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PREFACE 

In  Volume XIII, detailed and checked synthetic procedures are 
presented for 120 compounds. These compounds are of three 
main classifications. First there are a number of compounds 
of the transition elements. Many of these are classical or 
Werner complexes and a few are organometallic compounds. 
There are also a few procedures dealing with the nonclassical 
compounds involving metal atom clusters or very strong multi- 
ple metal-metal bonds. A few more words about one of the 
latter will be found below. The second large group of com- 
pounds are those of nontransition elements. In  the present vol- 
ume this group is a rather diverse array, not strongly organized 
around any principal theme. 

Although they are transition-metal compounds, I have chosen 
to  place a group of complexes involving low-valent metals 
coordinated by various phosphorus ligands in a separate cate- 
gory, since they have an exceptional degree of both practical 
and fundamental interests. It is only relatively recently that the 
ability of many other ligands besides carbon monoxide, and 
most particularly various XsP-type ligands, to  stabilize metals 
in zero or other low formal oxidation states has been generally 
appreciated. It is now clear, however, that  aryl phosphines 
and phosphites in general have this ability, and a number of 
compounds have been prepared. Many of these have shown 
promise as catalysts and are of interest, therefore, industrially 
as well a.s academically. 

xi 



xii Preface 

I should like to explain the background of the photograph 
on the dust jacket of this volume. It shows a postage stamp 
issued in 1969 by the Soviet Union. One of these stamps was 
presented to me in September 1969, at the Stony Brook meet- 
ing of the International Union of Crystallography by Professor 
N. A. Porsi-Koshits. I n  the background is the N. S. Kurnikoff 
Institute where the chemistry of transition metals, particularly 
the heavier ones, is actively investigated. The legend at the 
upper right-hand corner says “Fiftieth Anniversary of the N. S. 
Kurnikoff Institute of the Union of Soviet Socialist Republic.” 
On the left side of the stamp is a ball-and-stick model of an 
RezX82- (X = C1, Br, etc.) ion. The chloro ion, RezClg2-, was 
first prepared in the N. S. Kurnikoff Institute and was reported 
by Russian workers in the early 1950s, albeit incorrectly charac- 
terized as a Re(I1) compound, e.g., K2ReC14. [See, for exam- 
ple, V. G. Kronev and S. M. Bondkin, Khim. Redkikh. Elemetov, 
Akad.  Naztk SSSR, l., 40 (1954).] It was not until some 10 
years later as part of the general renaissance of interest in rhe- 
nium chemistry that structural investigations were carried out 
on these compounds. In  my own laboratory the same com- 
pounds were discovered independently and assigned the (cor- 
rect) stoichiometry RezClS2-. Both in my own laboratory and 
at the N. S. Kurnikoff Institute x-ray investigations were under- 
taken which showed the structure to be that depicted on the 
stamp. A great deal of further chemical study of this and 
related species has been carried out, and it is now agreed that 
Re2Xs2- is the proper stoichiometry and i t  has been shown that 
this species contains a quadruple bond.* 

Inorganic Syntheses, Inc., is a nonprofit organization whose 
purpose is to  help inorganic chemists with synthesis problems 
by providing detailed checked procedures for important com- 
pounds. It is hoped that the procedures which are published in 
these volumes will be sufficiently detailed and foolproof that 
even one new to the synthesis of compounds in a particular field 

* For a recent review cf. F. A. Cotton, Accts. Chem. Res., 2, 240 (1969). 



Preface xiii 

and unfamiliar with any special techniques or requirements in 
that field will lie able to  carry out the preparation successfully 
the first time. I t  is clear that  an effort of this kind can be 
successful only as a result of the generous cooperation of many 
persons. It is important that  people familiar with the synthetir 
procedures for important compounds in various fields take the 
initiative in preparing manuscripts suitable for INORGANIC SYN- 
THESES, or in seeing that  others in the field do so. It is also 
essential that  many people be willing to devote the time and 
attention necessary to check these procedures and work out in 
cooperation with the original authors any such modifications 
that appear necessary. I wish to acknowledge here my debt to  
many people who have assisted me in these ways in preparing 
Volume XIII. I would urge others in the inorganic field to 
keep IXORGAKIC SYKTHESES in mind and assist or stimulate the 
flow of suitable manuscripts. There follows a notice to con- 
tributors I\ hich describes the procedure for preparing and sub- 
mitting such manuscripts. 

