarhonyI-technetiuni( I).  [(t/'-(',Mc,)Tc(CO);]" [OOO]. 



c=9.358(8) A, [j=94.86(7)". and 2 = 2 .  The light yellow indcnyl complex [ (q5-  
C',H7)Tc(C0)3]" melts at 57-58 "C and crystallizes in the triclinic space group fl with 
n=6.737(5), h=7.317(6), c=12.281(9) A. x=97.52(6). /)=94.68(6). ;,=109.38(6)'. and 2=2. 
The core geometries of both compounds are very similar to that of [($- 
C5Mes)'1'c(C0)3]". All three compounds are air-stable. They were characterized in  
addition by TR, ' 1 ~ 1  NMR. "C NMR, and IJV spectroscopy [666]. 

The heterocyclic compound r~s-tetrainethylpyrrolyl-technetiumtricarbc~iiyl [ (M~JC'AN) 
Tc(CO)3[" was synthesized by reacting [TcBr(CO)S]O with excess tetramethylpyrrolyl 
potassium (MeAC4N)K in refluxing THF under exclusion of air and water. The compound 
[ (J~~-M~~C~N)TC(CO)~}]~).H~\~C~MC~, containing one molecule of tetrameth ylpyi-rol, crys- 
tallizes in colorless needles in the orthorhombic space group Pna2,. The lattice constants 
are rr=20.967(5), b= 1 1.556(2), c=8.741(3) A, and Z=4. [(ri5-~eAC,N)l'c(CO);}]" also 
shows a piano stool structure. The distance Tc-ring center is 1.957(1) A. vciy similar to 
the corresponding distance of 1.944(6) A in [(rl5-CSMes) Tc(CO)~}]". The Tc-N bond dis- 
tance of2.167(9) A is significantly shorter than the average Tc-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. ?'he 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 16671. 

Irradiation of a solution of [(CsH5)'I-c(CO)3]3 and PPh3 in cyclohexane with UV radia- 
tion leads to the formation of the complex [(CjH5)Tc(CO)z(PPh3)]o. 'The light ycllow- 
brown crystals adopt the triclinic space group P1 with n=9.453(5). h= 10.699(5), 
c=11.679(5) A. ~=75.87(4). p=76.50(4), 7=77.20(4)". and 2=2. The bond distance o f  Tc(1) 
from the ring center is 1.96(1) A. The distances of 'Ic to the ring carbon atoms range 
between 2.272(6) and 2.307(6) A. The Tc-P distance is only 2.341 ( 1 )  A. The OC-Tc-P 
angles are close to 90". In a similar preparation procedure the complex [(C5Mcs)Tc 
(CO)2(PPh3)]" was obtained in brown prisms, which crystallize in the monoclinic space 
group 1'22/lc with u=9.470(7), b=15.49(1), c=1S.71(2) A. /l=101.96(6)". and Z=4. Its struc- 
ture strongly resembles that of [(CjH5)Tc(CO)z(PPh3)]o. IK, ' H  NMK, and UV spectro- 
scopic data have been communicated [655]. 

When [(C~+le,)'lc(CO);]o is irradiated in cyclohexane with IJV light under exclu- 
sion of oxygen and water, the remarkable dinuclcar complexes I (C'5Me5)2'lc2 
(CO)3]"nnd [(CsMes)2T~2(C0)s]0 are produced. The red [(C5Mes)21'cZ(CO)~~]o crys- 
tallizcs in the triclinic space group P i  with a=8.823( 1 l ) ,  h=lO.I72( 1.2). 
c=13.590(15) A, ~=71.28(9), fi=85.91(9), p77.97(9)", and 2=2. I t  is stable in air and in 
solution. Thc Tc-'lc core is triply bonded and additionally bridged by three CO 
groups (Fig. 12.96.A). ' lhe Tc-Tc distance is 2.41 3(3) A. Both cyclopcntadienyl rings 
are parallel t o  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 CH3 groups bending away from the Tc centers. The average 
'Tc-ring center distance is 2.25(1) A and the Tc-CO distance 2.09(1) A. The 'I'c-CO- 
Tc angle was found lo  be 70.7(4)". From spectroscopic data o f  [(C5Mcg)yrc2(C0)51', 
it is believed that the compound may have the same structure as the analogous Re 
complex. that  is, thc two Tc centers are connected by a Tc-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 16681. 



Fig. 12.96.A ' l i - is(~c-carbonyl)-bis-(pentamethyl-c~~clopenta~ien~l)~i l~~hi i~t ium( I). 
I (r15-(:i~~c~):Tc:(C'0)31; 16681. 

Reaction of [()7s--CS;Mes)Tc(Co),1" in diethylether with a suspension o f  LiPh in 
bcnzcncicthcr results in the formation of the acyl complex I,i[(CSMeS)Tc(C[))~. 
C(O)Ph]: 

+ LiPh 
Li 

Et20.20 "C 

C 
0 

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 [(C5Mes)(CO)2Tc=C(OEt)Phl" by addition of 
[Et30][BF4] to the melting CH2C12 solution of the acyl complex: 

0 Ph 

Et3 0 B F , 
-2 Et,O, -LIEF, 

7 

CH,CI,. 20 "C 

t 1 0  

oc ,..5"\ 
C'O, 

c I Et 
0 Ph 



The yellow. air-stahlc. diamagnetic carbene complex crystallizes in the monoclinic 
space group P21/n with the unit cell constants n=8.468(2), h=22.648(7). c=10.412(2) A, 
/j=95.72(3)", and 2=4. 'I'he structure reveals the nearly perpendicular orientation of 
the carbene ligand relative t o  the CsMcs ring. The distance 'lc-(Cs.Yles)(center) is 
1.966(1) A. 'Ihe 'Ic-C-O(carbony1) angles of 171 (2) and 175(2)" deviate significantly 
from linearity. The Tc=C(carhenc) bond distance of 1.97(2) A is considerably shorter 
than the Tc-C(CsMc5) ring distances, with a mean value of 2.31 A. The carbene com- 
pound reacts with BC13 in pentane at  -20 "C to form thc cationic carbyne complex 
[(CjMe j)(CO)?TcXPh] B( 

*-lo 
?I in high yield: 

+ 2 BCI, 

- (BCI OEt) A 
Pentane , -20 QC 

BCI, 

The yellow, diamagnetic compound is thermally rather stable. Reaction of the car- 
hyne complex in EtIO with NaOCy (Cy = cyclohcxyl) givcs the carbene complex 
[ (CSMej)(CO)27'c=C(OCy)Ph]": 

BCI, 

+ NaOCy 
- NaECI, - 

Et,O. 20 "C 

1 0  

c I CY 
0 Ph 

Addition of P(OMe); to [(CSMej)(CO)*Tc~CPh]CI in dichloromethane induces a 
carbyne-carbonyl coupling reaction yielding the green, diamagnetic ketenyl complex 
[(CsMe j)( CO)P(OM~,)I'CC(CO)P~]CI: 

r 
I . 

t P(OMe), 

CI 

The compounds were identified by 1R. 'H NMK, and IJV spcclroscopy 16701 

Structural data o f  'I'c(l) complexcs arc reviewed in Tablc 12.28.A. 



Table 12.28..4 Sonic structural data of selcctccl 'I c(l) complexes 

Geornctry Tc-L Magnetic References 
distance I A1 property 

.. . 

12.7.4 

[ Tc( N O ) ( N  H3)4( 0 I I ?)I2- 

oc t ah. 

octah. 

octah. 

oc t ah. 

trig.bipyr 

octah. 

octah. 

octah. 
... . 

octah. 

octah. 

octah. 

oc t a 11. 

oct ah. 

octah. 

octnh. 

2.029(5) ('1'~-C) 
- 

2.034(Tc~C) 

2.04 (Tc-C) 
2.389('I'c-P) 

2.43 ('I'c-P) 

1.97 -2.06(Tc-C) 
2.403 ('I'c-P) 

2.16 (Tc-N) 

1.969 (Tc -CO) 

1.90-2.04('I'c-C) 

2.088 ('l'c-CK) 

2.40 (l'c-P) 

2.432 (Tc-Cl) 
2.24-2.38('1'c-P) 

1.861 ('l'c=C) 

2.629 ('I'c-c'l) 
2.38 (Tc-P) 
- 

2.518 (Tc-Cl) 
- 

2.05 (Tc-K 

1.359 ('l'c-P) 
1.7 (Tc H) 

1.726 ( I'c-SO) 
2.168 (Tc OH?) 
2.164 ('I'c-NH~) 

1.726 (Tc NO) 

. .  

diamag. 
- 

diarnag. 

- 

- 

. ~ ~ . .  

diamag. 
- 

- 

- 

- 

~ . .  

- 

- 

dinmag. 

diainag. 

- 

2.543-2.SS2(Tc-Rr) 

2.129 ('I'C-Y,,~) - 

1.781 (Tc-NO) 
2.37-2.43 ('l'c-Cl) 

- 

.... 

.... 



'lahle 12.28.A Continued 

Coniplex Geometry Tc-I, Magnetic Heferences 
distance [A] properly 

frurz.s-ITcCl(CO)i( PPh 1)2 1'' 

(is-[Tc(CO)2(P(OEt)2PhJ,J ' 

firc-l'rc( CO)3Br(PPh3)2]" 

[ I ' c ( C O ) , ( ~ N ~ ) ( P P ~ ~ ) ]  ' 

ITc(CO)2(PMe,Ph)2(dtt)Jc 

[l'c(C~O),(PPh,),(SC(NHPh)SJ1" 

['l'c(CO),(PPh3)2( PhN-c'( OEt)S}]" 

octah. 1.739 (Tc-NO) - 

2.1 1 (Tc-N,~I,~,,) 
2.175 (Tc NH;) 

octa h. 1.782 (I'c-NS) 
2.387 (Tc-CI) 

oct 21 11. 1.73 (Tc-NS) - 

octa h. 1.747 (T-NS) diamag. 
2.448 (Tc-P) 

2.14 (Tc -NPjc) 

.... ~ . . . . . . . ~  

diamag. 

- - diamag. 

- - diamag. 

- - diamag. 

D z ~  symmetry - diamag. 

TC~CI, ,  cube 2.559 (Tc Cl) - 

1 ,903 (Tc-C'O) 

2.14-2.19 

1.90 (Tc-CO) 

octah. 2.39 (Na-OCH,) - 

(Tc-OCH?) 

octah. 1.93 (Tc-CO) 

2.496 (Tc--C:I) 

octah. 2.44 (T-1') diamag. 
1.89-1.98 (Tc-CO) 

octah. 1.90 (Tc-CO) diamag. 

C, symmetry - diamag. 

octah. 1.86 (Tc-CO) 

octah. 2.39-2.43 (Tc-P) - 

octah. 2.48-2.53 ('1'1-S) - 

octah. 2.529 (Tc-S) - 

octah . 2.164 ('Ic-0) 

2.10 (I'c-CN) 

2.42 (T-P)  

2.388 ( b P )  

2.184 ('lc-N) 

1.88 (Tc- CO) 

2.228 (I'c-N) 

,, ~. , , 2.210 (Tc-N) 



Table 12.28.A ('ontinued 

Complex Geometry Tc-I, Magnetic References 
distance [A] property 

[Cp r q c o ) , ] ~  

[Me3N(CI 1 ?);C,Mc4Tc(CO),]+ 

octah. 

ocrnh .  

octah. 

octah. 

oc t a h . 
octah. 

- 

piano stool 

- 

piano stool 

piano stool 

piano stool 

piano stool 

piano stool 
ccliptic 

I(tIP-CS~/le,)(CO)*I'c=C(OEt)Ph1; piano stool 

[(,/i-CjMeS)(('O)zTc~C~li] + - 

[(ri'-C,Mei)(C'O)l'(OMe)3~cC -- 

(CO)Ph I- 

I .X86 ('l'c-<:O) ~ 

2.217 (Tc-N) 
2.640 ('1.c-Bi-) 

2.12(Tc S )  

2.299 (I~c-P) ~ 

1.82 ('l'c-CO) ~ 

1.84 (.re CO) 

1.160 (N-K)(pN2) ~ 

- dinmag. 

2.16-2.39 ( re -s )  ~ 

1.94 (Tc-N) 

3.101 (Tc-Tc) 

dianiag. 

2.27 2.30 (T-Ccp) 
1.90 (l'c-CO) 

2.28-2.36 (T-Ccp.) ~ 

2.28 2.36 (Tc-CI,,'~) 

1.957 (Tc-Pyr:':) ~ 

2.167 (T-N) 

1.96 (Tc -Cp) ~ 

2.27-2.31 (Tc Ccp) 

2.413 (Tc-Tc) ~ 

2.341 (T-P)  

2.2s ('I&Cp*:) 
2.00 (Tc CO) 

l.Y6h (-I'c-Cp") diamag. 
1.07 (Tc-C) 
2.26-2.35 (Tc-CcPs) 
- diamag. 

diamag. 

12.8 Technetium(0) 
Only a few complexes of technetium in the zero oxidation state are known. and are 
cxclusively formal derivatives of ditechnetium decacarbonyl. Hctcronuclcar decacar- 
bonyls havc bccn synthesized in which one l'c nucleus is substituted by Co, Mn. or 
Re. The carbonyl groups in [ TczCOlo]" wesc partially o r  complctcly replaced by PF3 
or one CO group could bc substituted by a cai-bene ligand. Also. thc butadicne- 



bridged ditechnetium octacarbonyl has been synthesized and characterized. The coor- 
dination geometry of the Tc (0 )  compounds is distorted octahedral. 

Ditechnetiuin decacarbonyl. [ ~ ' C ~ ( C O ) ~ , ~ ] " .  was first prepared in 1961 by reaction of 
l 'c207 with CO in a copper-plated autoclave at 220 "C for 20 h under ii pressui-c rising 
from 3000 psig (25 Y') to 5100 psip [671], or at 275 "C for 12 h under 250 atm a s  mea- 
sured at 20 "C (6721. More recently, [Tc2(CO)l,l]' was obtained with a yield o f  more 
than 70 % when h'H.,Tc04 in T I  IF was reacted with sodium amalgam in an autoclave 
at  120 "C for 72 h under a CO pressure of 100 atm 16651. Starting a.ith NH41.c04 in 
toluene and simply reacting with CO at  200 "C for 4 h under a pressure of 90 atm 
gives a yield of even 96 YO 16731. The colorless diamagnetic crystals o f  [Tc~(CO),~,] '  
melt at 159-160 "C [671]. They adopt the monoclinic space group 12/rr with rr=l4.65, 
h=7.18. c=14.93 A, /j=105.6". and 2=4 [h74]. The measured density is 2.11 glcm' [675]. 
The dimcric molecule has approximately D4d 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 Tc-Tc bond distance is 3.036 A. Ilie apical 
Tc-C distance of 3.90 A is shorter than the equatorial Tc-C distance of 2.00 A. while 
the apical C-0 distance is 1.20 A and the equatorial C-0 distance 1.12 A. The equa- 
torial carbonyls are bent away i r o n  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 'I'c-C-0 angles arc almost 
180" and the adjacent C-Tc-C angles are close to 90". 'l'he axial C-'l'c-Tc angle is 
177.3" [674]. ~J'he calculation of the electronic structure o f  [Tc2(CO)lol" was underta- 
ken using the extended Hiickel molecular orbital method. The 'I'c-Tc bond energy 
was computed to be 3.14 kcal.mol-' [676]. 'The 1K spectrum was measured in the 
region 3000-290 cm-' and the absorptions were assigned 16771. From IK and Kanian 

0 

i 
0 



data the equatorial and the axial C-0 force constants of 16.642 and 16.316 n1dync.A 
respectively, were calculated in a C-0 factored force field [67X]. The ""'re NMK spec- 
trum o f  [Tc,(CO),,l0 in C,Dh reveals a single line at  6= -2477 ppm vs TcO;, demon- 
strating the two 7'c atoms to be also magnetically equivalcnt 16791. 

' t he  heteronuclear decacarbonyls ITcMn(CO)lo]" and [ l ' ~ R e ( C 0 ) ~ ~ ] ' ,  were synthe- 
sized by reaction of a pentacarbonyl anion with the respective pentacarbonyl bro- 
mide: 

A solution of [Mn2(CO)lo]" or (Tc2(CO)lo]o in THF was reduced with excess 
sodium amalgam t o  produce the pentacarbonyl anions to which the corresponding 
pentacarbonyl bromide in THF was addcd slowly. [ l ' ~ M n ( C 0 ) , ~ ] "  and [TcRe(CO)l,,]" 
were readily separated on nonpolar columns by gas chromatography from by-products 
and were identified by iR spectroscopy and mass spectrometry. The carbonyl stretch- 
ing frequencies for the metal and mixed mctal dccacarbonyls of Mn. Tc, and Re are 
compiled in Table 12.29.A. 

Table 12.29.A IK cai honql stretching frequencies [cm-'1 ol homo- and hetcro-nuclear decacarbonyls of 
the subgroup V11 eleriients 16801. 

Coinpound v (c-0)  [cm-'] 

[ILln2(CO)I,,lU 2044 2013 1983 

r rc , (co) lo i"  2065 2017 1984 

I T ~ M ~ ( C O ) I , , I '  2051 2024 1979.1975 

I R~dCO)iol"  2070 2014 1976 

[MnRe(CO),,,]" 2054 2017 197s 

I r c w ( - O ) l , l i o  2067 2017 1979 

The technetium-cobalt carbonyl [TcCo( CO)9]' was prepared in a similar procedure 
b y  reacting ( T C ( C O ) ~ B ~ ~  with the tetracarbonyl cobaltatc anion [Co(CO),]- in THF: 

[ Co(CO),]- was obtained by reduction of [Co,(CO),]" with a liquid sodium-potas- 
sium alloy. [TcCo(CO)9]o forms yellow crystals which are soluble in common organic 
solvents. i t  was identified by its IK spectrum which was compared with thc spectra of 
the analogous compounds [MnCo(CO)q]" and [KeCo(CO),]". The IK absorptions of 
(MCo((:O)9]o (M = Mn,Tc,Ke) were assigned and the stretching force and interaction 
constants calculated 1681,6821. 