Finally I should like to  thank many members of Inorganic 
Syntheses, Inc., for their generous help and advice. I thank 
Dr. E. L. Muetterties and Professor G. Wilkinson for generous 
efforts in helping sort out some perplexing problems concerning 
conflicts, overlaps, and checking difficulties. I am especially 
grateful to Professors A. Wold, W. C. Fernelius, S. Kirschner, 
and S. Y. Tyree, who relieved me of the final burdens of preparing 
the manuscript for the printer when I became swamped by other 
commit men t s . 

F. A .  Cotton 



NOTICE T O  CONTRIBUTORS 

The INORGANIC SYNTHESES series is published to provide all 
users of inorganic substances with detailed and foolproof proce- 
dures for the preparation of important and timely compounds. 
Thus the series is the concern of the entire scientific community. 
The Editorial Board hopes that all chemists will share in the 
responsibility of producing INORGANIC SYNTHESES by offering 
their advice and assistance both in the formulation and labora- 
tory evaluation of outstanding syntheses. Help of this type 
will be invaluable in achieving excellence and pertinence to  cur- 
rent scientific interests. 

There is no rigid definition of what constitutes a suitable 
synthesis. The major criterion by which syntheses are judged 
is the potential value to the scientific community. An ideal 
synthesis is one which presents a new or revised experimental 
procedure applicable to a variety of related compounds, at 
least one of which is critically important in current research. 
However, syntheses of individual compounds that are of interest 
or importance are also acceptable. 

The Editorial Board lists the following criteria of content for 
submitted manuscripts. Style should conform with that of 
previous volumes of INORGANIC SYNTHESES. The Introduction 
should include a concise and critical summary of the available 
procedures for synthesis of the product in question. It should 
also include an estimate of the time required for the synthesis, 

8 xv 



xvi Notice to Contributors 

an indication of the importance and utility of the product, and 
an admonition if any potential hazards are associated with the 
procedure. The Procedztrc should present detailed and unam- 
biguous laboratory directions and be written so that  i t  antici- 
pates possible mistakes and misunderstandings on the part of 
the person who attempts to duplicate the procedure. Any 
unusual equipment or procedure should be clearly described. 
Line drawings should be included when they can be helpful. All 
safety measures should be clearly stated. Sources of zinziszial 
starting ina t e r i ch  must be g i i w L ,  and, if possible, minimal 
standards of purity of reagents and solvents should be stated. 
The scale should lie reasonable for normal laboratory operation, 
and any problems involved in scaling the procedure either up or 
down should be discusscd. The criteria for judging the purity 
of the final product should be clearly delineated. The section 
on Properties should list and discuss those physical and chemical 
characteristics that  are rele\rant to judging the purity of the 
product and to  permitting its handling and use in an intelligent 
manner. Under References, all pertinent literature citations 
should be listed in order. 

The Editorial Board determines u-hethcr submitted syntheses 
meet the general specifications outlined above. Every synthesis 
must be satisfactorily reproduced in a different laboratory otlwr 
than that  from which i t  was submitted. 

Each manuscript should lie submitted in duplicate to  the 
Secretary of thc Editorial Board, Professor Stanley Kirschncr, 
Department of Chemistry, IYayne State University, Detroit, 
Michigan 45202, U.S.A. The manuscript should be type- 
Ivritten in English. Komenclature should be coiisistent and 
should follon the rccomniendations presented in “The Definitive 
Rules for Nomenclature of Inorganic. Chemistry,” J .  Am. C k e m  
Soc., 82, 5523 (1960). ~lbhrcviations should conform to those 
used in publications of the Xmerican Chemical Society, par- 
ticularly I m r g u n i c  Ciionistrg. 



Corrections 

DIAQUAHYDROGEN trans-DICHLOROBIS- 
(ETHYLENEDIAMINE)COBALT(III) DICHLORIDE" 

Submitted by JACK M. WILLIAMSt 

The compound formulated as Lmns-dichlorobis (ethylenediamine) 
cobalt(II1) chloride in Volume 2l has been found to contain the 
diaquohydrogen ion2 (H502)+ rather than "adduct" hydrogen 
chloride alone as implied from the first equation on page 223. 
The (H502)+ ion is present as (H20.H-OH2)+ and not as (H,O+. 
H20)2-4. The first equation on page 223 of Volume 2 should 
more appropriately read : 

4CoC1, + 8C2H4(NHz)2 + 8HC1+ 6H20 + O2 4 

4[H(HzO) ,][trans-Co(en) 2C12]C12 

Both water and hydrogen chloride are released simultaneously 
when the bright green crystalline plates are dried a t  110", in 
static air, leaving dull green polycrystalline [C~(en)~Cl~]Cl .  

References 

1. J. C. Bailar, Ino rgan ic  Syntheses,  2, 222 (1946). 
2.  J. M. Williams, Ino rg .  N u c l .  Chem. Letters, 3, 297 (1967). This name chosen in 

accordance with the 1960 I.U.P.A.C. definitive rules for inorganic chemistry. 

* Research supported by the U.S. Atomic Encrgy Conirnission. 
t Argonne National Laboratory, Argonnc, 111. 6043U. 

232 
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3. R. D. Gillard and G. Wilkinson, J .  Chsm. SOC., 1964, 1640. 
4. J. M. Williams in “Molecular Dynamics and Structure of Solids,” R. S. Carter 

and J. J. Rush (eds.), special publication no. 301, National Bureau of Standards, 
Washington, D.C., 1969, p. 237. 

TRIS(ETHYLENEDIAM1NE)CHROMIUM (111) SULFATE : 
A MODIFIED PROCEDURE 

Submitted by W. N. SHEPARD* 
Checked by F. BASOLOT and M. NICOLINIt 

The following modification of the procedure, previously pub- 
ished [Inorganic Syiitheses, 2, 198 (1946)], is recommended. 

A 500-id. round-bottomed flask, to which a water-cooled 
condenser is attached by a ground joint, is used t o  reflux 49 g. 
of Crz(S04)3.18Hz0, which has been ground to a powder, and 
50 ml. of anhydrous ethylenediamine in a heating mantle. 
After about one hour, the product, orange-yellow, is usually 
formed. A spatula is used to scrape the compound off the 
inner wall of the flask and to  mix i t  thoroughly. The product 
is then placed in a hot-water bath for 3-4 hours to  remove 
unreacted ethylenediamine. The solid is broken up with a 
spatula, ground, washed with alcohol, and air-dried. Yield is 
89 g. [95 %, based on Cr,(S04) ,*18H20]. 

* University of Arizona, Tucson, Ariz. 85721. 
t Northwestern University, Evanston, Ill. 60201. 



Chapter One 

COMPOUNDS OF THE NONTRANSITION 
ELEMENTS 

1. PERBROMIC ACID AND POTASSIUM PERBROMATE 

Br03- + FP + 20H- + BrOd- + 2F- + HzO 

Submitted by EVAN H. Al'PEI,MAN* 
Checked by JOHN R. BRAND? 

Perbromates are obtained by oxidation of bromates in aqueous 
solution. Electrolytic oxidation, the best method of preparing 
perchlorates and periodates, is not very satisfactory in the case 
of perbromates. The most practical synthesis involves oxida- 
tion with elemental fluorine in sodium hydroxide solution. 
The procedure is somewhat hazardous, and the experimenter 
should familiarize himself with the precautions necessary for 
safely handling fluorine before undertaking the synthesis. 

After the oxidation, the sodium, fluoride, and excess bromate 
must be removed to obtain a pure product. The bulk of the 
bromate and fluoride are precipitated with barium, and the 
sodium is removed with cation exchange resin. After concen- 

the auspices of the U S .  Atomic Energy Commission. 
* Argonne National Laboratory, Argonne, 111. 60439. 

t Kansas State Teachers College, Emporia, Kans. 66801. 
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2 Inorganic Syntheses 

trating the solution, the remainder of the bromate is precipi- 
tated as silver bromate and the remaining fluoride as calcium 
fluoride. Ion exchange gives a solution of perbromic acid, 
which can be neutralized with the appropriate base to yield 
alkali or alkaline-earth salts. The perbromates of potassium, 
rubidium, and cesium have fairly low solubilities and can be 
readily prepared in a pure form. 