Substitution reactions of [TC~(CO)~, , ]"  with PF; were observed under  hernial con- 
ditions at 1 1 O T  and under photolytic conditions at room temperature using a 450 W 
medium-pressure mercury lamp. Thermal reactions produced compounds with up to 
six o f  the carbonyls replaced by trifluorophosphine, photolytic reactions yielded pIod- 



ucts in which up t o  eight of the C O  groups were substituted by PFt;;. Disubstituted 
axial and equatorial products are readily formed [683]. l'echnetium mctal vapor, 
obtained by cathodic sputtering of the mctal, reacts in a krypton atmosphere with a 
matrix of PF3 cooled to  77 K. The white compound isolated by sublimation was iden- 
tified by elemcntal analysis, IR and mass spectrometry t o  be ] ' I ' c ~ ( Y F ~ ) ~ , ~ ] ~ .  I t  is stable 
at room temperature, deconiposes in basic solution and hydrolyzcs slowly in air. Thc 
vapor pressure of [Tc2(PF3)10I3 at 293 K is 7.10-* Pa [684]. 

[ T c ~ ( C O ) ~ ~ ~ ] "  in diethylether reacts with organolithium compounds LiR (R = 

C6H5 ,CH 3 )  according t o  

[ T C ~ ( C O ) , ~ ] "  t LiR - [(OC)9'I'c2C(OLi)R!" 

Subsequent methylation in water with [ Me30][13F,] affords thc carbene complexes 
[(OC)9Tc2C(OCH.3)C6H5]o and [(OC)9Tc2C(OCH3)CH3]". Both compounds were 
extracted with ether and isolated as diamagnetic. volatilc. crystalline solids which arc 
air-stable, but readily oxidizable in solution. The yellow-orange phenyl methoxycar- 
benc complex melts at 88 "C and the yellow methylmethoxycarbcne complex a t  
103 "C. Both compounds were characterized by 'FI NMR and IR spectroscopy. l h c  
C O  stretching frequencies indicate the equatorial position of the phenylniethoxy and 
methylmethoxycarbene ligands in the technetium-carbonyl structure [685]. 

IJV photolysis of [Tc2(CO)lo]" in pcntane at  -20 "C in the presence of butadieiie 
yields the complex [(~I-C,H,,)TC~(CO),]'. The yellow-grcen crystals adopt the mono- 
clinic space group P2Jn with a=7.469(4), h=13.070(7), c=15.65(1) & /1=92.63(6)", and 
2=4. The compound is isostructural with the corresponding butadienc-bridged coin- 
plexes of manganese and rhenium. Tho T C ( C O ) ~  units are combined by a I'c-Tc bond 
and the butadiene molecule in the s-t~uans-configuration (Fig.J 2.98.A). As a conse- 

0 

Fig. 12.98.A !I-fmns-hutadicii-ditcchn~~iurnoc~acarb(~n~1. [(u-CJ I ~ , ) l ' c ~ ( C 0 ) ~ ] '  [ 6%]. 



quence of the butadiene bridging, the Tc-Tc bond distance is lengthened to 3.1 17( I.) 
A comparcd t o  3.036 A in [ T C ~ ( C O ) ~ ~ ~ ] ~ ) .  Also the equatorial CO groups are no longer 
in  a staggered configuration with a twisting angle of 45". but are twisted by only 12.1". 
'l'he mean axial Tc-CO distances are I .S96(X) A. whilc the average equatorial Tc-CO 
distances of 1.9X2(9) A are significantly longer. The mean Tc-C(butadiene) distance 
is 2.390(5) A. The axial Tc-l'c-C angles arc close to 180" [6S6]. 

T c ( 0 )  complexes are reviewed in 'Iablc 12.30.A. 

Table 12.30.A Some structural data of selccted T c ( 0 )  complexes 

Complex Geometry Tc-L Magnetic References 
distance [A] property 

I 2.8 

[Tc;(CO)~~]'  octa h . 3.036 (Tc-Tc) diamap. (671 6791 

2.00 (Tc-C,,,) 
1.90 (.rc-c:,,) 

['l'cMn(CO)lo]" octah. - [fISOl 
[TcRe( CO) oc tah. - [ 6801 

(TcC<)( CO),]" octah. - 1681.6821 

I I'CdPF3)iol- oct ah. - - [h83.684] 

[ ( O C ) ~ T C ~ C  octah. - diamag. [68S] 
(OC:H3)ChH5 1'' 
[(ii-C,H,)Tc2(CO)~]"octah. 3.117 (Tc-'l'c 

1 .SO6 (Tc-CdX) 
1.9S2 (Tc Cctl) 

12.9 Technetium(-I) 

Evidence for Tc(-I) in complex compounds appears in the synthesis of the carbonyl anion 
ITC(CO)~] , the carbonyl hydride [HTc(CO)S]o, and the heteronuclcar carbonyl anion 
ITcFe2(CO) Their existence was suggested by a comparison of their IR absorption 
bands with those of the corresponding compounds of manganese and rhenium, however, 
no structural determinations or  magnetic measurements were reportcd. 

When freshly sublimed [Tc2(CO)IO](' in dry T H F  was reduced with 1 % Na-amal- 
gam at 0 "C. a reddish coloration of TFIF with evolution of C O  was observed. The IR 
spectra of 'I'HF solutions showed two strong bands at 1865 and 191 1 em-'. A compar- 
ison of these bands with those from solutions of [Mn(CO)sj- indicated the presence of 
(Tc(CO),]-. The action of Na-amalgam on [Re2(CO),,I" also led to [Kc(CO)~]-. with 
strong IK absorptions in THF at 1864 and 1910 em-' [622). 

After removal of THF from [Tc(CO)S] solution and addition of cyclohexane, the 
heterogeneous mixture was treated at 0 " ( 2  with an excess of thoroughly degassed 
H3P04. During this acidification, H2 was evolved indicating formation of 
[ I ' C ~ ( C O ) ~ ~ ] ~ .  In a distillate t\vo principal carbonyl absorptions at 2015 and 2021 cm-I 
and one strong band at 685 cm were observed in cyclohexanc. These bands were 
assigned t o  [HTc(CO)5]c in analogy to 1R absorptions of [HRe(CO)s]' ' at 2006, 2015 



and 683 cm I .  The bands at 685. respectively 683 cm '. are reported to be most likely 
the metal-hydrogen deformation frequencies [622.63 1 1. When diethyl ether is used in 
place of cyclohexane during the acidification step. the yield of [HTC(CO)~]'- '  was found 
to be much higher [687]. 

The anion [TCF~~(CO)~ . . ] -  was synthesized by irradiation of a solution of 
[Tc~(CO)lol" and [Fe(CO),]" i n  THE' under a dry nitrogen atmosphere with a high- 
pi-cssure mercury arc lamp. The solution went from almost colorless to very deep red- 
violet after extended irradiation. Addition of [(C2H5)&]Br in ethanol to the solution 
gave the salt [(C2H5).1N][T~FeZ(~:O)I~]. The IK spectrum of the salt in THF was 
remarkably similar t o  the spectra o f  the analogous manganese and rhenium coni- 
pounds in the carbonyl stretch region. The formation of the  triangular anion 
[TcFe2(CO)12]- is favored in polar solvents like THF or diethyl ether. The anion is 
proposed to exhibit an [Fe3(CO)12]-like structure, in which one [Fe(CO)4] moiety is 
replaced by a [TC(CO)~]  group 16881. 

Data of 'Tc(I-) complexes are given in Table 12.31.A. 

Table 12.31.A <'omplexe\ o f  1 c(1-). 

Complex Structure Tc-I, Magnetic References 
dirtance [A] property 

- - - r1 c(Co)5] -  [6221 
(HTc( CO)s] * - - - [622,631] 

[TcFeZ(CO),,] trianguldr - [6881 - 
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1 Introduction 

For more than three decades """Tc radiopharmaceuticals have been used for diapnos- 
tic purposes in nuclear medicine via imaging of internal organs by single photon emis- 
sion computed tomography (SPECI') or planar scintigraphy. The aini of the diagnostic 
application is the detailed description of the niorphologic structure of  organs and 
above all the testing of their physiological function through the accumulation of 
99n1Tc. which is predominantly a stoichiometric component in complexes with organic 
ligands or sometimes in inorganic compounds. Also macromolecular biomolecules, 
which are not sloichionietricall)I~lly labeled with ')""'Tc. have heen used as radiopharma- 
ceuticals. Like other radiodiagnostic species, "9"1Tc radiopharmaceuticals are applied 
in minimal concentrations. in thc range of 10 M, with no intension o f  any 
pharmacological effect [ 11. 

O n  average, over 80 '% of radiopharmaceuticals applied world-wide in clinics are 
labeled with 991n'l'c. Because of the almost optimal nuclear properties of ootnT~. as well 
as its convenient and low cost production by means of commercial generator columns, 
'lgnlTc radiopharmaceuticals are generally preferentially applied. The half-life of 
')"'"Tc o f  only 6 h and the almost negligible tissue damaging radiation [2] allow the 
injection o f  activities of more than 30 mCi (1  110 MHq) with low radiation exposure of 
the patient 131. 'l'he half-life is. however, long enough to perform the labeling synth- 
eses and the scintigraphic measurements without significant losses in activity. First of 
all, the energy of the emitted photons of 140 keV is sufficient t o  study even organs 
that lie deep in the body. Second. photons o f  this energy can be collimated using lead 
collimators with relatively low wall thickness and can be detected effectively with 
Nal('l1) scintillation counters [4]. "Tc, the decay product of ""mTc. is a pure fl- emitter 
with a half-life of 2.1. 10' a and does not contribute noticeably to t h e  radiation expo- 
sure. 

l l ie  versatile chemistry of the transition element technetium. as apparent from the 
inultitudc of compounds in a large number of oxidation states, is an advantage for the 
synthesis of appropriate y'"l'l'c radiopharmaceuticals. However, in general. the label- 
ing requires the complcxing of '""Tc with ligands containing suitable functional 
groups. Metabolizable biomolecules must be functionalizcd as complexing ligands, 
and a s  a result suffer il change in their biochemical properties. particularly through 
coordination to the central technetium atom. Consequently. the use o f  "omTc com- 
plcxcs with ligands without biomolecular character has been more successful to date. 
Nevertheless, the labeling of biomolecules with 9ymTc t o  prepare macromolecular tra- 
cers is of great significance, for instance for the labeling o f  blood cells. monoclonal 
antibodies or receptor-binding molecules. 

The development of 9y'nTc radioph~irniaceuticals is generally focused o n  complexes 
whose ligands arc chosen under consideration of the expected lipophilicity. charge, 
kinetic inertness, and structure of the compound. Thermodynamically stable com- 
plexes may be reactive when administered in the blood of patients and thc coniplcxing 
ligands could be substituted by various en7ymes. proteins or metabolites. Therefore. 
kinetic inertness is an important requirement. For specific syntheses, knowledge of 
the relationship hctwcen molecular structure and organ distribution is necessary. Mo- 

to 



Iccular structures are. however. only analyzable on weighable compounds that are 
obtaincd by synthesis o f  a model radiopharmaceutical with the long-lived nuclide 

Tc. Its structure will be determined with standard methods used in complex chcmis- 
try. Aftcr adapting the synthesis proccdurc for the ""Tc compound in a modified form 
t o  the analogous "'""Tc compound, the sanie structure of thc radiopharmaceutical can 
be confirmcd by radiochroiiiatographic techniques (IIP1.C. T1.C) and electrophoresis. 
However, the structure of several """Tc r' 'I d iopharmaceuticals, which have bcen suc- 
cessfully applied for some decades. have still not been characterized [l J. A nuinbet- of 
reviews and books dealing with y9n1'rc radiopharmaceuticals has appeared in the last 
[en years [ I  .4-141. 

Y Y  

2 Generation of 99mTc 

""'Tc is available through the /j--decav of "'Mo (Fig. 2.1.H). which can be obtained by 
irradiation of natural molybdenum or enriched '"0 with thermal neutrons in a 
nuclear reactor. ' lhe cross section o f  the reaction "Mo(~i,~.;')~'Mo is 0.13 barn [lS]. 
Molybdenum trioxidc, ammonium molybdate or molybdenum metal are used as tar- 
gets. This so-called (n,y)-molyhdenum-99 is obtained i n  high nuclidic purity. Howevcr, 
its specific activity amounts to only a few Ci per gram. In contrast, '"0 with a specif- 
ic activity of more than l o 4  Ci (3.7. loy MRq) per gram is obtaiiiahle by fission of 2-'slJ 
with thermal neutrons in a fission yield of 6.1 atom '% [16l. Natural or 23sU-enrichcd 
uranium. in the form of metal, uranium-aluminum alloys or  uranium dioxide. is used 
for the fission. I'he isolation of "Mo requires many separation steps, particularly for 
the separation of other fission products and transuranium cleinents that arc also pro- 
duced. 

The nuclide yyMo decays with a probability o f  87 (YO to """'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 due to internal conversion is 
reported to be about 10 '% 1161. Only 4.10-' %, of the decays of yy'nTc leads under /i - 
cmission directly to  stable 99R~1. 



oyrr 'T~ is separated from "Mo mainly by column chromatography, and only lor spe- 
cial cases b y  sublimation processes or solvent extraction. The dcvclopnient o l  the first 
chrom~itogi-aphically functioning yymTc generator succeeded as carly as the late I950 '~ 
at Hi-ookhaven National l,aboratory, U.S.A. [ 171. A historical perspective on ')')"'Tc is 
presented in [IS]. Currently, acidic aluminum oxide with anion exchangc properties is 
used as the column packing material. ""Mo is bound as 99M00:- at the top end of  the 
column, while "omTc can simply be eluted as mononegatively charged """'TcO; with a 
physiological (0 .  IS M)  sodium chloride solution. ""'TcO; is regenerated o n  the gen- 
erator column by ""Mo decay. 

-['he ')')lllTc activity A,,. formed after the time t as a percentage of the activity A M  of 
the parent nuclide ""Mo can be calculated according to the equation 

where 6 = 87.2 "h is the branching ratio. that is the probability of the decay of "Mo 
into "9"1Tc, iL.l = 0.1155 11 is the radioactive decay constant of the daughter nuclide 
9y1nTc. and ihI = 0.0105 h that of the mother nuclide '"0. As an example. 24 h after 
clution of the generator column. the activity of 991nTc is already 88.2 ' X ,  of that of 
"Mo (Fig. 2.2.B). For imaging and functional testing of organs in human bodies about 
0.5 to 30 mCi (18.5 to 1110 MBq) yymTc are needed. which corresponds to a maximum 

Thc generator eluates 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 yy'rlTc is applied within 12 h of the elution. the upper limits per mCi ""mT~ 
obtained from "Mo by fission of 2.3sU are given in Table 2.1 .R. 

of 6 ng. 

ELution 

(6h) 

I I 
1 1  1 I I I I 

0 1 2 3 4 5 6  
T ime  ( d )  - 

Fig. 2.2.U Production of  the '"'"'Tc activity in the system y 4 ~ f m y y " '  I'c after clution from thc generator 
column [ I ]  



Table Z.1.B Upper limits of nuclidic impurities p i -  iiiCi '"""Tc [ 191, 

Nuclide Activity Half-life 

Mo I IrCi (3.7. 10'  Bq) 66.02 I1 
VI 

""Ku 50 nCi ( 1 . ~ 5 . 1 0 "  Bq) 39.35 d 

8.04 d 50 nCi (1.S5. 10' Bq) 1311 

all other 7-emitters togetlici- IOU nCi (3 .70 .  10' Hq)  

Sr 0.6 nCi (22.2 Bq) 50.55 d SLI 

QJl)Sr 0.06 nCi (2.22 H q )  

1 pCi (3.7. I O-' Hq) 

28.5 d 

each x-eniittei- 

3 Imaging of organs 

Yym'I'~. injected into the body. depending on its chemical l'orm and its molecular struc- 
ture, should accumulate in the organ to be investigated, and emits 140 keV ; quanta 
that permit the imaging of the organ using planar scinligraphic or emission tomo- 
graphic processes. 'lhe imaging of the spatial distribution of 99'11Tc in the organ pro- 
ceeds through the focusing of the gamma camera 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 measurement 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 arc parallel in most cases. The collimator 
shields the detector from background radiation. The image resolution of the collima- 
tor improves with decreasing hole diameter and increasing length (>5 cm) o f  the bore. 
Collimators in gamma cameras for the detection of the 140 keV ;.' quanla of 9 y ' n T ~  
have up to 40 000 bores, hole diameters from 1 to 2 mm, and lead septa with a wall 
thickness oi 0.25 mm 121.221. 

The detector is a TI-activated NaI single crystal of about 0.6 cm thickness and over 
25 cm in diameter. Thicker crystals have, on the one hand. the disadvantage that niul-  
tiple interactions can occur, which reduce the image resolution. On the other hand. 
the dctcctor sensitivity increases with growing thickness of the crystal. 

The development o f  high-resolution SPEC'I' cameras for brain imaging has pro- 
ceeded to multiheadcd units, which provide multiplanc, total body imaging, and to 
dedicated brain units. which usually provide one-to-three-slice non-continguous im- 
aging in a transverse plane. 3D-SPECT systems with three heads, which can be 
used to image all body organs, may obtain a 360" view with on ly  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 o f  high-resolution 



fan-beam or slant-hole colliinators and inore sophisticated software has increased 
image contrast [23]. 

4 Synthesis aspects and requirements 

'Ihe development of ""'Tc radiopharmaceuticals o f  known composition and struc- 
ture requires the synthesis and characterization o f  conceptional compounds with 
long-lived "Tc. .Milligram or even microgram quantities of yOml'c could hardly be 
handled experimentally due t o  the short half-life of 6 h and the enormous radioac- 
tivity. Only 0.1 mg N~""" I 'CO~ has an activity of 270 Ci (10' MBq). In contrast. 
50 nig Na"'jTc04 with an activity of 0.45 mCi (160 MHq) 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 /I- 
radiation (Z<nli,x = 0.29 MeV) is largely shielded hy the glass walls of standard lab- 
oratory vessels [24]. 

which is available after elution of the generator column with physiological saline. that 
is, 0.15 M aqueous NaCl solution. The concentration of '""TcO; i n  the eluate is about 
SO t o  500 mCi (1 3 5 .  103 to 1.85. 10, MRq) per S nil, corresponding t o  2 .  to  2 .  lo-' 
M. Saline """TcO; can be applied as such for thyroid and brain imaging, however, for 
brain imaging only then. when the blood-brain barrier (BBH) is not intact [25]. The 
synthesis of the other " " T c  radiopharmaceuticals requires the reduction of TcO, in 
the presence of appropriate complexing ligands. 