To avoid pickup of silica, solutions containing appreciable 
amounts of fluoride and/or base should not be handled in glass. 
Polyethylene and polypropylene are satisfactory at room tem- 
perature, but heating must be done in Teflon vessels. Both 
TFE Teflon and the less expensive FEP (fluorinated ethylene 
propylene) may be utilized, but the latter must be used with 
greater care to prevent overheating. Magnetic stirring bars 
should be Teflon coated. Coarse porous polyethylene filters 
are available (Porex Materials Corp.), but for filtrations requir- 
ing fine porosity, Teflon filter disks (Chemplast Inc.) should be 
used on polypropylene or polyethylene Buchner funnels. 

Assays of bromate and perbromate concentrations are required 
during the procedure. Bromate concentrations that are at least 
comparable to the perbromate may be determined iodometrically 
by reaction with sodium iodide in acid solution containing 
molybdate, followed by titration with standardized thiosulfate. 
After reduction of the bromate the solution should be ca. 0.1 M 
each in Hf and in free iodide ion. Perchloric, hydrochloric, 
or sulfuric acids may be used. The molybdenum(V1) concen- 
tration should be ca. M .  

To determine the perbromate concentration of a solution 
containing both bromate and perbromate, enough 48 % hydrogen 
bromide is added to provide an excess of 0.5-1.5 M hydrogen 
bromide after reduction of the bromate to tribromide ion, Br3-, 
and neutralization of any base present. (For this purpose 
sodium fluoride constitutes a base.) Pure nitrogen or argon 
is bubbled through the solution until all color is gone. The 
solution is then diluted with at least five times its volume of satu- 
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rated hydrogen bromitlc. (The hydrogen bromide concentration 
after reaction must be at least 11.5 M.) The vessel containing 
the solution is stoppered with a glass or Teflon stopper and is 
allowed to stand for 10 minutes. I ts  contents are then trans- 
ferred rapidly and quantitatively to  about 20 times their volume 
of water containing slightly more than enough sodium dihydrogen 
phosphate to neutralize the hydrogen bromide, and containing 
enough sodium iodide to provide a 0.1 M excess. The triiodide 
formed is then titrated with standardized thiosulfate. If the 
bromate concentration of the original solution is negligible, the 
addition of 48 '% hydrogen bromide and subsequent gas flushing 
may be omitted, and saturated hydrogen bromide may be 
added directly. 

Inasmuch as the labor involved is nearly independent of the 
size of the preparation, the following procedure is designed on a 
fairly large scale. It may, of course, be scaled down to suit 
the needs and available equipment of the laboratory using it. 
If the procedure is followed as written, a centrifuge capable of 
holding 1-1. polypropylene bottles will be very useful. The use 
of a smaller centrifuge, of course, will merely make the opera- 
tions more time-consuming. Use of a rotary vacuum evapo- 
rator will expedite the concentration steps in the procedure. 
Either a batch- or continuous-feed unit may be employed, but 
i t  should be of one of the types that cannot contaminate the 
concentrate with grease or metal. Heat may be applied to the 
evaporator as fast as i t  can be absorbed without causing the 
solution to boil. 

A heavy-duty magnetic stirrer, such as Cole-Parmer model 
4817, is needed during the fluorination. 

Procedure 

Equip a &lb. cylinder of fluorine with a pressure-reducing 
Mount i t  

If'the hood uses fiber- 
regulator especially designed for fluorine service. 
securely in a well-ventilated fume hood. 
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glass exhaust filters, they should be of the “perchloric acid 
type,” which contains no organic binders. 

Attach a Monel or brass needle valve to the low-pressure side 
of the regulator. It should either have Teflon packing or be 
of the packless type with soldered-on bellows. Attach a 2-ft. 
length of %-in.-o.d. copper tubing to the valve through either a 
flare fitting or a swage-type tube fitting. Intermediate fittings 
on the low-prcssurc side of the regulator may be made of Monel, 
brass, or aluminum. Pipe fittings should be sealed only with 
Teflon thread tape. Permanent connections may be made with 
silver solder. 

The copper tube should be bent so that it extends to a point 
about 1 f t .  away from the cylinder and a t  least 2 ft. above the 
floor of the fume hood. The last inch of its length should be 
bent to point straight down. A 1-ft. length of TFE Teflon 
tubing, 8 in. 0.d. X in. i.d., is then forced over the end of the 
copper tube. 

Make up 900 ml. of 5 M sodium hydroxide in a 2-1. Teflon 
FEP narrow-mouthed bottle (Nalge Co.). Add 200 g .  sodium 
bromate and introduce a large Teflon-clad magnetic stirring bar. 
Stir the mixture for 20 minutes with a heavy-duty magnetic 
stirrer. Only a portion of the bromate will dissolve. Surround 
the bottle with water and crushed ice in a 4-1. beaker. 