A variety of reducing agents can be used for the reduction o f  ')"lll'rcO;. Transition 
metal ions such as Ti3'. Cr2+, Cu' ,  and Fe2+, which tend to form complexes, should be 
avoided. since they could compete with "ymTc for ligands. Equally unsuitable are oxa- 
late, forrnate, hyroxylamine or hydazine n.hich may form undesired complexes with 

l'c. Even when using the common rcductant Sn( I I ) ,  technetium was shown to form 
the hetcronuclear l'c-Sn-dimethyl~lyoxiiiie complex [l'c(DMG)3(~~-OH)SnC13]" upon 
reduction of TcO, with SnCI2 in the presence of dimethylglyoximc 126,271. As rcport- 
cd recently, stannous ions can be cffectively and conveniently uscd lor the reduction 
of """'Tc04 in the preparation of y'jnlTc radiopharmaceuticals. when Sn(I1) is chclatcd 
by a resin containing functional aminophosphonic acid groups. The "9n1Tc imaging 
agents were shown to be almost frec o f  Sn(l1) and the reducing capability of the resin 
was quite stable despite long-term storage [28]. Thc potentials V S  the standard hydro- 
gen electrode of scveral suitable rcdox systems for the reduction of ""mTcO; are given 
in Table 4.1 .B. Numerous complexing ligands can simultaneously act as reducing 
agents. 

The starting material for the synthesis of y9mTc radiopharmaceuticals is Na'"'' I'COJ, 

"Ill 



Table 4.1.B Standard electrode potentials Eli of redox sy\lcms (291 for thc r d u c l i o n  o f  """TcO 

Medium Reclux System Eh [VI 

-4, 0.40 

t2e 0. I5 

4 2c- -0.22 

r2e- -0.276 

+2e -0.50 

r2e  -0.00 

4-2e -0.936 

+2e- -1.12 

+2e -1.12 

:-8c -1.24 

122- -1.570 

. .  

The controlled-potential electrolytic reduction of 9y"1TcOJ at chemically inert elec- 
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 impurities in the radiopharmaceutical solution [30]. Electrolytic reduction has 
found little application in chemical practice, since i t  requires more equipment. 

The synthesis of the radiopharmaceutical should proceed in one step directly after 
elution of 99"1Tc0; from the generator column and must be performed in a solvent 
which is appropriate for intravenous injections. such as physiological sodium chloride 
solution. The re;igents used should be lion-toxic and the injected solutions must be 
sterile and pyrogen free. y9mTc should occur quite predominantly in the expected 
chemical form and molecular structure, that is, the so-called radiochemical purity 
should exceed 90 '% to  ensure the highest possible organ specifity. lisually. the con- 
centrations of the rcagents (ligand, reductant) are much greater than the concentra- 
tion of 99"1TcO;. Then a pseudo first-order reaction for the formation of the radio- 
pharmaceutical is to be expected: 

k is the specific rate constant. The time t necessary for completing 99 % of the rcac- 
tion 

4 is a function only o f  the pseudo first-order rate constant k and not of the y"mTcO 
concentration 131. 

= tl,l,y?. of y9'1'T~, the biological hall-life thlo is 
of importance. The latter indicates the time, regardless of radioactive decay. at which 
the activity o f  the radiopharinaceutical in the body has decreased to one-half by biolo- 

In addition to thc physical half-life 



gical elimination. Naturally. f1,,<) depends on the specific radiopharmaceutical. The \o- 
called effective half-life fr t+ follows from tph,,, and f,,,,, according to the equation 

Considering the cxposure o f  the patient to radiation, fCfI  should not be any longer 
than i t  takes to carry out the required diagnostic investigations [ 141. The value of tCff is 
always less than the shorter of the two half-lives tphV5 and thlo. For ''9mTc radiopharma- 
ceuticals fhio < tphyh is 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 o f  the injected activity dose and consequently the exposure of the patient to 
radiation. 

A radiopharmaceutical should not change chemically it? vivo during its transport to 
the target organ, i t .  it should be kinetically inert. However, the nietabolization of the 
labeled complex in the target organ can be of advantage, in particular. if the funetion- 
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 between 
molecular structure and organ distribution is to be gained [l]. 

5 Kits 
Kits are sterile and pyrogen-free. non-radioactive rcagent mixtures which arc dried by 
lyophilization and stored under nitrogen in sealed glass vials. These kits contain the 
substance to be labeled, which is mostly the complesing ligand, and in addition. gener- 
ally a reductant and some other preservative components which ensure the reliability 
of the final 99mTc radiopharmaceutical formed by reaction with '"TcO; o f  the gen- 
erator eluate. The kits are commercially available and can be stored for long periods 
of time. Stannous salts are the prererred reductants for kit formulations, because of 
their water solubility. chemical stability under dry conditions, low toxicity: and effec- 
tiveness at room temperature. Currently available kits contain a stannous salt as 
reductant. Without the complexing ligand. the reduction of pertechnetate yields pre- 
dominantly the thermodynamically stable Tc02-hydrate. Even in the presence of a lig- 
and. the production o f  Tc02-hydrate may compete Lvith the oomTc complex formation. 
Therefore 'I'cO2-hydrate may be present as an impurity in yY'l'T~ radiopharmaceuticals 

Additional kit components are antioxidants. buffers and other additives such as so- 
called catalysts, accelerators, solubilizing agents and fillers. Antioxidants. for instance 

[31]. 



ascorbic acid, gentisic acid, and 4-amino-benzoic acid. have been used to protect 
"""Tc a d iop1i;irniaccLiticals against oxygen or oxidants i n  addition to stannous salts. 
Frequently. the radiochemical purity of pharmaceuticals is highly p I  I dependent and 
the ')')'''.lc product niay vary with the pH of the solution; thus buffers can he important 
cotnponcnts in kit  formulations. However. sometimes the ligand itself act as a buffer. 
Yields of dcsired compleses niay be impi-oved by adding another ligand (catalyst). 
such RS gluconate. dtpa or citrate. which form weak technetium complcxcs and pro- 
vide for ligand eschange reactions. This approach was adoptcd for O"lllT'c isonitrile 
radiopharinaceuticals. Accelerators with vicinal hydroxyl groups appear- t o  increasc 
the rate of coinplex formation and to improve the radiochemical yield. Solubilizing 
agents are surfactants which help to dissolve lipophilic y"nlTc radiopliartnaceuticals. 
and the ready dissolution o f  the  solids within thc vial is o f  high significance for the 
formation of the expected radiopharmaceutical. Rapid solubilization is also achieved 
through the control of the particle size during thc lyophilization process. The particle 
size is controlled, if necessary, by the presence of inert fillers. such as NaCl or manni- 
to1 [5.31]. 

6 Synthesis, structure and development 

Numerous clinically approved y"ll'Tc radiopharmaceuticals are currcntIy used in 
nuclear medicine for studying the morphological structure o f  organs and testing their 
physiological function. Several aspects of thcse radiopharmaceuticals and some future 
prospects will be presented below, mainly with regard t o  human organs. 

6.1 Brain perfusian imaging agents 

Brain radioph~irinaccuticals should be capable o f  penetrating the intact blood-brain 
barrier (RHH). 'I'hc barrier arises from epithelial-like tight junctions that virtually 
cement adjoining capillary endothclium together in the brain microvasculature. There 
are no pores in brain capillaries [32.33]. Lipid-soluble, uncharged molecules can pass 
throu3h the HBB 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 o f  the octanoUwater coefficient. Compounds with values of log P 
between 0.9 and 2.5 appear to penetrate the BRH rather easily (Fig. 6.1.B). kvhile 
more strongly lipophilic substances are increasingly bound t o  blood components. Per- 
centage brain extraction rises almost linearly in the rangc o f  log f' values from - 1  to 
+1, remains constant over thc range o f  log P 1.0-3.0, and then declines linearly a s  lipo- 
philici ty increases further. Howevcr. such relationships, :is expected, ai-c 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 permcability was 
observed, but above 400 daltons. the permeability was reduced iiidepcndent of the 
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lipophilicity 1.371. In  addition. the BBB permeability may be inversely related t o  the 
intermolecular hydrogen bond strength of ;I lipid-soluble compound [XI. 

yyrrlTc brain radiopharinaceuticals developed to date appear to penetrate the HHB 
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, niust be able to pass through the membrane of the 
endothelial 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 ;I large neutral amino acid could. by using this transport system of the endothclial 
cellsl accelerate the passage o f  Oot'l'l'c into the brain [39]. 

In addition t o  the diffusion o f  radiopharmaceuticals through the BBH into the 
brain, their retention in the brain is of great importance for sciiitigraphic mcasure- 
ments. In particular, the rediffusion of radiopharmaceutical agents from the brain 
should be limited. either by  binding to intracellular components of the brain cells or 
through metabolic trapping. Thus, the dcvelopnient o f  new yy"lTc 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 o f  the brain is hindered [25.38]. 
Furthermore, the distrihution of the agent within the cerebral tissues should be in pro- 
portion to regional blood Ilow, with n o  redistribution of the radioactivity with time. 

6.1.1 [""'TC~O-~I-HM-PAO 1" 

The title neutral complex is prepared by reduction of ')"tn~I'cO~ i n  saline with Sn(l1) in 
the presence of the ligand d.l-HM-PA0 (hexamethyl propylene aminc oxime) or, 
more precisely, 3.6.6,O-tetrametliyl-4,R-diazaundcc~1ne-~,lO-dione dioxime [40]. 
According to s t r uc t ura I investigations of [ ')')~Tc''O-d.l- HM-PA( 1 1 the molec 11 lar s t ruc- 



ture o f  the d./-diasteroisonicric complex core is a square pyramid with the oxygen 
atom at the apex (Fig. 6.2.B). Technetium in the oxidation state +S 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 amincs and the ionization of one of the oxime OH 
groups. The Tc=O distance is 1.682(5) A. The Tc-N;,,,,;, distances of 1.91 A are con- 
siderably shorter than the Tc-N,,~,,~ distances of 2.07 A. The yellow complex crystal- 
lizes in the orthorhombic space group 1-'21212, with n=6.948(2), h= 12.460(3). 
c=19.299(4) A and %=4. The Tc=O stretching vibration was found in the IR at 911 
ern-]. The compound is quite lipophilic. as indicated by thc rcady extraction into 
diethyl ether [do]. I t  has a log /'of = 2 and readily penetrates the intact BBB [411. 

Thc human brain accumulates, for instance, 3.4 to 5.7 % of the injected activity up 
to at least 8 h after the injection [42]. ' l l e  retention mechanism appears to be a 
chemical reaction in the brain which may be associated with intraccllular glutathione 
[ S ] .  Obviously, [Y""'Tc''O-tl,l-HM-P~~O]'~ 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 [44-461. More recently in v i m  data have support- 
ed that intracellular retention of [99mTc"O-d,l-HM-PAO]' is generally dependent on 
the redox status o f  the tissue 1471. 'The in vilro stability of this agent is limited. Once 
the complex is prepared by dissolution of the lyophilizcd kit in the saline solution of 
"'"TcOl. it must be injected within 30 min. The major products o f  the [9yn'Tc\'O-d,l- 
HM-PAO]" decomposition arc 99n'TcO~ and other hxdrophilic " " T c  species [48]. 
Gentisic acid (2,S-dihydroxybenzoic acid)? an antioxidant, was employed to stabilize 
the kit. but its effect is highly pH dependent with optimum utility occurring near neu- 
tral pH. 'The stabilization would allow the kit to be used for up to six hours after 
reconstitution [49]. Very reccntly it was reported that ["""'l'c"O-~./-HM-PAO]" is 
stable in basic solution, however? in an acid solution it is attacked by the hydrogen 
ions forming hydrophilic complexes [ SO]. Preparation of ["""'~l'cO-d,l-HM-PAO]~' in 
85 % cthanol was found to increase its in vitro stability. Diluting the ethanolic solu- 
tion by 1 to 10 with physiological saline provided a very stable preparation [Sl]. 
Further. it was sh0a.n that the 09m-1c complex in aqueous solutions in the reconstitu- 
tion vials is sensitive to self-radiolysis near neutral pFI producing ""nlTcO; as the pri- 
mary hydrophilic species 1.521. 

0 0 0 0 
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[ '~ymTc"O-~.l-FIM-PAO]~ was thc first approved cerebral perfusion imaging agent 
for human applications [S3]  that distributes in the brain in proportion to regional 
blood flow [54). 'J'he time-activity curve demonstrates the rapid uptake of the agent 
into the brain. The maximal count rate i s  obtained 30-40 s after the injection. By 2 
min after injection the brain activity decreases to about 90 YO of the peak value and 
then remains constant throughout the period o f  observation. SPECT images demon- 
strated selective uptake of the complex in areas 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 seen at thc base of thc brain. The gray-to- 
white matter activity ratio was 1.77 at 1 h. .Jhe total brain activity was found lo 
decrease slowly lrom the first hour up to 5-6 h by 8.6 YO. Stroke patients showed per- 
fusion defccts involving the frontal, temporal, and parietal lobes with variable exten- 
sion into the occipital lobe and the basaJ ganglia. In patients with cerebrovascular dis- 
orders, the low llow areas were wcll detected. [9yn1TcO-d,/-HM-PAO]" presents con- 
siderable promise for cerebral blood flow tomographic imaging using commercial sin- 
gle-head rotating gamma cameras 1541. Fig. 6.3.R shows an emission tomogram of the  
brain of a patient with focal blood hypopcrfusion. 

Fig. 6.3.R Emission tornogmm of the brain of a patient suffering from focal blood hypoperfusion, taken 
after injection o f  I"'""TcC)~r/,I-II.\I-PAOJ . 'Ihe scale on the ripht-hand edge o f  the picture gives the 
count rate pcr 10 inrn'in 'L [ I ]  



Thc agent was subjected to various clinical trials. One  of the potential clinical uses 
is the investigation of dementia. in particular to differentiate between dementia of the 
Alzhcimcr type and multi-infarct dementia. Pcrfusion deficits were much more com- 
mon in Alzhcinier type deincntia (551. Keductions in uptake of the agent revealed 
posterior hemisphere abnormalities in the majority of  patients suffering from Alzhei- 
mer's disease [Sh] .  The predictive value o f  bilateral temporoparictal defects for Alz- 
heimer's disease was found to be high (571. ["""TcO-d.I-HM-PAOI" allows monitoring 
of rapid changes of regional cerebral blood flow due t o  decreased ncuronal activity in 
epileptic patients (581. For detecting abnormalities in patients nith a remote history of 
traumatic brain injury. the ("""7'cO-rl.l-HM-PAOj;' SPECT was shown to be more sen- 
sitive than X-ray computed tomography ( C T )  1.59). I'he agent was also applied to 
detect, by cerebral blood flow (CHF)-SPECT, a subdural hcmatoma [60] or t o  pursue 
the effect o f  radiotherapy on brain tumors [61]. Brain death was determined by 
demonstrating no  uptake o f  the agent in either the cercbrum 01- the cerebclluni, while 
uptake was present in all patients who were not clinically brain dcad. Cerebral perfu- 
sion imaging with ["""TcO-d,l-Hh/l-~AO)" appears to be a simple and reliable test t o  
confirm brain death [62,63]. 

6.1.2 [9"T~VO-L,L-ECI) 1" 

The title complex can be synthesized by reduction of  gymTcO/l in saline with Sn" in  
the prcsence of N.h"-1,2-ethanediyl-bis(l,-eysteine-diethylester) dihydrochloride 1641. 
The analogous compound with long-lived technetium [90TcVO-L.L-ECD]" is 
obtained by ligand cxchange from [TcOC14]- or  [TcO&y)4]'. The lipophilic product 
precipitates from the aqueous reaction mixture as an  orange solid. The X-ray struc- 
turc determination revealed a distorted scluare 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.l-HM-PAOJ". ' f ie Tc atom is approximately 0.73 A 
above the N2S2 plane. One nitrogen atom is protonated displaying a lc-N bond dis- 
tance o f  2.165 A, while the 7'c-N distance to the deprotonated nitrogen o f  1.024 A is 
shorter by 0.24 A. I'he neutral compound crystallizes in the orthorhombic space group 
f'Z1Z1Z1 with a=7.121(1), h=Y.670( I ) ,  c=24.530(3) A, and %=4 (6.51. 

The [99*"TcO-I,,L-ECD]o uptake in human brain is 5 to 6 % of the injected activity 
dose within a few minutes [64,69,70]. After one hour the activity decreases to 4 'Yo 
[MI. The agent cxhibits a rapid clearance from the blood to lcss than 10 YO after 
5 min 169,701 and from the surrounding anatomical regions o f  the brain. The high tar- 
get-to-non-target ratio renders it inorc attractive for SPECT than I""TcO-d,l-HM- 
PAO]". In monkey brain tissue [ '9"7'cO-L.L-F.CD]" was shown to be metabolized 
enzymatically, while ["'"TcO-D,D-ECD]" did not react. It was postulated that the 
metabolite of [99n'TcO-L,L-ECD]" is the more polar rnonocarboxylate, monoester 
complex, resulting from hydrolysis of one of thc ethylester groups [65,66]. In vitro cvi- 
dcncc supports the hypothesis that esterase activity is the major determinant of  the 
overall retention of ["""TcO-L.I,-ECI)J" 1671. Only in primates and man docs the 
agent show the long retention in the brain. Animal models tcsted. which included 
mice, rats, guinea pigs, cats, dogs. swine, and ferrets. showed a rapid washout over the 



first few minutes or  at most one hour [S]. The half-life of the agent in a monkey brain 
was found to be greater than 24 h [6S]. 

In normal human subjects the agcnt allowed an excellent delineation o f  the cortical 
gray matter, the basal ganglia. the thalamus and cerebellar hemispheres as regions of rela- 
tively increased tracer uptake. White matter displayed substantially less uptake than gray 
matter. The primary route of excretion of the tracer is through the kidneys. ['"'""lcO-L.L~- 
E('D1" SPEC'I'shows particular promise for thc evaluation of patients with stroke [70]. 

6.1.3 [''9"Tc'11C1( DM <;)2MP] O 

The boronic acid adduct of technetium dimcthplglyoxime [99"'T~111CI(dimetliylglyox- 
iine-(2-meth~l-l-prop~l)boron]" is also capable o f  penetrating the intact blood-brain 
barrier due to its neutral and lipophilic character. 'The complex forms by reduction of 
oL)'"T~04 with Sn2. in thc presence of dimethylglyoxime and 2-mcthylpropylboric 
acid. In [""~Tc"'CI(I~MG)2MP]" technetium has the relatively rare coordination nuin- 
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 t o  three dioxime oxygen atoms and the 2-methylpropyl group. 
'I'he remaining three oxygen atoms of  the dioximc 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 'YO of the 
injected dose. The activity cleared with a half-life of 86 min [72]. The slow cerebral clear- 
ance in human subjects may be caused by the high lipophilicity of log P = 3.8 of the agent 
(731. Thc testing of this complex for clinical applications in brain imaging appears t o  be 
completed now. Unfortunately, the studies in human subjects were disappointing 181. 