Start a gentle flow of fluorine from the cylinder and raise the 
beaker and bottle to  immerse the Teflon tubing in the alkaline 
bromate solution. The end of the Teflon tube should be just 
above the stirring bar. Position the heavy-duty stirrer beneath 
the beaker and stir vigorously enough to keep the solid sodium 
bromate distributed throughout the solution. The fluorine flow 
may now be made very rapid, provided undue spattering does 
not result. However, care must be taken to maintain the ice 
bath around the Teflon bottle. Even with this cooling, the 
temperature of the solution may approach its boiling point, and 
occasional small, but noisy, detonations may occur in tho vapor 
above the solution. The reaction 7 m ~ s t  r w c r  bc left unattended! 
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If a flame appears in the bottle, the needle valve should be shut 
momentarily to  quench it. If i t  is necessary t o  terminate the 
fluorine flow for more than a moment, the tube should be with- 
drawn from the bottle and cleared of any liquid with a burst of 
fluorine. * 

The absorption of fluorine may be monitored by the decrease 
in the pressure in the cylinder. When most of the alkali has 
been consumed, the flow rate should be reduced. The approach 
to neutrality will be indicated by the appearance of fumes at 
the mouth of the bottle. If fluorine is added substantially 
beyond the neutral point, the solution will turn yellow. How- 
ever, perbromate is formed only in alkaline medium. 

When the solution is nearly neutral, add 300 ml. 50y0 sodium 
hydroxide and 80 g. sodium bromate. Again introduce fluorine 
until the solution approaches neutrality. Then add 400 ml. 
50% sodium hydroxide and 100 g. sodium bromate. Once more 
pass in fluorine until the solution is almost neutral. This com- 
pletes the fluorination step. 

In  the following purification procedure, glass vessels must be 
avoided except in rotary evaporalors or where especially desig- 
nated. “Washing” of a precipitate or resin will imply washing 
until negligible additional amounts of perbromate are removed. 
Washes are always combined with the original filtrate, eluate, 
or supernatant solution for the next step. 

Using a Teflon delivery tube, pass a vigorous stream of pure 
nitrogen or argon through the reaction mixture for 5 minutes 
to  expel oxygen fluoride and remove unreacted fluorine from the 
space above the mixture. Cool the mixture to room tempera- 
ture or below and stir for 20 minutes. Transfer to  a polypro- 
pylene centrifuge bottle. Centrifuge, wash, and discard the 
precipitated sodium fluoride. 

Add slowly, with stirring, 300 g. of anhydrous barium hydrox- 
ide for each liter of solution. Continue stirring until the mixture 

* T h e  chcckcr profcrH lh UYC of the nitrogen purge assembly described in 
ruferciico 1 for flunhiriK out f . 1 ~  linc after use. 
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cools back to  room temperature, but for not less than 1 hour. 
Centrifuge, wash, and discard precipitate. 

Add enough analytical grade Dowex 50x8 cation exchange 
resin, 20-50 mesh, in the hydrogen form, to  the solution to make 
it at least 0.05 M in acid. Filter with suction through a coarse 
polyethylene or Teflon filter and wash the resin. Neutralize 
the filtrate with calcium carbonate and concentrate to ca. 
400 ml., either in a rotary evaporator or in a Teflon beaker 
under a heat lamp. 

If an evaporator was used, transfer the concentrate to a 
Teflon beaker. Assay the bromate concentration and add with 
stirring enough saturated silver fluoride to provide a 0.1-0.2 M 
excess after precipitation of silver bromate. Centrifuge. Wash 
the precipitate with 0.1 M silver fluoride and discard it. Pass 
the supernatant solution and washings under suction through 
an extra-fine Teflon filter disk on a polyethylene Buchner funnel. 

To  the filtrate add gradually with stirring a 10-2095 excess 
of calcium hydroxide over the amount needed to precipitate all 
the added fluoride as calcium fluoride. Continue to stir for at 
least one hour. 

Again acidify the solution with Dowex 50 and filter as before, 
Neutralize the filtrate with calcium hydroxide and add enough 
excess to saturate the solution. Add 20 mg. of diatomaceous 
earth filter aid per liter of solution. In  a fine sintered-glass 
filtering funnel, slurry 100 mg. of the filter aid per square centi- 
meter of filter surface. Suck most of the water from the slurry 
through the funnel, but before the slurry is quite dry, filter the 
perbromate solution through it. Wash with saturated calcium 
hydroxide. 

Pack an ion exchange column with analytical grade Dowex 
50x8, 50-100 mesh, in the hydrogen form. The column 
should be 6-8 cm. i.d. and high enough to provide four equiva- 
lents of exchange capacity per mole of perbromate in the solu- 
tion. Pass the perbromate solution through the column and 
wash through with water. Using a hc!at) lamp or rotary evapo- 

Centrifuge, wash, and discard precipitate. 
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rator, concentrate the eluate to obtain about 250 ml. of 4 M 
perbromic acid, or a ca. 10% yield on the basis of the fluorine 
consumed. 

If potassium perbromate is the desired product, neutralize 
the solution potentiometrically with 4 $1 potassium hydroxide, 
using 0.1 M potassium hydroxide to reach the precise end point. 
It is advisable to keep a little of the perbromic acid solution in 
reserve in case the end point is overshot. Glassware may be used 
for this and subsequent steps. 

Heat the potassium perbromate slurry to 100" and add enough 
water to bring all the solid into solution at this temperature. 
Allow to cool gradually to room temperature. Then chill in 
an ice bath for an hour and decant the supernatant solution. 
Redissolve the solid in a minimum of water at 100" and again 
cool, chill, and decant. Transfer to an 
agate mortar, crush, and dry to constant weight a t  110" in 
vacuum. The yield of potassium perbromate is 80% of the 
perbromic acid taken. If the recrystallization step is omitted, 
the yield is 90%. 

Dry the solid at 100". 

PropertiesZ 

Perbromic acid is a strong monobasic acid. Its aqueous solu- 
tions are stable up to about 6 M (55% HBr04),  even at 100". 
Fairly concentrated solutions may develop a yellow bromine 
color from the decomposition of traces of bromate ion and 
hypobromous acid. If a 6 M perbromic acid solution is allowed 
to stand for several months, the bromate and hypobromite will 
have all decomposed, and the resulting bromine can be flushed 
out with pure nitrogen, leaving a colorless solution. 

Above 6 M ,  perbromic acid solutions tend to be erratically 
unstable, although the decomposition is not explosive. Con- 
centration in vacuum at room temperature produces an azeo- 
trope consisting of about 80% perbromic acid (ca. 12 M ) ,  which 
usually decomposes during or shortly after prcparation. Molec- 
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ular distillation of this azeotrope is possible if heat is applied 
rapidly in high vacuum. 

The bromate-perbromate electrode potential is about 1.76 
volts in acid s ~ l u t i o n , ~  making perbromic acid a potent oxidant. 
However, dilute solutions react sluggishly a t  room temperature. 
Bromide and iodide are oxidized slowly and chloride not at all. 
The 6 M acid attacks stainless steel at room temperature, and 
at 100" it oxidizes chloride ion to chlorine, Cr(II1) t o  Cr(VI), 
Mn(I1) to Mn02,  and Ce(II1) to Ce(1V) in nitrate solution. 
The 12-M acid is a vigorous oxidizing agent even at room 
temperature. 

Pure potassium perbromate is stable up to 275", at which 
temperature it dccornposes to potassium bromate. The im- 
pure product may undergo partial decomposition at lower 
temperatures. 

Analy tica I 

Perbromic acid and perbromates are most readily assayed by 
determination of their oxidizing power after reduction with 
hydrogen bromide, as described earlier in this article. Traces 
of fluoride in the acid or salts may be determined potentio- 
metrically, using a fluoride-sensitive electrode (Orion Research, 
Inc.) and an expanded-scale pH meter. Acid or alkaline solu- 
tions should be neutralized or buffered with acetic acid and 
sodium acetate before the determination. The electrode 
response should be calibrated against similar solutions of known 
fluoride content. 