6.1.4 [9'mT~vO(MRP-20) l o  
The ligand K-[2( 1 -H-pyrrolylmethyl)]N'-(4-pentene-3-oiie-2)ethane-l.2-diamine. 
called MRP-20, forms n 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 



brain perfusion imaging agent. I t  is obtained by reaction o f  MRP-20 in ethanol with 
c)y"lTcO; in saline and SnCI2 as reductant. ['"€Tc"O(MRP-21))]~~ was prepared by lig- 
and substitution of (TcO(ethylcnegl~colate)~]- with ,MRP-20. The lipophilicity of the 
complex is quantified by log P = 1.93. ' f i e  radiochemical purity of [""'"TcO(MRP- 
20)]" was higher than 93 %. 

The initial uptake o f  the agent in human subjects is shown in Fig. 6.6.B. Activity in 
the brain reached a maximum o f  almost 6 '%, of thc injected dose within 1 mill post- 
injection. The uptake level remained almost constant at 4.4 % over 24 h. The blood 
clcarancc was slow with t l iZ > 4 h. High quality brain SPECT images were obtained 
until 7 h post-injection. There was a good differentiation between gray and white mat- 
ter. The trapping niechanism is presumed to be related to the in vi tm tcndency of the 
complex to hydrolyze generating a cationic species. The regional cerebral distribution 
is similar to that of ["'""TeO-d,l-HM-~AO]''. The tracer is excreted by both urinary 
and hepatobiliary excretion. [y9'n1-cO(MRP)-20)]o appears t o  be still undergoing clini- 
cal trials 174-761. 
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Fig. 6.6.B Dynamic planar brain time-activity curve of I""'.rc\'O(hlKP-20)I' for normal human subjects 
(751 

6.1.5 [ ')''"Tc~O (N E P-DADT)] O 

Another diaminodithiol complex with N-ethyl piperidinyl hexamethyl diaminodithiol 
(NEP-DADT) as  the complcxing ligand is ["""'~Ic"O(NEP-DADT)]". 'The agent was 
syn theskd  by reduction o f  Nay""'Tc04 in saline with SnCI2 . 2H20 in the presence of 



the ligand atid addition of a phosphate buffer [77]. 'Iwo stereoisomeric compounds 
are formed. the syri and the ariti isomer. The syiz isomer (Fig. 6.7.H), which has the N- 
piperidinylcthyl side chain located .syn to the technetium 0x0 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 [y'~n'TcVO(NEP-DADT)]2 enters rapidly 
into the brain. but also clears rapidly with t l , :  = 17 niin (791. 

6.1.6 [99'nTc(DTPA) I", [99mTcvO(glucoheptonate)2j-, and NaWmTcO4 

The title agents can not cross the intact blood-brain barrier, but can be applied for 
brain imaging when the HBB is damaged, for example by tumors. 

[99mTc(D1'PA)]2- is prepared by reduction o f  "'"TcO, with Sn( 11) and treatment 
of the solution with calcium-sodium-diethylcne-triaminepentaacetat~. The stable and 
I-adiochcmically pure complex is reported to have a net charge of -2 [XO], the coniposi- 
tion [99gT~(DTPA)]2-, and an absorption maximum at 490 nm [ X l ] .  The oxidation 
state of technetium is believed to be +4, however, no structural characterization of the 
coniplex was performed [S2.83]. [y9mTc( D?'PA)]'- diffuses rapidly into the brain. and 
its uptake in the choroid plexus is negligible, thus obviating the need 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]. 

["mTc"O(glucoheptonate)2]- is obtained by reaction of a mixture of calcium gluco- 
heptonate and SnCI2 with 99'nTe04 . The molecular structure of the complex follows 
from NMK and IR spectra and shows a TcV03+ core and two five-membered gluco- 
hcptonate rings that are bidentately bound through oxygen atoms (Fig. 6.8.H) t o  the 
Tc center. l 'he net charge o f  the agent is -1 in aqueous solution. A lo-' M solution of 
~""~TcO(glucoheptonate)~] in saline was chemically stable for more than 200 days at 
room temperature. The VISAJV spectrum shows absorption bands at SO2 and 270- 
280 nm. The presence of a Tc=O core is indicated by vibration frequencies observed in 
the IR at 030 and 970 cm ' and in the Kaman spectrum at 975 cm-' [SS]. As in the 
case o f  [yo1'1'l~(DTPA)j2-, the blood flow in the carotid and cerebral arteries can be 
immediately visualized and then followed by a pool study. Epileptic seizures often 
cause increased blood flow in the region of discharge. which may appear as an area of 
increased radioactivity. In cases of head trauma, the dynamic phase of the scintigraphy 
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may help distinguish betiaeen subdural and epidural hematomas 141. ["""'TcO(gluco- 
heptonate)J 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 niCi (370-740 MBq) of the agent is administered and imaging is per- 
formed 1-3 h after injection [84]. 

Na"""Tc04 may also be applied to brain imaging. Again 10-20 mCi (370- 
740 MBq) o f  iKa09'"' I c 0 4  in physiological saline is iIi,jected. Images are taken 30.- 
180 min post-injection. 'nie brain flow study in patients reveals the symmetry of blood 
flow in the two ccrcbral hemispheres. Increased perfusion would indicate vascularity 
in the lesion, as i n  some tumors, whereas decreased perfusion may indicate an infarct. 
'[he choroid plexus accumulates 901117.cO- and appears as a hot spot on the brain 
image. Its uptake is blocked with 200-300 nig of KCIO+ which is administered orally 
and saturates the binding sitcs [84]. 

6.2 Myocardial perfusion imaging agents 

A strategy for the development of y911'Tc myocardial perfusion imaging agents is based 
on the assumption that unipositive cationic coniplcxcs tend to  accumulate in the myo- 
cardium [%I .  This assumption is supported by the known concentration of alkali met- 
al ions, such as K', Rb-. and Cs' and particularly TI', which is still used as l o l l l +  in 
competition with 09rnTc radiopharmaceuticals for heart perfusion imaging. However, 
the nuclear properties of 2011'1 (decay by electron capture with t l ir  = 73.5 h ,  maximum 
y energy 167 keV. but only S.8 Yo decay probability) and the necessity o f  using accel- 
erators for its production are disadvantageous when compared to y9n'Tc. It is also 
known that N134d derivatives accumulate in the heart muscle 1871. Whether, in addi- 
tion to K '  and TI', also other cations concentrate in the heart muscle cells via Na-/ 
K'-adenosinetriphosphat~se (Na'/K--Al'Pasc pump) has yet t o  be provcn [MI. How- 
ever, i t  must be emphasizcd that the cationic character o f  the 99111Tc myocardial perfu- 
sion imaging agents is obviously not an absolute precondition as demonstrated below. 

The lipophilicity of the diagnostic agent is also o f  importance for its uptake in 
the myocardium. Agent-dependent parahola-like functions between the accumula- 
tion in  the myocardium and log P were observcd [SX]. A reason for the decrease in 
the accumulation at high lipophilicity values of log P > 5 should again bc the bind- 
ing of the agent to blood protein. The heart muscle distribution of the desired 
rRdiophariiinceutical should be directly related to the regional myocai-dial blood 
flow. which requires a high extraction and a slow washout rate of the agent (9,881. 



In addition, a rapid clearance from the background activity in the blood. lungs, and 
liver is needed. 

6.2.1 [ ~ ~ ~ " ~ T ~ ~ ( M I H I ) ~  I +  

The cation ["""'7'c'(inethosyisohutylisotiitriIe)~]~ or more precisely hexakis(2-meth- 
ox~-2-nieth~rlpl-op).l-l-isonitrile-teclinetium(I). has received n.orldwide approval as a 
myocardial perfusion agent and is the most widely used [S]. The complex is synthe- 
sized by reduction of yy rnT~04  with Na2S204 in  the presence of the isonitrile ligand 
[S9] or  in a kit by reaction of ~etrakis(2-methoxy-2rnethylpropyl-l-iso1ii~rile)-cop- 
per(1) tetrafluoroboratc with SnCl? . 2FI2O and y9n1'l'~O; [ 901. The structure of the 
precursor of [ "yr"'l'c'(MIBI)6] ' . the hexakis(ter.t-butyl-isonitrile) technetium(l) 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 uptakc o f  ["""'Tc'(MIBI)~,~- (Fig. 6.9.B) in the human heart is about 1.5 YO of 
the injected activity, and decreases to  1 % after 4 h. The background activity in the 
blood, lungs, liver, and spleen is sufficiently low 1921. Thc presence of the methoxy 
groups on the periphery of the cation provides for optimal lipopliilicity and allows for 
in vivo hydrolysis of the ethers to the respectivc alcohols which may increase the 
clearance rates from blood and liver [ S ] .  The complcx cation seenis not to he taken up 
in  the myocardium by the Na-/K-i\l'Pase pump but is retained in cellular mcmbranes 
including mitochondria1 membranes [93,94]. As for 20'TI: the distribution o f  ["""'Tcl 
(MIRI)6]. reflects the myocardial blood flow, but unlike 2''1T1 there is no evidence of 

l+ 

0 iH3 
I 

H3C -C-CH3 



significant myocardial redistribution following injection. Since it does not redistribute. 
two separate injections are needed in order t o  differentiate transient ischemic defects 
from fixed myocardial defects [%I. 

6.2.2 [ w"'Tc"'(teboroxime)]o 

l h c  neutral and lipophilic compound is a seven-coordinate comples of Tc(II1) with tris- 
(cyclohcxane-dione-diosime)-niethylbt (CDO-MeH) and a chloride as ligands. I t  is 
prepared by template synthesis, reacting 'r'mTcO, with 3 cquivalcnts of 1.2-cyclohexane- 
dioiie dioxinie, methylboronic acid, and SnC12 in hydrochloric acid solution 1961. The 
complex contains three vicinal cyclohexanedionediosime ligands bonded to the Tc(I1I) 
center in a nearly trigonal arrangement by six nitrogen atoms. the boronic acid derivative 
that caps the complex by attachment to three oxinie oxygens and the chloride. The angle 
between two o f  the dioximcs is opened by thc chloride t o  greater than 120". The chloride 
prevents the formation of a bis-capped complex. The three dioxime oxygens on the 
uncapped end arc intramolecularly hvdrogen bonded t o  two bridging protons (971 (Fig. 
6.1 0.B). 'lkc chloride ligand is labile under physiological conditions and undergoes 
chloro/hydroxy exchange [98] with a half-life of 13 min. This exchange does not influence 
the efficacy o f  ["9"'Tc-(teboroxime)]' as a myocardial perfusion imaging agent [6]. 

The complex displays a high myocardial uptake in man o f  1-6 '/o five minutes after 

The blood clearance is fast, more than 90 %, of the injected dose cleared within three 
minutes [73]. I Towever, the activity is washed out from the myocardium considerably 
more rapidly than that of ~m? 'c (MLBI)6]  ' . The washout from the myocardium is 
biphasic with a fast component with a 2 min half-life with ca. 65 % of activity, and a 
slow component with a 78 min half-life. The hepatic accumulation may interfere with 
the visualization o f  some myocardial segments [100]. The agent is also taken up by thc 
skeletal muscles. [ O'~ 'nTc( t eb~r~x i~ne ) ]o  has provided good planar and SPECT images 
in humans. but requires rapid SPECT techniques. After extensive clinical trials the 
agent was appl-ovcd for myocardial perfusion imaging [ 731. 

a resting injection, compared t o  4.2 % for 2"'7'1' and 1-3 '% for [99'r' Tc(MJHI)(,]. 1991. 
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6.2.3 [ '9111TcVO~(tetrofosmin)~]+ 

' h i \  cationic myocardial perfusion imaging agent was devclopcd more recently. Tctrolos- 
min is the cther functionalized diphosphine ligand 1,2-bis(bis(2-etlioxyethyl)phospliino) 



ethane. 'The lipophilic complex was synthesized by reduction of 9y1nl -cO~ with SnCI? in 
thc presence of tetrofosmin. 'lhe structure of the analogous "'"1~ compound was deter- 
mined by X-ray structure analysis. The trms-Tc"02 core is linear, as expected. The four 
phosphorus atoms of the two bidentatc diphosphine ligands form a planar array perpcndi- 
cular to the tmru-oxo core resulting in a distorted octahedral geometry (Fig. 12.38.A) of  
the complex. l l ic main deviation from octahedral geometry arises from the steric rcquire- 
mcnts of the five-membcrcd rings. The P-Tc-P angles are 81.4(2)". ?hc 'l'c-P bond dis- 
tances are 2.47 A and the Tc=O distance 1.73 A [ 101 1. 

[y'~n1TcV02(tetr~fo~min)?_l'  exhibits a good heart uptake i n  humans of 1.2 % o f  the 
injected activity which only decreases to 1 % 2 h after injection. The clcarance was 
shown to be excellent from blood with 4 % aftcr 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 undetectable levels within 4 h.  The cationic 
agent is the first example of a 99mT~V02' entity t o  have shown substantial myocardial 
uptake and retention in combination with fast non-target clearance. 'I'he eight ethox- 
yethyl groups of the ligands apparently contribute to reduce the non-target hack- 
ground activity. l'hcrc is n o  evidence for in vivo reduction of ""mTc(V) to lower oxida- 
tion states [ 101-103]. [yymTc02(tetrofosmin)z]-1- was evaluated in clinical trials. SPEC'T 
imaging was performed 45-60 min post-injection demonstrating the agent to be highly 
sensilive and specific for the detection o f  coronary artery disease [104]. 

6.2.4 [99n1T~'1J(furifosmin)]+ 

After a systematic development of cationic Tc(ll1) complexes [ 105:106] which accumu- 
late in the human myocardium without it7 vivo reduction to neutral, washed out 'Ic(11) 
species. the complex cation ")91n~1c'11fiirifosminl ' was attained. It contains the tetraden- 
tate Schiff-base ligand 1.2-bis-(dihydro-2.2.5.5-tctramethyl-3(2H)-furanato-4-ni~thylene- 
amino]ethane in the cquatorial plane and the two monodentatc. tertiary phosphine lig- 
ands tris(3-methoxy-1-propy1)phosphine in thc two axial positions (Fig. 6.11.B). 
[""'"'I'c(furifosniin)] ' is prepared by addition of y0n1Tc04 to a lyophilized kit consisting of 
the ligands. sodium ascorbate. sodium carbonate, and ;-cyclodcxtrin. The phosphine acts 
both as a ligand and as a reducing agent. Cyclodextrin stabiliLcs the lyophilized forinula- 
tion [107]. The radiochemical purity of the agent was higher than 95 %). I t  clears rapidly 
from the blood and shows a fast heart uptake of 2 % ofthe injected dose at rest and 2.6 'Yo 
at stress in human volunteers. 'There was no significant myocardial ivashout over 5 h. The 
bulk o f  the agent is rapidly cleared through the hepatobiliary system. 30 '%) through the 
renal system. ["'"'1.c(furifosmin)]+ is reported to be a myocardial perfusion tracer with 
optimal imaging propertics. It seems to be still evaluated incardiac patients [ 1081. 

l+ 

Fig. 6.1 1.U I I'c"'(furifocrnin)]-. R;3-iiiethoxy-l-propyl [5,105.106I 



6.2.5 ["""'Tc-yyrophosphatej 

This agent is clinically used t o  some extent for imaging myocardial infarcts. I t  is prepared 
by reaction of Ka4P2O7 with ""n1Tc04 in the presence of SnCI?. The composition of the 
compound appears to bc unknown. The agent accumulates in infarcted heart muscle. 
probably by binding to calcium deposits. 12 t o  24 h after the onset of infarction is needed 
for infarcts to accumulate ii significant activity of [yy"nTc-(pyrophospliate)]. The uptake of 
the myocardium is inversely proportional t o  thc regional blood flow [6,113]. 

6.3 Thyroid imaging with Na99mTc04 

NaY9n1'1c04 is used predominantly for thyroid imaging. Similarly t o  iodidc. perhaps 
due to similar ion size and charge, 991n'lcO~ is taken up by the thyroid. but unlike 
iodine i t  is not  incorporated by thyroglobulin. yymTcO; can be replaced and washed 
out from the thyroid by CIO, . The accumulation of 9ymmTcO~ in the thyroid of man 
amounts to about 3-4 % of the injected radioactivity 10-20 min post-injection and 
decreases t o  1-2 YO after 6 h [log]. The agent is primarily used for studying the mor- 
phologic structure of the thyroid. Flow studies indicate the vascularity of lesions [ 141. 

6.4 Lung imaging with 99mTc-MAA and [99mTc(DTPA)]Z. 

99"'?'c-labeled inacroaggregated human serum albumin ('""'Tc-MAA) for lung imag- 
ing and evaluation of pulmonary perfusion is prepared by reduction of 99mTc04 with 
SnC12 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 ovcr 95 YO. It  does not yet 
appear to bc known in which oxidation state and how y9n1Tc 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 
because particles with a size exceeding 10 pm are trapped in the capillarics of the 
lungs. The particle size, rather than the molecular structure. defines here the efficacy 
of the agent. About 10' """"Tc-MAA particles are administered per injection. but the 
number of lung capillaries occluded by this procedure is negligible relative to the total 
number o f  lung capillaries of 2.8.10". The effective half-life of "y"'l'~-MAA particles 
in the lung is 2-3 h. For lung ventilation examinations an aerosol of [99"1'rc(IlTPA)]2- 
is reconimendcd. Its biological half-life is about 45 niin [ 141. 

6.5 Hepatobiliary imaging agents 

Hepatobiliary YL1ln'rc radiopharmaceuticals arc cxpected to demonstrate a highly spe- 
cific liver uptake and biliary excretion. Other organs such as the kidneys should not 
interfere with the imaging o f  the liver and the biliary tract. 'l'hc agents should show a 
rapid hepatocyte transit, clearing the radioactivity in the hepatocytcs quickly into the 



biliary system and should be competitive against endogenous compounds such as bili- 
rubin. They are used for assessing discases that affect Iiepatocytc function. the patcncy 
of intrahepatic ducts, the functional status of the cystic duct and gall bladder. and the 
patencies of downstream portions of the biliary tract [ 1 101. 

6.5.1 1 ')on'T~'ll( HIDA)z]- 

Anionic complexes of y9"'Tc( 111) with iminodiacctic acid derivatives [yvmTc"' 
(HIDA)2] (IIepatobiliary IDA) arc obtained by reduction of "9"'~I'cO; with SnCll in 
the presence of excess iminodiacetic acid. The coordination of the Tc(II1) center (Fig. 
6.12.B) is achieved by two tridentate ligands chclating technetium through the car- 
boxyl-oxygen atoms and the imino-nitrogen atoms i n  an octahedral arrangement. The 
proposed negative charge is in agreemcnt with electrophoretic data [ I  1 I ] .  The molec- 
ular structure a.as confirmed by FAH mass spectrometry [112]. Among the numerous 
[""mTc"'(HIDA)l]- complexes synthesized with different iminodiacetic acid deriva- 

hepatobiliary imaging. They providc superior images when the bilirubin level is lower 
than 20-30 mg/lOO ml [ 1131. 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 rcsistent to competition for hepatobili- 

tivcs . , "Nm l'c(mebrofcnin)~]- and ["""'Tc(disofenin)21 appear to be the best agents for 
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Fig. 6.13.B The chrlating iminodiacetic acids 
IILmehrofenin and II2disofenin [I 131 



ary excretion from bilirubin. 'fie lipophilic properties of the agents provide increased 
plasma prolein binding and decreased renal clearance [ 1 13,1141. 

6.5.2 ['"Tc-PMT j 

"91T'l'c-N-pyridoxyl-~-meth~ltryptophan. ["9n1Tc-PMI], was prepared by reacting 
"c'n1'I'c04 saline solution with Sn(I1) and ~-pyridoxyl-5-mcthyltr!.ptophan [ 1 151 
(Fig. 6.14.R). 'Ihe composition of  the ['"Tc-PM'I'] complex is not completely 
established, but there is some evidence that the ligand/'Ic ratio is 2/1 and the net 
charge is zero. Dianionic ligands would then require the oxidation state of +4 for 
Tc in a neutral complex [ I  161. In rats the agent showed rapid blood clearance. fast 
hepatobiliary transit. low urinary excretion. and no intestinal reabsorption. Over 
90 YO of thc radioactivity arrived in the intestine through the liver at 30 min post- 
injection, while only 2 '%, o f  the dose escaped through the kidneys. I n  rabbits the 
gall bladder was clearly visualized within 5 min post-injection [ 1151. A comparative 
evaluation o f  ["""'Tc(mehrofenin)~]~ and [9y1'"Tc-PMT] in rats revealcd that 
("""'T-PMT] was kinetically superior. with higher clearance and lower hepatocytc 
transit timc, but slightly inferior in specificity 11 171. The agent was approved for 
application in patients and also used for studying hepatic tumors by delayed imag- 
ing [ l  lS]. 

OH 

'N' Fig. 6.14.B N~Pyridoxyl-5-meth~ltryptophan (PMT) [ l lS]  

6.5.3 99mTc-sulphur colloid and wmTc-alburnin colloid 

Both particulates accumulate in the reticuloendothelial system of the liver in ii par- 
ticle size o f  about 100 nm. The same particle size is used for spleen imaging. while 
smaller particles (<20 nm) are taken up by the bone marrow. """Tc-sulphur colloid 
is prepared by reaction of '"TcO;- with S20; in acidic solution that is hcatcd to 
nearly 100 "C for 5-10 min. The pH of the mixture is adjusted t o  6-7. 9"nTcO; is 
almost completely converted. The reaction product is probably a sulphur colloid 
tagged with 0 Y m T ~ 2 S 7  [6,1 191. 80-85 YO of the colloid is accumulated in the liver. 5- 
10 '%, in the spleen. and the rest in the bone marrow. Thc effective half-life of 
99rnTc sulphur colloid is almost equal to the physical half-life o f  "91n'1~, bccause the 
agcnt is permanently deposited in the liver. Og"lTc-albumin colloid is obtained by 
adding 9"'n'I'cO; t o  a mixture o f  human serum albumin colloid and SnCI2. This 
agcnt was observed to clear from the blood i n t o  the liver faster than 041r'Tc-sulphur 
colloid [120]. 



6.6 Renal imaging agents 

yymT-c radiopharmaceuticals for renal imaging are, in general, hydrophilic complexes 
of relatively low molecular weight. 'Ihe clinically approved, commercially available, 
and frequently used functional imaging agents are [yy"'"l'vO(MAG3)]- and 
[yy"'l'c(IlTPA)]2-. Approved and marketed agents for evaluation of kidney morphol- 
ogy are [""'Tc-DMSA] and ["""'l'c(glucoheptonate)~] -. 

6.6.1 [ 9"T~VO(MAG3)]- 

y9"'lcO-mercaptoacetyltriglycine (Fig. 12.2SA) was developed more than ten years 
ago and evaluated as a renal tubular function agent [121]. To prepare thc compound, 
yy'n1c04 in generator saline and benzoyl-mercaptoacetyltriglycine are reduced by 
SnC12 upon heating at 9.5 "C with the concomitant elimination of the benzoyl protect- 
ing group. The radiochemical purity is 96.6 %. 'Ihe placement of a substituent con- 
taining a carboxylate group was deemed useful in providing efficient renal secretion. 
Since [y9ml'cO(MAG3)] has no chiral centers, no isomer problems are associated 
with its preparation and purification. Upon coordination to Tc(V), the thiolate sul- 
phur and each of the three amide nitrogens of MAG3 lose their protons to yield a 
monoanionic complex. Tc(V) resides above the basal plane in a distorted square pyra- 
midal environment. It 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 Ke(V) [ 122,1231. A more convenient preparation 
of ['"TcO(MAG;)]- without heating the reaction mixture has been described. The 
procedure involves the reduction of yymTcO, in saline with Sn(I1) in alkaline solution 
in the presence of S-unprotected mcrcaptoacetyltriglycine and the co-ligand tartrate, 
followed by neutralization with a phophate buffer. A radiochemical purity of the 
agent of more than 98 % was achieved [124,125]. 

Studies of [9ymmTcVO(MAG3)] in normal subjects and in patients indicate that the 
complex is an excellent renal tubular agent, but its plasma clearance rate was found 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(MAGj)] was 
clearly superior to the images achieved with OIH [127-1301. ['""'TcVO(MAG3)] is 
protein-bound to almost 90 YO, is transported by the proximal renal tubules, and is not 
retained in the parenchyma of normal kidneys [ 1311. 

6.6.2 [""'Tc(DTPA)]*- 

This complex was already described as a brain imaging agent in Sect. 6.1.6. It is 
approved for assessing the glomerular filtration rate and provides a clearance meas- 
urement with only 3-5 % below the true glomerular filtration rate obtained with inu- 
lin, a fructose polymer [132]. ["ymT~(DTPA)]2 shows a rapid plasma clearance with a 
half-life of about 70 min. llrinary excretion amounts to about 90 YO in 24 1.1 and its 
plasma protein binding is 5-10 'YO in 60 min. The dynamic renal flow study provides 



information about blood perfusion in the kidneys [ 141. The agent is approved lor kid- 
ney imaging. 

6.6.3 ["'"Tc-DMSA] and [99111T~VO( gl~coheptonate)~]- 

The chelate of ""'Tc with 2.3-dimcrcaptosuccinic acid, [yy9'"'Ic-DMSA]. and the 
[""'"TcVO(glucoheptonat~)~j- agent provide information (Fig. 6.1S.H) on the morphol- 
ogy o f  the kidneys. [ ""n'I'c-DMSAJ is prepared by rcduction of "'"'TcO, with excess 
SnCI2 and coordination of '~VnlTc at pH 2.5-35, with DMSA. Composition and struc- 
ture of this agent arc not unambiguously defined. The oxidation state o f  "'XTc in thc 
purple complex is suggested to be +3 [133-1351. Approximately 50 % of the injectcd 
dose of ("9'n'l'c-DMSA] accumulates in the cortical tubules within 1 h and remains i n  
the renal cortex up to 24 h post-injection. 4-8 % of the injected radioactivity is 
excreted in the urine within 1 h via glomcrular filtration and tubular secretion and u p  
to 30 %, aftcr 13 h [131]. The complex is excreted unaltered in to  thc urine. Plasma 
clearance with normal renal function was 34 ml/inin and urinary clearance 12 m h i n  
[136]. 

Preparation, composition, and structural formula of [""l'c''O(glucoheptonate)2] ~ 

are reported in Sect. 6.1 .h under the aspect o f  brain perfusion imaging agcnts. 'the 
renal imaging agent is cleared by glomerular filtration wi th  a small component of tu- 
bular extraction. Its plasma clearance half-time is only a few minutes [113]. 3045  '%, 
ol'the injected dose is excreted into the urine within 1 h. and this fact is used t o  deline- 
ate thc pelvocalyceal system. Sincc 5-15 % o f  the dose remains bound to the renal 
tubular cells: excellent cortical images can be obtained 1-2 h post-injection [131 I .  
I!rinary excretion is about 70 % in 24 h aftcr administration [113]. 

["""'l'c-DMSA] and ["n'TcvO(glucoheptonate)~]- are not frequently used in clinics 
lor imaging kidney morphology, since ultrasound, magnetic rcsonancc, and X-ray 
computer tomography provide higher resolution and more precise information. 

1 R 



6.6.4 ['""TC~O-L,L-EC]~- 

This new renal imaging agent was prepared by reaction of "'"nl '~04 s a I ine with SnClz 
in the presence of the ligand L,I.-ethylenedicysteine at room temperature. 'lbc anionic 
complex is the diacid derivative of the brain perfusion imaging agent [ 9yt"'?'cv0-L.L- 
ECL)]" described in Sect. 6.1.2. [yyl*'TcVO-I.,L-ECJL- is obtained in high radiochcmical 
purity 11371. Its proposed molecular structure is shown in Fig. 6.16.B. The mean 1 h 
plasma clearance of the agent i n  normal volunteers was 460 niI/min per 1.73 in2. The 
urinary excretion 30 niin post-iqjcction was 67 ' X I  o f  the injected dose and at 60 miti 
post-injection it was 80 %. The agent has a very low plasma protein binding of  31 96. 
["""'TcVO-L.L-EC]'- merits further clinical evaluation for renal function studies i n  
humans [ 138-14Oal. 

0 
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Fig. 6 . 1 6 3  l'roposcd structural formula of [l'c'O-L,L-E.C]'- [ 13S] 

6.7 Bone imaging agents 

Complexes of O''"''lc with the diphosphonate ligands (Fig. h.17.B) are clinically approved 
and widely used bone imaging radiopharmaceuticals. They arc prepared by reduction of 
"""'TcO,, saline with Sn" or  [BH4]- in the presence o f  a diphosphonate ligand added in 
excess. Neither the composition 0 1  the """"l'c-diphosphonatc complexes nor their struc- 
tures have not been established to date. Obviously, the preparation performed with one 
pure ligand results in a mixture o f  many different complexes. Anion-exchange HPLC sep- 
aration of [90"'Tc-HEDPI revealed as many as 13 components. The separated species 
exhibited average charges ranging from -1.5 to -8.0. Approximate chromatographic par- 
tial molar volumes bctwecn 500-1 600 inlimole indicate the possibility of dimeric or poly- 
meric complcxcs. Size-cxclusion chromatography and inass spectromclry support a poly- 
nuclear structure [ 141.1421. The distribution o f  the components in such mixtures depends 
strongly on the mode of preparation and the reaction time [143]. The most important vari- 
ables iil'l'ecting the relative abundance o f  the various components arc the p1 I and the lig- 
and concentration [144.135]. In spite of the failure to isolate any "Tc-diphosphonate com- 
plex in a reproducible stoichionictric composition, much effort has been devoted to deter- 
mine the oxidation state o f  Tc in reaction products with different diphosphonate ligands. 
In  ["XTc-HEDP] the oxidation state +4 was suggested by evaluating speetrophotonietric 
and potentiometric measurements [ 1461. while polarographic studies revealed the reduc- 
tion ol '"9~Tc0, in cotnplexing MDP or HEDP to Tc( 111). Tc(IV), and 'l'c(V), depending 
on the pH [ 1471. More recently. potentiometric titrations yielded similar results for [""'Tc- 
HEDP] [ 1481. At about neutral pH, Tc(1V) was found for [""gTc-MDP] and 'I'c(l11) for 
[""Tc-DPD] [ 1491. 
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Fig. 6.17.R Diphosphonate ligands for 99"'Tc hone Iinaging agents 

Some time ago, a [9yVc-MPIl] complex, prepared by reaction of [TcBrhl2- with 
excess MDP and isolated as brown crystals, was structurally characterized by X-ray 
diffraction analysis. The solid state structure o€ the compound was reported to consist 
o f  infinite polynieric 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 conipletcd by an 
oxygen atom, presumably in the form of a hydroxyl ion, which bridges two symmetry 
related Tc atoms. The assumed Tc(1V) oxidation state cannot be established defi- 
nitely. Each Tc center has approximately octahedral coordination gcometry. The 
bridging oxygen to technetium bond distance is 1.94(2) A on average [lSO]. EXAFS 
analysis of an HPLC-purified I"'"'rc-MIlP) complex in aqueous solution provided evi- 
dence that the separated fraction was a mixture of several oligomers. The oligomeric- 
polymeric nature o f  the dissolved compound was based on thc suggcsted Tc-Tc inter- 
action 11521. Kaman spectra of mixtures of [""sc-HEDP] complexes in aqueous solu- 
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Fig. 6.18.B Portion 01 the structure of ([I'c'"(OH) (MDP)] I,,  showing oiic Tc center hridging two 
MDP ligands [lSO]. 

tion indicated the presence of T-oxo  cores by frequencies observed at 970 and 
878 cm-' that were assigned t o  Tc=O and O=Tc=O vibrations, respectively [IS1 1. 

A comparative evaluation o f  bone imaging agents in a whole-body retention of nor- 
mal volunteers revcaled thc skeletal uptake in the order ["""Tc-HMDP] > [991nT~- 
MIIP] > [ yyn'Tc-ITIZDP]. The  superior ["'""Tc-HMDP] bone specifity clearly demon- 
strates that slight alterations of the complex compositions yield a significant effect 
11531. These results are in agreement with studies 011 the uptake of the agents in osteo- 
genic animal models and form a working rationale for the clinically observed high 
contrasts obtained with [y'""''Tc-HMDP] between normal bone and soft tissue and 
betwecn normal and abnornial bone [ 1541. The binding of 9""Tc-dipliosphonate com- 
plexcs to calcium at the surface of bone appears to be an important step in the in vivo 
action of skeletal imaging agents [155]. 'llie bone imaging agents are bone seekers 
becausc the coordinated phosphonatc ligands still have considcrable affinity for cal- 
cium I 1501. in particular for sites of actively growing bone, i.c. areas o f  ostcoblastic 
activity [ 5 ] .  The diphosphonate ligands may be considered as doubly bidentate or 
bidentate-tridentate [6] ligands, with the ability to complex not only technctium. but 
also calcium. OH substituents in [""""l'c-HMDP] and [9""'Tc-HEDP] or carboxyl 
groups in [""'?'c-DPD] provide additional binding sitcs. 

The [99"Tc-dipliosphonateJ agents are administered to diagnose fracture. bone 
tumor, metastatic lesion. sarcoma. arthritis, osteomyelitis. and other bone diseases 
that rcsult in the occurrence of growing bone with readily accessible coordination of  
calcium in the hydroxyapatilc bone structure [132]. The bone scanning is performed 
2-3 h post-injection to reducc the background radioactivity in the body. 111 24 h 75 to 
85 %, of the activity is excreted in the urine [S4]. 

Very recently another bone imaging agent ["r"~l'c-ABP], prepared by reduction of 
99mT~()4 with Sn F2 in the presence o f  l-hydroxy-4-amino-butylidene-l,l-diphospho- 



nate (alendronate) has been reported to be a better bone scanning radiopharmaceuti- 
cal than I"""'Tc-MDP], because o f  its shorter mean residence time, lower protein bind- 
in?. and more rapid renal clearance. 'l'he agent exhibits :I radiochemical purity o f  
> 98 '%) up to 5 h after preparation. Composition and structure o f  ["'"n7'c-ABP] are 
still unknown [ lSC,]. 

6.8 99mTc-labeled red blood cells (99mTc-RRCs) and white blood cells 
("""'Tc-WBCS) 

The efficacy of "'"Tc-RBCs is based on its ability t o  distribute within the intravascular 
pool of the body and t o  leave this compartment slowly. 99'"'l'c-KB(:s is a major 
diagnostic agent in cardiovascular nuclear medicine and is also used for blood pool 
imaging o f  other organs. It is administered f o r  the investigation of the ventricular 
functioning of the heart, for measuring the cardiac output or for the detection of gas- 
trointestinal hemorrhages 16,1571. Recent applications include diagnosis of deep vein 
thrombosis and hepatic hcmangiornas [ 1591. For spleen imaging the labeled red blood 
cells are denatured by heating at SO "C for 20 min prior t o  injection. 

'the 9'"nTc labeling of the red blood cells is based on the reduction of yYn'TcO, by 
Sn" inside the cells and binding of the reduced y9n1Tc species predominantly t o  the /I- 
chain of the globin moiety of henioglobin [ ISX] .  Both yymTc04 and Sn" are able t o  
diffuse into the red blood cells. 

'Llirce different procedures are currently used for the labcling o f  K H ' s  with ""'"Tc, 
the in vitro method. the i r z  vivo method. and the modified irz vivo method. For i l l  vitro 
labeling, blood drawn from the subject is heparinized and incubated with stannous 
citratc. Escess extracellular Sn(T1) is oxidized with dilute NaOC1 to Sn(1V) in order to 
prevent reduction of the subsequently added c'9'nTcO;, before it has diffused in to  the 
KBCs. ""'"Tc-RBCs are then obtained by incubating yy'nTcO, for 15 min. The labeling 
yield 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 h vivo method a solution of stannous pyrophosphate containing 10 t o  20 pg 
Sn(I1) per kg is injected intravenously, After waiting about 30 min for biological clear- 
ance of  extracellular stannous pyrophosphate, 20-30 mCi (0.74-1. I I GHq) yL'nlTcO J is 
injected. tagging the RBCs immediately with an efficiency of 80-90 O h .  After equili- 
bration of "'"'lc-KHCs with the blood pool, imaging can be executed 11131. In the 
modified method for the in vivo labeling o f  RHCs the patients receive approximately 
500 j ig Sn(I1) as stannous pyrophosphate intravenously. 20 min later. 3 in1 o f  blood 
with it7 vivo tinned red blood cells are withdrawn into a syringe containing 20 mCi 
(0.74 GBq) of oi)mTcOj. After 10 min of incubation. the labeled RRCs arc reinjected 
into the patient. 91'111TcOj is thus prevented from distributing t o  extravascular com- 
partments. 90 %) of the injected "'"Tc is bound to the RRCs [ 1611. 

White blood cells (WHCs), in particular polymorphonuclcar leucocytcs and mono- 
cytes, accumulate in high concentrations at sites of infection. Radiolabeled leucocytes 
or granulocytes now are widely cstablished as a means o f  localizing various forms of 



inflammatory disease and infections. Diseases 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]. 

"9'11'1'c phagocytic labeling of leucocytes proceeded for instance with a commercial 
y""lTc-albumin colloid kit. ' lhe leucocytes were separated from 40 ml heparinized 
blood. The preparation appeared t o  be stable for 2-3 h after labeling. Imaging time 
was 30 niin to 4 h post-administration. About 20 O/O of the labeled colloid remained 
unbound to the WBCs. The preparation contained approximately equal activities of 
granulocytes and monocytcs [ 1631. 

Recently, efforts for imaging infections are more devoted to the application of 
""'Tc-hexamethyl propylene amine oxime, [99mTc'.0-rt,f-HM-PAO):', labeled leuco- 
cytcs. The labeling is performed by mixing leucocytes. obtained from 50-100 nil blood 
and suspended in plasma/ACD (;icid-citrate-dextrose) with ['""'TcO-tl,l-HM-PAOJ~', 
freshly prepared from a commei-cia1 kit. After incubating the mixture 10 min at room 
temperature, the preparation is washed with and resuspended in plnsma and injected. 
The lipophilic ')"l"Tc-complex can penetrate the blood cell membranes. 'I'he labeling 
efficiency is 50-60 YO, while 80 YO of the cell-bound activity is found on granulocytes. 
The white blood cell labeling efficiency is reported to be increased to 85 % when only 
one-fifth of the lyophilized HM-PA0 kit was used [160]. The label stability in v i f m  is 
90 'XI for 1 h in plasma [159.164]. The clinical value of ["9"''I'cO-d.1~HM-PAO]" labeled 
Ieucocytes is now clearly establishcd, although some areas of application, such as 
chronic osteoinyelitis and occult fever, require further evaluation 11 621. 

6.9 Tumor imaging agents 

Benign or malignant tumors exhibit characteristics, such as enhanced metabolic activ- 
ity and blood flow, high vascular pernieability and the formation o f  tumor-associated 
antigens. 'lumor imaging can be accomplished by evaluating any of these characteris- 
tics [I  131. 

6.9.1 ["'"TC~O(DMSA)~]- 

While the composition and structure of the renal agent ~"""' I'c-DMSA] are not 
defined (only the oxidation state of technetium was suggested to be +3). the tumor 
imaging agent [99"1TcVO(DMSA)2]-~ was recently identified by the chemical character- 
ization ol' the analogous compound of long-lived '"'~TC. [Ru~N][""~l'cO(DMSA)2] was 
obtained i n  orange-red crystals when TcO; was reduced with SzO:- in the presence 
of DMSA in alkaline solution and the reaction solution was treated with excess 
(Bu4N]Br. Elemental analysis confirmed the composition of the complex salt. In the 
1R an absorption at 958 cm-' was assigned to  a terminal Tc=O bond. The 'H KMR 
was consistent with the presence of three stereoisomers (Fig. 6.19.B) the syn-rrztlo. 
.sj~r7-euo, and rrnti-configuratioii. 'l'hc electronic spectrum showed 3 peak i n  the visible 
at 418 nm. The preparation o f  the corresponding complex o f  """"I'c under alkaline 
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Fig. 6.19.B Stereoisomers of ~I'cVO(I)MSA)21 [16SJ 

conditions [ 1661 yiclded a compound that was distinct from the ["""'Tci''-DMSA] 
renal agent. In addition, HPLC confirmed the occurrence of three isomers in 
["9eT~VO(DMSA)2]. as wcll as in [y""'~TcVO(I~MSA)2]- [165]. The X-ray structure 
analysis of ["TcVO (DMSA):] is still not available. but thc s y - e r d o  isomer of the 
analogous rhcnium cornplcx [ ReVO( DMSA)& has been structurally characterized. 
Also this rhenium compound was shown t o  localize in certain human tumors. Thc 
coniplcx anion adopts an approximately square pyramidal configuration [lh7] with 
the terminal oxygen in the apical position. The geometry o f  the coordination is shown 
in Fig. 6.20.B. 

The tumor imaging agent was designed in Japan in thc early cighties 1168.1691 and 
used fo r  the detection of mcdullary thyroid carcinomas and head and neck tumors in 
patients [ 170,171]. Planar and SPECT imaging were applied to  rapidly assess head 

Fig. 6.20.R Struclurc of  the sJrl-mtlo-isomer o f  [Ke'O(DblSi\)z]. [1671. 



and neck squamous carcinomas in patients with high sensitivity and specificity [ 172). 
The usefulness o f  this agent for detecting medullary thyroid carcinoma and its soft tis- 
sue mctastases was again denionstratcd rcccntly. 'Ihe scintigraphic studies were car- 
ried out two hours aftcr intravenous injection. The sensitivity for the detection of 
bonc and soft tissue metastases was Y2 and 100 'YO. respectively [173]. 

6.9.2 I 99"1Tc'(MIBI),jI+, 199111TcVOZ(tetr~f~~min)~]+, and 

The myocardial perfusion imaging agents ["""'TcJ(MIBI)~,] and [yyYm?'cv02(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. Hoth agents exhibitcd high diagnostic accuracy 
and are promising breast tumor radiopharmaceuticals. However, thc sensitivity in 
detection appearcd to bc low for lesions smallcr than 10 min [174-178). [')')lnTcl 
(.MIHI)6] was also used for the localization of parathyroid enlargement. The agent 
showed higher parathyroid to thyroid uptake and accumulation in a thyroid adenoma 
[179]. ' f i e  sensitivity for the detection o f  hyperparathyroidism was 95 % and images 
of superior quality \yere obtained. The MIBI agcnt seems to be the radiopharmaceuti- 
cal of choice for parathyroid scintigraphy [180,181]. It was more sensitive in detecting 
adenomas than hypcrplasja [1S2]. The uptakc o f  [99mT~v02( te t rof~~~~nin)2] -  in malig- 
nant lung tumors was demonstrated rccently [ 1831. After intravenous injection of 20 
mCi (740 MBq) of this agent. 89 %, of the primary lung cancers in patients were visua- 
lized by SPECT, showing the tetrofosmin agent to be highly effective in the delinea- 
tion o f  lung cancer [ 1841. The neutral brain pcrfusion imaging agcnt [99"'lcvO-d,l- 
HM-YAO]" appeared to be a useful radiopharmaceutical for the localization of both 
the primary focus and metastatic lesions of malignant melanoma in patients by 
SPECJ' [185]. 
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6.9.3 99mTc-labeled monoclonal antibodies 

The iiniiiunoscintigraphy of tumors, using """'Tc-labeled monoclonal antibodies, has 
been developed since the beginning o f  the eightics. Antibodies can accumulate speci- 
fically in tumor tissue by binding to tumor markcrs. such as proteins, glycoprotcins. 
glycolipids, or polysaccharides that are formed by tumor cells. However, unspccific 
binding to normal tissuc cannot be excluded. With ""Tc-labeled monoclonal antibo- 
dies it  was possible to gaiii high contrast images. Scvcral techniques for labeling 
monoclonal antibodies with 99mTc are used at present. 

Thc labeling can be performed directly [186] by incubation of the antibody protein 
with y'"n'~c04 and SnC12. '""'Tc is probably reduced to thc oxidation state +S and is 
bound to thiol (FTS ) groups formed by reductive partial cleavage o f  the disulphide 
bridges in the antibody. IJnfortunatcly, the capacity of binding sites of strong bonding 
was only 16-24 '%, [lSY]. Incubation o f  the antibody overnight with 12 miLl SnC12 (pre- 
tinning method) [ 1911 and subsequent labeling with 99mTc appears to increase thc sites 



of  strong bonding. On the other hand the clisulphidc bonds are essential for maintain- 
ing the structural integrity of the immunoglobulin molecule which. however. seenis 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 9""1'1e. i f  less than 1 % of its disul- 
phide bridges are cleaved by reduction [ 1871. 

Another direct method for the labeling ol' monoclonal antibodies is the reduction 
of the antibody by a thiol reagent such as 2-mcrcaptoethanol o r  2-aminoetlianethiol- 
hydrochloride. the subsequent purification o f  t he rcduccd antibody by column chro- 
malography and the labeling o f  the HS-groups. generated in the antibody. with y9inl'c 
by transcomplexation of the y O m T ~  from a weaker complexin: ligand such as pyropho- 
sphate, phosphonates or iminodiaeetic acid derivatives (Fig. 6.21 .B). The labeling 
yield was better than 95 % I .  This is one of the most frequently used techniques [18X- 
191 I.  Monoclonal antibodies have also been effectively reduced with dithiothreitol, 
dithioerythritol, and ascorbic acid [ 1871. Labeling efficiencies of > 97 % were 
achieved when after prcrcduction o f  the antibody with 2-mercaptocthanol. the 
y')lnTcO; reduction was performed with an aliquot of a stannous kit containing gluco- 
heptonate 11921. Recently, direct "yll"~c-labeling 01 prereduced human immunoglobu- 
lin succeeded in using an insoluble macromolccular Sn( 11) complex containing amino- 
phosphonie acid groups [193]. Water-soluble phosphines arc alternative reducing 
agents to generate high affinity binding sites. i.c. thiol groups, i n  monoclonal antibo- 
dies for binding reduced y"mTc [194]. 

The indirect labeling of antibodies is based on bifunctional ligands that complex y""'l'c 
and also bind to the antibody. In the preeonjugation labeling procedure, a strong O O m l c  
chelate is prelormcd and subsequently bound to the immunoglobulin through reactive 
functional groups of  the chelate. For instance, the diaminodithiol ligand system is well 
known t o  form strong tctradcntate complexes with Tc"0"'. Antibodies and their frag- 
ments were labeled by conjugating the tetrafluorophenyl active ester o f  "Tc-4.5- 
bis(thioacetaniido)pentanoate t o  the protein amine groups (Fig. 6.22.B). High stability 
and retention of inimunoreactivity were demonstrated for '"'""l'e-labeled antibodies and 
their fragments. 'l'ogethcr with rapid clearance of antibody fragments and lack of normal 
tissue accumulation, optimal imaging was reported to be achieved. However, the overall 
labeling efficiency was only 35 to 50 %, and the total time for the procedure about 3 h 
[ 1951. Ncverthclcss, some advantages arc the stable labeling of the antibody and the 
defined chemical structure of the '""Te chelate. 
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Fig. 6.21.R Direct labelins of monoclonal antibodies [ l X X . I X 9 )  



0 

0- 
sodium 
dilhionite - 

2,3,5,6-telra 
fluorophenol, 
carbodi i mide 

R R  

R = H.CH,CO 

0 

, N H m A b  

Ab-NH, 
4 

0 

0 

F F  

F F  

Fig: 6.22.B Synthesis o f  """"l'c-N2S,-anti t d y  by foi-mation of yy""Tc-J.S-his(tt~ioacetamidn)pentanoate, 
which is con\ crted t o  an  active cstcr by water-soluble carbodiimide and finally cnnjugatcd to antibody 
(Ah) via acylation of amino gl-oups [1Y5] 

Another recently proposed indirect labeling procedure, a so-called pretargeting 
method, uscs the high affinity of biotin (i!4=244 g.mole-') to the glycoprotein avidin (A4 = 

68000 g.mole-'). Avidin has four binding sites that are highly specific for biotin. Biotin is 
labeled with 9 y m T ~  by binding the Y"mT~ chelating ligand of propylene-aniine-oxime 
(pnao) to biotin (Fig. 6.23.R). The tumor-specific monoclonal antibody is bonded to avi- 
din. and this non-radioactive conjugate is injected into the patient for accuinulation in the 
tumor, allowing a period of some days. Subsequently the Y"mTc labeled biotin derivative is 
injected and binds rapidly and irrevcrsiblp to tumor-localized avidin [ 1961. The affinity of 
avidin and biotin for each other is 5-7 orders of magnitude higher than those of antibodies 
for tumors [197]. Long incubations of labeled monoclonal antibodies in the blood can be 
avoided by this pretargeting mcthod. 

Since the prccon,jugation labeling methods are relatively time consuming. proce- 
dures were devclopcd for binding thc bifunctional ligand at first to the antibody and 
thereafter labeling the purified conjugate with ""lTc (postconjugation labeling). For 
instance, a bis(aminoetlianethio1) ligand with an activated N-hydroxysuccinimide 
ester (Fig. 6.24.B) for protein conjugation was conjugated to monoclonal antibodies at 
pH 8.5 with about 40 %, yield. Subsequently. 09n1Tc0; was reduced with Sn(l1) and 
complcxed with the bis(aminoet1iancthiol) ligand at  ambient temperaturc. ?be  stabil- 
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Fig. 6.23.R 99mTc-lnbeled biotin derivative [I321 

Fig. 6.24.B S-hydrosysuccinimide ester of 6~(J'-(4"-carboxyphcnoxy)butyl)-2,1O-dimercapto-2,10- 
dimeth~l-4.8-diazaundecane for conjugation to monoclonal antibodies and subscqucnt bis(aminocthan- 
ethiol) complexation o f  '""'Tc [19SJ 

ity o f  the 99"1Tc labeled antibody was reported to be excellent and the labeling effi- 
ciency > 90 %, [ 19SI. 

Numerous clinical tumor studies using 9Y'11Tc labeled 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 lcsion and its location [1S9]. The novel prctargeting inimunodetcctioii method suc- 
ceeded in localizing cerebral gliomas in patients. The tumors were detected 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) yymTc. "'"'Tc-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 y'mTc-pnao-biotin [ 1991. 

6.10 Some future prospects 

6.10.1 Brain 

9y1nTc is not a physiological nuclide as. for instance, "C, which is accepted by the body and 
metabolized in biomolecules [ 2001. However, specially designed "'""Tc labeled biomol- 
ecules can be takcn up by thc body as analogue tracers. V""lTc brain imaging agent5 devel- 



oped up to now cross the hlood-brain-barrier b y  diffusion, depcnding on the concentra- 
tion difference between the two sides of the capillary wall. But carrier systems in the 
endothelial cells of the BBH are capable of transporting selected substances, such as glu- 
cose or large neutral amino acids. through the harrier without the normal passive dillusion 
(Sect. 6.1 ). O n  this basis. novel bi-ain imaging agcnts could be designed for potcntially 
accelerating the passage of ""m'Ic into the brain (391. In a first recent approach, L-phenyl- 
alanine, which is known to penetrate the BHB by the endothelial carrier for large, neutral 
amino acids. was bound to a tripodal ligaiid forming a small. neutral diaminodithiolate 
complex with TcV03' (Fig. 6.25.H). ' h e  Tc complex was shown to  be sterically less 
demanding than the bis(2-chloroet1iyl)aniino substitucnt in melphalan, an antitumor 
drug which is also transported through the HBB by the carrier for large. neutral amino 
acids. ' lhe accumulation of the "'""Tc-labeled compound in brains of mice was established, 
but till now the biodistribution ineasuremeiits were not fully conclusive [201]. Recently. 
the complexing of 9"Tc/0""'l'c by a functionalized D-glucose. i.e. 2-amino-2-deox).-T)-glu- 
cose-oxinie. was successful. Significant accumulation:, in  the brain or  in the myocardium 
were. however, no t  obseivcd [202]. 
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6.10.2 Myocardium 

Some promising myocardial perfusion imaging agents were developed in thc last dcc- 
ade. Reactions of Y')'r'TcO, with both 2-pheiiylene-bis(dimcthylarsine) (diars) and var- 
ious thiols (IISH) yielded a series o f  monocationic ['~'~'11T~"'(diars)7(SlI)~] ' complexes. 
The analogous complex cations of long-lived y O ~ l ' c  were identified by FAB mass spec- 
troscopy. All the [""""l'cl"(diars),(SR)?l ' cations. which are i~ \,ivo non-reducible. 



werc shown t o  accumulatc rapidly in the myocardium of rats with an uptakc of 1.5- 
2.0 %I of the injected doseig at 30 inin, without the rapid myocardial washout ob- 
served for the iir i V v o  reducible dihalo analogues [ T ~ " ' ( d m p e ) ~ X ~ ]  ' . 'rhc blood clear- 
ance o f  the diarsinedithiol complexes was very rapid with 0.3 '%, of the injectcd doseig 
at 30 min post-inJcction. A fast liver clearance of ['191nT~111(diars)2(SK)L]f was ob- 
served for the KS ligaiids 2-methoxyethanethiolate and 1 -niethoxy-2-(metli[)xy- 
inethylcnc)pcntane-S-thiolate. which can be attributed to the ether functionalities of 
these thiolato ligands. The judicious choice of K groups in this series of complexes 
may finally lead to clinically interesting myocardial imaging agents [ 203,2041. 

Bis(dithiocarbamato)nitridoyyrllTc(V) complexes of the general fornlula 
[V"n'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. Thc preparation 
involves the initial reaction of L'L'mT~04 with S-meth\l.N-methyl-dithiocarl~a~atc 
(H2NN(CH3)CSSCH3) in the presence of tertiary phosphincs or Sn" a s  reductants, 
followed by the addition of the sodium salt of the monoanionic ligand K1R2NCS2 . 
I-12NN(CH3)CSSCH3 behaves as an efficient donor of nitride (N3-) to produce the 
[00mTcV&]7. core. Ihe complex [ " "~? 'CN(E~(E~O)NCS~)~]~  was obtained in pale yel- 
low crystals. Thc coordination geometry is distorted square pyramidal with four sul- 
phur atoms in the basal plane and the 'I'c-N group in the apical position. 'l'he analo- 
gous ''OnlTc compound revealed, in comparison to other derivatives. the most favor- 
able biodistribution and best quality of myocardial images in dogs and monkeys. KO 
decomposition o f  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 spite o f  the neutral 
character of the complex. 'ltials in human subjects may be promising [ 205-2081. Also, 
the neutral complex ~"""'l'cN[Me(CH~C00Me)NCS~]2]o has been recently reported 
to show high brain uptakc 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 NaTc04 with Lint dust in a cyclohexane-arene mixture that is purged with 
HCI. Complex ions containing benzene rings substituted with about four to six carbon 
a t o m  revealed significant uptake in the myocardium of up to 3.8 %I doseig 5 inin 
post-injection. In addition, excellent heartiblood ratios were observed, heartiliver 
ratios exceeded in certain cases a value of 5.0. and heartilung ratios approached 3.0 as 
an upper limit. For the complex cations [bis(1.3.5-trimeth~lbenzene)""'"'Ic] ' and 
[bis( 1.2.3.S-tctrametIiylbe1i~ene)~~~~~Tc]- the activity in the heart rcached its maximum 
within 45 min and cleared slowly to about 50 % after 24 11. Preliminary results in 
human volunteers also indicate the low plasma binding, but some lowcr targcthon- 
target ratios. However. the preparation of the complexes needs to he 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 """"J'c 
radiophaniiaceuticals fo r  the detection of hypoxic tissue in the myocardium, brain, 



and tumors. Tissue hypoxia are important in evaluating several disease states. Appro- 
priate imaging agents could be clinically useful, for instance. in the identification of 
tissue at risk in myocardial ischemia. in the designing of strategies for revival o f  jeo- 
pardized tissue after stroke or  in early assessment of tumors that may be resistant to 
radiotherapy and/or chemotherapy because of their hypoxic status [212]. Nitroimida- 
zole can be selectively trapped with reactive rnctabolites in hypoxic cells by enzymatic 
reduction of the nitro group in the absence of adequate supplies of oxygen. The redox 
potential of the nitroimidazole derivative appears to he a measure of the intensity of 
the reduction and the trapping. 

The "~~s'l'c"O-propylene-amine-oxiiiie ('I"'0-pnao) complex was bound through a 
methylene group to 2-nitroiniidazolc (Fig. 6.26.H). ["""cvO(pnao-l-(2-nitroimida- 
zole))]" was prepared in red crystals by reacting the ligand pnao-l-(2-nitroimidazole) 
with ""'l'c0; and Sn2+ in saline. The compound was characterized spectroscopically 
and by single crystal X-ray analysis. The Tc=O stretch at 91s cm-' falls within the 
range observed for Tc=O amine oxime compounds. 11ic 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 Tc=O 
group. 'l'he two aniines and one oxime of the complex are dcprotonatcd. There is no 
evidence of interaction between the nitroimidazole and the technetium core. The 
redox potential of [99~~c'~O(pnao-l-(2-nitroimidazole))1" in C1 13CN at E= -1.45 V vs 
Ag/AgN03 can be assigned to the reversible reduction of the nitro group [212,213]. 

The imaging agent (')""?'cvO(pnao- 1 -(2-1iitroimidazoIe))]~ of analogous composi- 
tion was prepared by a similar route using the generator eluant containing up to 
100 mCi (3.7. lo" MBq) o f  99""rc04. The radiochemical purity of the labeled com- 
pound was better than 90 YO 12143. Animal studies demonstrated that the agent is 
selectively retained i n  hypoxic myocardium and marks the ischemic border zone 
[215]. I t  is cleared quickly from the nornioxic heart [216]. The ischeniiciiion-ischemic 
radioactivity ratio uas  about 311 at 30 min post-injection [215]. ["""'TcvO{pnao-l- 
(2-nitroimidazole)}]" (BMS-18 1321) appears t o  be a sensitive marker o f  hypoxic myo- 
cardium [217), where its binding is essentially irreversible [218]. The clinical applic- 
ability of the agent in the imaging of myocardial hypoperfusion has been suggested 
12191, however, an unfavorable heart-to-liver ratio was observed with iiz vivo planar 
imaging of a canine model, which may limit its use in clinical myocardial imaging 
12201. Further animal studies showed the agent to bc also selectively retained in 
acutely ischemic brain, but not in the ischemic infarct. It is therefore a marker of 
ischemic tissue at risk o f  infarction and may contribute to the clinical management of 
acute stroke [221]. In addition, HMS-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 injec- 

0. ,o I Fig. 6.26.U Ibe hypoxic cell imaying agent [l'c"O( pnao-l-(2-nitroi- 
W' NO2 riiiciazo~c)~l" [2121 



tion. The agent could potentially be useful in clinics t o  investigate the status of 
hypoxia in solid tumors [222]. Nitroimidazoles and the imaging of hypoxia was excel- 
lently reviewed some years ago [223]. 

When '"'ln'l'cO~ is reduced with Sn(I1) and complexed with the ligand 4,Wiaza- 
3.3,IO. IO-tetramethyldodecane-2.11 -dione-dioxime (Fig. 6.27.B) a yy'T'rIc compound 
was obtained which possesses intrinsic bioreductive properties and is reduced in 
hypoxic tissue to trapped species without having bound before nitroiniidazole 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 iiorinal-flow-liypoxic and 
low-flow-ischemic viable myocardial models (isolated perfused rat hearts) werc ob- 
served. After 60 min of clearance a low-flow-ischemicicontrol heart activity ratio of 
13.6:l was achieved [224]. The complex is superior to carbon-142-deoxyglucose in 
detecting damaged but viable myocardium [224a]. 

n 
Fig. 6.27.B 4,9-l)iaza-3.3,10.IO-tetra1iietliyldodecane-2,ll-dio- 
ne-dioxime [224] 
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6.10.4 Receptor binding 

'Ihe physiological function o f  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 proteins inside a cell and bind 
the associated ligands through conipleinentary structures. Keceptors exhibit high lig- 
and affinity, specificity, stereoselectivity, and saturability. Radiopharmaceuticals 
hound to receptors perinit insight into special physiological processes: in particular, 
changes in receptor concentration are thought to be related to certain disease states 
of an organ [ 226,2271. Many receptor-specific radiopharmaceuticals with nuclides such 
as "C, 18F, 75Br. 77Br or lZ3I are known, but only a few receptor-binding 99mTc imag,' ring 
agents. 

"'""Tc-galactosyl-neoglycoalbumin ("ymTc-NGA) is a labeled ligand analogous to 
the hepatocyte-specific receptor, i t .  the hepatic binding protein (HBP) [228,229]. The 
ligand (NGA) was synthesized by coupling 2-imino-2-ethyloxymethyl-1 -thiogalactose 
(I~E-thiogalactose) to human serum albumin (HSA) [232]: 



I ME-thiogalactose HSA NGA 

'l'he """'Tc labeling of the ligand was performed by controlled potential electrolytic 
reduction of ""TcO; [230.231] with yields ranging from 92 to 99 % I .  """'Tc-.VC - JA 
remained stable for at least 4 h [ 2321. This receptor-binding radiopharillaceutical pro- 
vidcs the assessment of liver function and is a quantitative probe for the EIBP reccp- 
tor. Clinical tests after iii,jection of 5 mCi (185 MBq) """l'c-NGA indicated that with 
liver diseases, such as hepatoma, liver metastases, and cirrhosis. the hepatic binding 
protein (HHP) concentration appears to be a measure of functional hepatocyte inass 
[ 233-2381. In  patients with advanced breast cancer, O"mTc-KGA was exclusively 
trapped by the liver. The images revealed cold spots in arcas of liver metastases for- 
mation. 'l'his receptor radiopharmnceutical is promising t o  be clinically useful for both 
quantification o f  liver function and assessment of liver morphology [239]. 

'lo develop a 99mTc radiopharmaceutical useful for the diagnostic imaging o f  steroid 
receptor-positive breast tumors. an amlogue of mefipristonc was modified to incorpo- 
rate an N2S2 chelate system in the 1 lp-position and labeled with yy"'rlc after reduction 
of 991n'l'c04 in saline with SnClz in the presence o f  glucohcptonate (Fig. 6.28.R). The 
insertion of the Tc=O core into the N2S2 ligand can result in the forination of four 
diastereomeric products. which are denoted as the qw and m r i  diastereoineric pairs, 
s y i  and rrrzli being defined by the orientation of the steroid substituent and the Tc-oxo 
group relative to the N2S2 plane. 'l'he syrz diastereomeric pair was obtained in higher 
yield (43 %) than the m t i  pair. The specific-to-non-specific binding ratio of the 99n11'~ 
linked s y i  system in vitro was 75/25. I,? vivo, the progestin conjugate showed proges- 
terone receptor-mediated uptake in rat uterus, but also high uptake in non-target tis- 
sues. Modified systems of "OmTc progestin conjugatcs with improved target uptake 
efficiency and selectivity may be candidates for future studies aimed at the goal of 
obtaining images of progesterone rcccptor-positive breast tumors [240-2441. 

Fig. 6.28.R An analogue of mcfipristonc, modified lo  incorporate an 
N2S, chclate system in lhe llp-position and labeled with """l'c [240.2421 0 



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 inlravascular deposit mainly comprising 
fibrin. aggregates of platelets, and red blood cells. Platelet aggregation is mediated by 
fibrinogen, which binds via the Arg-Gly-Asp (R<iD)  tripeptide sequence to the plate- 
let glycoprotein GPllb/IIIa receptor expressed on activated platelets. Small molecule 
antagonists of the fibrinogen receptor GPTTb/TlIa represent a class of potential anti- 
thrombotics. '"'"~~1c labeled fibrinogen receptor antagonists. which bind t o  thc GPIIW 
IIla receptor on activated platelets. are potential radiopharniaceuticals for the detec- 
tion o f  thrombi. The cyclic Arg-GI!-Asp GPITbiIIIa receptor antagonists. con,jugated 
to 4.5-bis(S-l-cthoxyethyl-niercaptoacetamido)pentanoic acid. were labeled with 
99"1Tc using the exchange labeling with 1 '9""l'cvO(glucoheptonate)~]-. A promising 
coinpound lor 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 thrombushlood and thrombus/muscle ratios were 6 4 1  1245,2461. In  addition, a 
hydrazinonicotinainidc functionalized GPIIh/llIa receptor antagonist was labeled 
with 99mI'~ using tricine and a water soluble phosphine as coligands [24Sa]. 

Not long ago. an x-melanotropin peptide analogue. cyclized through """"Tc coordi- 
nation. was synthesized while retaining high affinity for receptors present o n  mela- 
noma cells. In viva the complex revealed selective accuniulation in a murinc mela- 
noma tumor [246a]. 

NH 
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Fig. 6.2Y.B "'"'Tc labeled analogue of the GPIlb/lIIa 
receptor antagonist as potential thromhus imaging 
agent "51 

6.10.5 Doparnine transporter 

Recently, the development o f  """Tc-labeled tropanc derivatives used as dopamine 
transporter imaging agents has been reported. 'The dopamine transporter is a protein 
complex located prcsynaptically at dopaminergic nerve terminals [237]. It is depleted 
in Parkinson's disease, and the extent of depletion correlates with the loss o f  dopa- 
mine [248]. Among a series o f  tropane derivatives 1249,2501 labeled with go"'Tc. two 
compounds dcscrvc more attention. 



l h e  tropane derivative TKODAT- I was labeled with ')L"llT~ and yielded 9"m'lc- 
1'RODAl-1 (Fig. 6.30a.B). The agent was obtained in a good yicld of 80 7'0 and 
high radiochemical purity of more than 95 YO. The bis(amino-ethanethiol) ligand is 
attached at the 2/1 position of the tropane core structure. Q"ll'Tc-'TRODAT-l dis- 
played an initial uptake in rat brain o f  0.4 "/o at 2 min post-injection, the striatali 
cerebellar ratio reached 2.8 at 60 niin and a maximum of  4.07 at 4 h after injection. 
It  is selectively localized in the striatum region consistent with a profile o f  specific 
binding to dopamine transportcrs [247.251]. In non-human primates a maximal tar- 
gethon-target ratio o f  3.5 between striatuni and cerebellum was obtained [25la]. 
A dose of 11.2 mCi (414 MBq) of """"I~-TRODA'I'-l was injected intravenously 
into a normal human volunteer. The agent quickly penetrated the blood-hrain-bar- 
rier. At 120-140 min post-injection. SPECT images gave the best contrast between 
the basal ganglia where dopamine transporters are located and the occipital area 
devoid of dopamine transporters [252] .  "'"'Tc-TROIlAl-1 forms diastereomers 
that display different binding affinities and distinct localization in thc striatum 
region [252a]. 

Another "Onllc labeled imaging agent that targets the dopamine transporter is the 
so-called Technepine. The compound i s  also based on the tropaiie skeleton and the 
square pyramidal diamide-dithiolate complex of the y9111Tc0.'* core (Fig. 6.30b.R). 
SPECT images in rhesus monkeys were obtained over 3 h. The striatum \vas localized 
by co-registration of the S E C T  images with inagetie resonance imaging. The selectiv- 
ity o f  'I'echnepine was confirmed by comparing the striatum versus cerebellum radio- 
active labeling, which was found to be 2:1 in a female monkey and 3:l in a male mon- 
key 1248,2531. 

The development of '")lnTc labeled dopamine transporters has been excellently 
reviewed very rcccntly 1254). 

a 

Pig. 6.30.B 'lhe dop;iinine transporter imaging apents """'Tc-'I'RC)DAT-I (a) [251 I and Teclinepine (I?) 
[2#.253] 



7 Summary of 99111T~ radiopharmaceuticals 

A summary o f  y)91rlTc radiopharmaceuticals is g i l t n  in Table 7.1 .B. 

'Table 7.1.H vy'"-l'c K. '1 d' ~opharmnceuticalsiarni~~~t~ticals lor imaging and functional studies o l  organs. 

Organ Hadio- 'l'radenanie Producer Dosage Applicalion 
pliarniareiitical (incomplete list) IniCi (R1Bq)l 

('esetcc Arnessh;rni I l)-~2(1 Kcgioiial hlo<id 
Intesnational (.370-7-10) pci t i i 'kn,  cesctiral 

I% s : ~  in 

Myocardium 

I hyroitl 

Lungs 

Livct-, 
pall hlatldcr 

Kidncys 

1)uPont 10 20 
(371) 740) 

Bristol-Myera Squihb 25 
( 9 3 )  

Mcdgenix. Iklgiuiii - 

Horchst 10-15 

I h P o n t  20 (741)) 

- 111 20 

LA1 Po11 1 10-:0 

l%siatol-Y!yess Squihh l i  (5%)  

i\inessI~am 5-24 
International (IS5 SRS) 
C1;illincks~idt 14 

(51s) 
Ifoechst 15 20 

(555-710) 
0.5-2 
(1 R.5-74) 

(.37-600) 

(370 SSi) 

(371) -741) 

( 3 7 0 ~  11 10) 

I3chrinp 1 ~ I6 

Hchsing 

I)uPont 

S i h o n  Llcdi-Physics 
I<riatol-Myer\ Squihh 
I)uPont 

M:illincksodt 

A mess h ii m 
I3 iic h I I' 1 

5 4  
(21x1) 
3(111) 

1 3(37-111) 

( I  S5) 

- 

5 

5- 20 
(I 85-74)) 
5-12 
(1 85-JJ-1) 

I3li)od pcrlusion, 
t u m o r  Iocdizatioii 
Blood pcsfusiiin. 
hsairi Ic\ions 
Rl(iod pcrfusiiin. 
lc\loll5 

I3lood prsfusiori. 
iscltcmia, infarction 
B h i d  pcsfiision. 
coronas? diaeascs 
Rl~iod pcrfusioii. 
isc hr in i a .  in fa set ion 
I3lood pcsfusiori 

r lcute ~nyocarrlial 
infarcts 
hlosphology. 
vawularity. fuilction 
Blood petfusion. 
shunt  diagnosis. 
anpio- arid 
plilchosci ntigraphy 
Vcn t ila t ion 

I h c s  and gall 
bladder function 

Lives and \plecn 
morphology. tumor\ 
and ahscc\ses 
'liihuli function, 
flm studiea 
<ilonirrul:ir 
filts:itinn i-iitc. i-ennl 
perfusion 



Organ Radio- Tradename Producer I h a g e  Applicatinn 
pharmaceutical (incomplete list) [mCi (\IBy)l 

(ilucept;irc \lallinckrodt 10 15 Morphology. renal 
(37(1-555) 

Skeleton 

Red blood 
cells 

White hlood 
cclls 

I uiiior\ 

Tc-Mab Scintirnum 

Ic-blab Scintirnum 

'19111 

HW 13106 CI'A 
4qm- 

uw 2501183 G r:lnulo/.yl 

- 

Mallinckrodt 

Hoechst 

Behring 

- 

Mallinckrodt 

- 

Amers11;im 
Inrernational 

DtiPont 

, h e r s h a m  
International 
.4niersham 
International 

Llehring 

Hehring 

- 

in-20 
(370-740) 
10-15 
(370-555) 
10-1s 
(370 555)  

20 

15 -20 
(555- 740) 

(740) 

- 

10 
(370) 

(11 1-55)  
3wlS 

20 

20 
(740) 

(740) 

18.9-20.7 

pert usion 
Krn;il functioii 
f3o11e fracture. 
tunior. ~iiet:~\tatic 
lesim. sarcoma. 
arllisitis. 
ostromyeliti\ 
alld 
othcr bone 
dl\eases 

Ventricular func- 
tioning. cardiac out-  
put, gastroiiitestin:il 
heniorrhafcs. \ e in  
thrombosis. interrial 
blecdinp. hepatic 
hcmangiomas 
Infl;immat(iry bowel 
discase. h u e  scpsis. 
osrcorn) eli tis 
.Medullary thyroid 
carcinoma. hcad 
and ncck tumors 
Hyperparathyroid- 
ism, breast tumors. 
axillary node 
inctastascs 
Breast and lun_e 
tumors 
l la l ignant  
rnel;rnonia. primary 
focus and metastatic 
lesions 
Colorectal canccr, 

(70G 1100) ga\tric cancer 
27 Mammary arid 

prostatic carcinoma. 
Iynphoma. small 

(loon) 

cell lung cancer 
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C. Acronyms and abbreviations 
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ABP: 
:I b tH( H2) 

acacH 
(acac)2enH2 

acdH 

Acm 
ADP 

amtlH 
amtzH 
14ane-N2S2 

aec 

: 1 -hydroxy-4-amino-butyIidenc-l1 1 -diphosphonate 
: 2-aniinohcnzcnethiol 
: acetylacctone 
: N,N'-ethylene-bis(acety1acetoneimine) 

: 2-amino-1-cyclopentene- 1 -dithiocarboxylic acid 

SH 

: (acetylamino)methyl 
: adenosine diphosphate 
: N-(2-aminocthyl)carbamic acid 
: 2-(methylamino)thiazolc 
: 2-(4-methoxyphenylamino)thiazole 
: 1.4-dithia-8,ll-diazacyclotctradecane 

: 2-aminophenol 
: N,N-3-a7apentane-1,5-diyl-bis(3-( I -iminocthyl)-6-methyl-2H- 

pyran-2.4-dione ] 

Me 
O$:,. H H;%o 

0 

Me Me 

: 2-aminophenyldiphenylphosphine 
: N,N'-3-a7apentane-l.5-diyl-bis(salicylideneimine) 

- - 
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aPY : 4-aminopyridine 
Ar : 2,6-diisopropylphenyl 
Ar’ : 2.6-dimcthvlphenyl 
atpH : 2-aminothiophenol 
(BAT-TE)HI( : ethane-1.2-bis(N-l-amino-3-ethyl-butyI-3-thiol) 

n 

BBB 
bdi 

bemH 
bdtH2 

bgoH 

: blood-brain barrier 
: butane-2,3-dionc-imine-oxime 
: 1.2-benzenedithiol 
: benzylidine-2-thioaniline 

: 2-benzimidazol-2’-yl-methanol 

bloH : 2-benzimidazol-2’-yl-ethanol 
blsH : 2-bcnzimidazol-2’-yl-ethanethiol 
B.M. : Bohr magneton 
B PA : N‘-benzylpiperazinyl 
(BP-BAT-‘TM)H3 : biphcnyl-2,2’-bis(N-1-amino-2-methyl-propan~-2-thiol) 

p p  
$:” :k 

BPHA : N-benzoyl-N-phenyl hydroxylamine 
bPm : 2.2’-bipyrimidine 
bptz : 3.6-bis( 2’-pyridyl)- 1.2,4,5-tetrazine 

bPY : 2.2’-bipyridine 
(hrac)?enHz : N.N’-cthylene-bis(3-bromoacetylacetone imine) 
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btH 
B 11 

BU' 
(buac)?enH2 
butriH3 
bztH 
catHz 
CBF 
(CDO-MeB)H3 
CeP 

C.F.A.E. 
C.F.S.E. 
CNmxyl 
CP 
CP'% 

CY 

15-Crown-S 
csaH 

cysH 

dataHj 
(cys-OEt)H 

dbcatH2 
DRDSHj 

bcnzenct hiol 
17- but yl 
iso-butyl 
~,N'-ethylenc-bis(tei.I-butplacetyl-acetone iminc) 
1,2,4-butanetriol 
benzylthiol 
1,2-dihydroxybenzene 
cerebral blood flow 
tris(cyclohexanedionedioxime)methyl boron 
tris(2-cyanoethy1)phosphinc 

,CH,-CH,-CS 
SC--CH2-CH,- P, 

- \CH,-CH~-CS 

: crystal field activation energy 
: crystal field stabilization energy 
: 2,6-dimcthylphcnylisocyanide 
: cyclopcntadienyl 
: pcntamcthylcyclopentadienyl 
: 1,4.7.10,13-pentaoxacyclopentadecane 
: cysteamine 
: cyclohcxyl 
: L-cysteine 
: L-cysteineethylester 
: cyclohexanediaminctctraacctic acid 
: 3,s-di-tf~rt-butylcatechol 
: N.N'-bis(mercaptoacetyl)butane-l.4-diamine 

0 

dbmH : dibenzoylmethane 
dctH : N,N'-bis(4-chlorophcnyl)t1kizenidc 
dddH2 : 3.6-dimcthyl-3.6-dia~aoctanc-l,8-dithiol 
dedtH, : 2.2'-dimethyl-1,1-( (N,N'-H2)ethylene-diamino}dipropane-2-thiol 
depc : his( 1,2-diethylphosphino)ethanc 
diars : 1,2-phenylenc-bis-(dimethylarsine) 
dig1 yme : diethyleneglycoldimcthylethcr 



dithiadod 
dit hiaoct 
dmapy 
dmbtH 
dme 

dmit1-I1 
(DMG)2MPH2 

dmpe 
I)MSAH;! 
I)MSEI-I;! 
dpaH 
DPD 
dpDI 
dPk 

dPP 

dpmH 

: 1.4.8.1 I -tetraazacyclotetradec~inc-S,7-di~~ne 

: 5.8-dithiadodecane 
: 3.6-dithiaoctane 
: 4-(dimethylamino)pyridine 
: 2,6-dimethylbenzenethiol 
: 1,2-diniethoxycthane 
: dimethylglyoxinic-(2-n~cthyl-l -pr-opyl)boron 
: isotrithionedithiol 

: bis( 1,2-dimcthylphosphino)ethanc 
: 2,3-dimercaptosuccinic acid 
: 2,3-dimcrcaptosuccinic acid dimethylcstcr 
: N.N’-diphenylacetamidine 
: 2.3-dicarboxypropanc- 1.1 -diphosphonatc 
: diphenylfornmamidine 
: bis(2-pyridy1)ketone 
: dipivaloylmcthane 
: 2.3-bis(2-pyridyl)pyrazinc 

: 1.2-dimethyl-3-hydroxy-3-p)rridinone 
: 1.2-his(diphenylpIiosphino)bei~~enc 
: 2-(diphenylphospbino)benzcnethiol 
: N.N’-bis(2-(diphenyIphosphino)plicnyl)-propane- 1,3-diainine 

Ph Ph Ph Ph 

/ /  

: 1.2-bis(diplicti~lplmosphino)etlianc 



dta-morphH3 : 

dtcbH(1 I,) 

dtfll 
dttH 
E,  
ecbapHr, 

eddaH2 
edtH: 
e=dtH2 
edtaHJ 
E h 

emaHJ 
epaHl 
EtJdadtH2 

egH2 

EtZdtcH 
Et2tcbH 

Etltll 
EXAFS 

N,N-bis(2,2-dimet hyl-2-mercapto-cthy1)(2-rnorpholinc-4-y1- 
cthyl)aminc 
S-melhyl-3~(2’-hydroxybcn~yli~c~ie) dithiocarbazate 

H ti 

N,N’-di-4-tolylformamidine 
1\.N’-di-4-tol!~ltria~cnide 
activation energy 
N-( 2-et hoxycarbonyl-3-oxo-but-( 1 ) -em(  l)yl]-2-aminophenol 

$.OOEt 

ethyleiiediamincdiacetic acid 
ethane- 1.2-dithiol 
ethcne-l,2-dithiol 
ethylenediaminctetraacctic acid 
redox potential VJ normal hydrogen electrode 
1.2-ethanediol 
N,~’-ethylene-bis(2-mcrcaptoac~t~imid~) 
N,N’-et hylcne-bis(2-phcnox~acetaiiiide) 
3,l O-diethyl-5.8-dia7a~odecane-3,lO-dithiol 
dieth!ildithiocarbaniic acid 
N-(h’,N-dicthylthiocarbamoyl)ben7aniid11ie 

NJ-diet hpl thiourea 
extended X-ray absorption fine structure 



FAB-MS 
furi l o s m  in 

hbaH 
hbdnpH2 

hbdpH2 
hbhH2 
HB(p43- 
hbtH 
hbtaH2 
HEDP 
hedtaH3 

Hex 
hfaH 
HMDP 
HM-PA0 
hmpoH 

HeP 

hpaH2 

fast atom bombardment mass spectrometry 
1.2-bis(dihydro-2,2,5.5-tetramethyl-3(2H)-fur~n~to-4-n~etl~yl- 
encamino) ethane, bisltris(3-methoxy-1 -propyl)phosphine) 
N-salicylidene-D-glucosamine 
S-methyl-~-N-(2-hydroxyphenylethylidenc)dithi~~carbazatc 

2’-hydroxybenzylidine-aniline 
N,N’-bis(2-hydroxybenzyl)-l,3-diamino-2-(4-nitrobenzyl) 
propanc 

N,N’-bis(2-hydroxybenzyl)-l,3-diaminopropane 
2’- hydroxybcnzylidine-2-hydroxyaniline 
hydro-tris(1-pyrazoly1)borate 
2-(2-hydroxyphenyl) benzothiazol 
2’- h~~droxpbenzylidine-2-thioaniline 
1 -hydroxyethylidene diphosphonate 
N-(2-hydroxyniethyl)-eth~lenediamine-~,N’,~’-triacetic acid 
n-heptyl 

hexafluoroace tylacetone 
hydroxymethylene diphosphonate 
hexamcthyl-propyleneamineoxime 
3- hydroxy-2-methyl-4H-pyran-4-one 

tl-hexyl 

Me 



hPtH2 
HR-ICP-MS 
im 
IT 
L,L-ECDH? 
LPAS 
lut 
mactHz 

mapH4 
MDP 
mdtcH 

mephHz 
MequinH 
MesalH 

MTBI 
mnsHz 
mntH2 

Me2tu 

: 4’-hydroxypentyl-2’-idine-2-thioaniline 
: high resolution inductively coupled plasma mass spectrometry 
: imidazole 
: isomeric transition 
: N,N’-1,2-ethanediyl-bis(L-cystcinediethylestcr) 
: laser induced photoacoustic spectroscopy 
: 3.5-dimcthylpyridine 
: N,N’-ethylene-bis(methyl-2-amino-cycl~~pentanc-l-dithiocar- 

boxylatc) 

q3a S ’ ‘s< 

C H P  SCH, 

: mercaptoacetylglycylglycylglycine 
: 2-mercaptoacetyl diglycine 

0 0 - 4-4 
HS NH NH-CHpCOOH 

: 2,3-bis(mercaptoacetamido)propanoic acid 
: methylene diphosphonate 
: morph ol ine -4-di t hiocarbamic acid 

Hz H, 
c--c 

o//  ‘N-C- -SH 
\c---/ I;‘ 
H, Hz 

: 2-mercaptophenol 
: 2-methyl-8-hydroxyquinoline 
: N-mcthylsalicylidencimine 
: N.N-dimethylthiourea 
: hexakis(2-methoxy-2-methylpropyl-l-isonitrile) 
: 1,2-dicyanoethcnediselcnol 
: 1.2-dicyanoethcnedithiol 



M PH2 : iiicso-porphyrin IX dimethylester 

D 

morphtcbH 

mpdH3 : N(mercaptoacetyl)-N‘-(4-(pentenc-3-one-2)Jcthane-l.2-diamine 

0, ,NH HN 
C \ 

9N.3 
NADP’ 
(NEP-DADT)H3 
Net-tmdadtH; : 
NHE 
NMe-tmdadtH3 : 
NP1 

nPe 
ntaH3 

ophsal€12 
ovH2 

N-{2( 1 H-pyrolylmethyl)}N’-(4-pcntenc-3-one-2)etliane-l,2-dia- 
mine 
1,4.7-triazacyclononane 
nicotinamidc adcnine dinuclcotidc phosphate 
N-ethyl-pipcridinyl-hexamethyl-diaminodithiol 
4-N-ethyl-2.9-dimethyl-4,7-diaza- 2,9-decanedithiol 
normal hydrogen electrode 
3-Fi-mcthyl-2,9-dimethyl-4.7-diaza- 2,9-decancdithiol 
2-diphcnylphosphino-N,N’-bis(2-diphenylph~~sphino- 
ethy1)cthancamine 
ncopentyl 
nitrolotriacetic acid 
octaethylporphyrin 
N-(2-hydroxyphcnyl)salicylideneiniine 

O X H ~  
pacH 

oxalic acid 
S-methyl-a-N-(isopropy1idene)dithiocarbaza te 



: 2-(dipheii~~lphosphino)benzenethiol 
: r\’-(2(1~I-p~~rolylmcthyl))-N’-(4-pcntene~~-one-2)-eth~ne-l ,~- 

diamine 

Pen : 11-pcntyl 
penamineH3 : D-penicillamine-N,S.O-D-penicillamine-N.S 
pent(ao)?H : 3.3,11,11 -tetramethyl-~.lO-diazatridecane-2,12-dionedioxime 

icn2)s 

t! ‘N 

XN Nx 
I t  

HO OH 

Ph 
phen 
phsalH 

pic0 
PMT 
Pn 
pnaoH3 
pp3 
PPme 

PICH3 

: phenyl 
: l,l0-phenant hrolinc 
: N-phcnylsalicylidenciminc 
: N-[2-((2-mercaptoacct~~l)ainino)-eth~l]-2-pyridine-carboxamide 
: 4-mcthylpyridine 
: N-pyridoxyl-5-methyltryptophan 
: 1,3-propanediaminc 
: 3,3,C).9-tetramethyl-4,8-diazaundecane-2,lO-dionedioxime 
: tris-2-diphenylphosphinocthylphosphine 
: 1,1,1-tris(diphenylphosphinomethyl)-ethane 

PPOO : l,S-bis(diphcnylphosphino)-3,6-dioxaoctane 

A 

c, 
PPP 
PPPa 

: 4-phen!ilpipcridinyl 
: bis(diphenylphosphinoethy1)propylaminc 

PhP-y-PPk 

C3H7 



436 

PPP” 

Pr’ 
psi 
psig 

ptfaH 

PY 
pybta 

PY I.:!: 
quin H 
quinim-naphH 

RIMS 
RH’CI 
9s3 
14S4 
16.54 
16S4-( OH)z 
18% 
(sacac)2enHz 
salH 
salabtH2 

4-phenyl-3,6-bis( 2‘-pyridy1)pyridazine 

/C,H, 

isopropyl 
pounds per square inch, 14.22 psi = 1 bar 
pounds per square inch gauge (pressure measured with respect 
to that of the atrnospherc) 
pivaloyltrifluoroacetonc 
pyridinc 
bis(2-pyridylmcthyl)-2-benzylthio-2.2-dirnethylethylamin~ 

2.3,4,S-tetramethylpyrrolyl 
8-hydroxyquinoline 
1 -(8’-quinolyliminomethyl)-2-naphthol 

laser resonance ionization mass spectroscopy 
rhodamine-B hydrochloride 
1,4.7-trithiacycIononane 
1,4.8,1l-tetrathiacyclotetradecanc 
1.5.9,13-tetrathiacyclohcxadecanc 
1,5,9,13-tetrathiacyclohcx:idecane-3,1l-diol 
1,4,7,10,13,16-hexathiacyclooctadccane 
N,N’-ethylene-bis(acety1acetonethioimine) 
salicylaldehyde 
N-salicylidene-2-aminothiophcnol 

Ph=cH? SH OH 

K.N’-butane-l,4-diyl-bis(salicylidencimine) 
N-salicylidenccystein 



: ~,IV’-cthylene-bis(salicyliden~iminc) 

: N,N’-2-hydroxypropane-l,3-bis(salicylidcneimine) 
: N,N’-propane-1,3-bis(salicylideneiminc) 
: single photon emission computed tomography 
: N-(2-inercaptophenyl)salicylideneiminc 
: 2-mercaptopyridine 
: I ,S,S.12-tetraazadodecane 
: monothiodibenzoylmetliane 
: tri-tz-butyl phosphate 
: 4-tert-butylpj ridine 
: S-meth~~l-3-(2’-hydroxy-l’-naphthylmethylene)dithiocarba~ate 

: 1,4,7-triazacyclononane-N,N’,N”-triacetic acid 
: 3,4-toluenedithiol 
: 2,2:6’.2”-terpyridine 
: 1,4.8.1 I-tetraazaundecane 
: 1.2-bis{bis(2-ethoxyethyl)phosphino]ethane trifluoroacetylace- 

: trifluoroacetylacetone 
: tris(hydroxymethyl)(trimethylammonium)methane cation 
: 2-(2’-hydroxyphenyl)-2-thiazoline 

tone 

: 2,4,6-tri-iso-propylbenzenethiol 
: triisooctylamine 
: 2,3,5.6-tetramethylbenzenetliiol 
: trimethylphosphite 
: N,N,N’,N’-tetramethylthiourca 
: tri-ti-octylaniine 
: rt ICSO-  t e t ra phenylporp hine 



tppz 

tren-py.; 

2 .7 .5 .h - t c t r~~k i s (2 -p~r i~ ! . I )p~~a~ i i i c  3;g O N  N 

tris(4-(2-pyridyl)-3-aza-~-but~nylJ aminc 

ttod 
tu  

1.5,11,14-tctrathiaoctadecane 
thiourea 



Index 

A 

absorption spectra, hexahaloipio- 
technctatc (IV) 248 

algae 27fl  
analytical chemibtry -55 
animals 24 
antibodics 403 
arc emission spectra 58 
arene complexes. Tc(1) 327 
atmosphere 18 
atomic absorption spectrophotometry 58 
avidin 405 

B 

Baltic Sea 17 
bcnzenethiolato complexes. Tc(V1) 163 
b-Diketonato complexes. 'l'c(1ll) 264 
P-particles 55 
binary compounds 104 
biochemical cff'ects 24 
biotin 405 
blood-brai~i-barrier 380.35.5.387, 407.41 3 
boiling point 47 
bonding strcngth 49 
bone imaging agents 397 
bone marrow 39-1 
borides 104 
brain 377,382,384,406.414 
brain perfusion imaging agents 380 
branching ratio 375 
breast 403,406.11 1 
l3rernsstrahlur1g 57 
bridged compounds 217 
bromide 122 

c 

calcination 13 
Canada IS 

Carbide 105 
carbonyl complexes, Tc(1) 328 

carbonyl substitution 332 
carboxylato complexes. ?'c(III) 264 
catecholato complexes. Tc(V1) 160 
cerebrovascular disordcrs 383 
chalcogenide clusters 294 
chelaling complexes 17 
chloridcs 120 
chlorophyll 22 
chromatography 79,82.375 
chronoainpcrometry 45 
colon 406 
confinement [actor 12, 13 
coulometry 45,65 
cross section 56 
c r u ~ t a c e m ~  30 
crystal field stabilization 40 
crystallographic data, Tc( IV) hexahalogeno 

cyano cornpleses. Tc(1) 315 

cyclic voltammetry 46 
cyclopentadienyl complexes. Tc(rll) 286 
cytological effects 23 

- l'c(I1l) 2x6 

complex salts 246 

- Tc(II1) 259 

D 

decay constant 375 
dementia 384 
development. radiopharniaccuticals 380 
cliarsinc complexes. Tc(V1) 163 
dia7ene complexes. Tc( V)  242 
diazenido complexes. 'l'c(V) 242 
diazenido groups 267 
Dinuclear. coriiplexe 288. 292 

I>inuclear p-oxo complcxes. Tc(I11) 288 
Dinuclcai 0x0 complexes. Tc(V) 215 
Dioxincs 267 

- Tc(ll) 309 



distillation 66 
distribution coefficient 

76.77.7s 
dithiocarbamato complexes, Tc(ll1) 275 
Dopainine 412 
dry distillation 67 
dvimangancse 6 

11. 15. 70,72. 73,75. 

E 

effective hall-life 379 

ekanianganese 6 
electrochemistry 44 
electrodeposition 55 
electronic configuration 43 
emission. aqueous 13 ff 
- atmosphcric 13 f f  
- solid 14 

egg 26 

emission tomogram 383 
emission tomography 376 
entropy of fusion 47 

F 

fishcs 24 
- hlenny 31 
- place 30 
- scabass 31 
- Serranus cabrilla 31 
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