Such lower bromine oxidation states as Brz, HOBr, HBr02, 
and Br03- can be estimat,ed by conversion to tribromide in 
0.5 M hydrogen bromide. The tribromide can be determined 
spectrophotometrically at 275 nm. At this wavelength, per- 
bromic acid has an extinction coefficicnt of only about 5.8 
l./mole-cm., whereas tribromidc has an extinction cocfficicnt of 
about 3.5 X lo4. The latter is rctduc:cd to an apparcnt value 
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of about 3.1 X lo4 by the incomplete formation of tribromide. 
Inasmuch as large amounts of perbromate will slowly oxidize 
0.5 M hydrogen bromide, the absorption should be followed as a 
function of time and extrapolated back to  the time of mixing. 
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2. a-SULFANURIC CHLORIDE-CYCLIC TRIMER 
(1,3,5-lrichloro-l H,3€1,5H-1,3,5,2,4,6- trithiatriazine 1,3,5-trioxide) 

CClr 
HZNS03H + 2PCl5 * Cl,P=NS02C1 + POCI3 + 3HC1 

3C13P=NS0&1 __j (NSOC1)3 + 3POCI3 
127-137’ 

Submitted  by TBERALD MOEI,LER,* TIAO-HSU CNANG,t AKIRA OVCHI,$ 
ANTONIO VAND1,g and AMEDEO FAILLIT 
Cheeked by W. E. IIILL1I 

The cyclic sulfanuric chlorides, (NSOCI)., are of interest 
because they are isoelectronic with the cyclic phosphonitrilic 
chlorides, (NPCL),. Although the formation of a variety of 
substances with n = 3 or more appears reasonable, only the 
cyclic trimers have been iso1ated.l At least three, apparently 
conformational, isomers of composition (NSOC1) have been 
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reported,1,2 but of these only the a isomer is thermodynamically 
stable at room temperature. The trimeric sulfanuric chlorides 
have been prepared by the thermal decomposition of (trichloro- 
phosphorany1idene)sulfamoyl chloride, by the ammonolysis of 
sulfuryl chloride in admixture with thionyl ~h lo r ide ,~  and by 
the oxidation of trithiazyl chloride, (NSC1)3, with sulfur(V1) 
oxide. 

The first of these procedures is the most convenient and gives 
the highest yields. (Trichlorophosphorany1idene)sulfamoyl 
chloride is readily obtained in excellent yield by the reaction of 
sulfamic acid with phosphorus(V) chloride,1y2i5 and its pyrolytic 
decomposition is best effected at 127-137" under a pressure of 
8-9 mm. Hg and with a slow purge of dry air or nitrogen. 
Both a- and 0-sulfanuric chloride result, but conversion of the 
latter to the former is essentially complete in the procedure as 
given below. The 0 isomer can be obtained by immediately 
extracting the product of the thermal decomposition reaction 
with n-heptane, removing the a-isomer by crystallization at 0", 
evaporating the filtrate in vacuo, and subliming in vacuo at room 
temperature. 

Inasmuch as phosphorus(V) chloride, phosphorus(V) oxytri- 
chloride, and (trichlorophosphorany1idene)sulfamoyl chloride 
are all highly sensitive to moisture, operations that cannot be 
carried out in closed systems must be done in a gloved dry-box. 

Caution. Contact between any of these substances and water 
in a closed system can lead to a dangerous explosion! 

Procedure 

A. (TRICHLOROPHOSPHORANYL1DENE)SULFAMOYL 
CHLORIDE 

To a dry, lOOO-ml., round-bottomed flask with a single 
standard-taper opening are added 110 g. (1.1 moles) of finely 
pulverized sulfamic acid [dried a t  100" and cooled in vacuo over 
phosphorus(V) oxide], 450 g. (2.2 molos) of phosphorus(V) 
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chloride, and 60 ml. of freshly distilled carbon tetrachloride. 
A reflux condenser, to which a drying tube containing calcium 
chloride is attached, is immediately fitted to  the flask. The 
flask and its contents are then heated in an oil bath at 80-85" 
for 15 hours. The reaction mixture is then cooled to  0" and 
filtered a t  that temperature in the gloved dry-box, using a 
medium-frit, sintered-glass vacuum filter. * 

The filtrate is evaporated in the hood at 85" and 1 mm. Hg 
to remove both carbon tetrachloride and phosphorus(V) oxytri- 
chloride. The transparent, nearly colorless, oily residue is 
stored overnight in the refrigerator (at 0-5") to  crystallize. 
The solid product is separated from oily contaminants by pour- 
ing through a coarse-frit, sintered-glass crucible as rapidly as 
possible after transfer of the container from the refrigerator to 
the gloved dry-box.* Dry nitrogen is pulled through the 
crystals on the filter until the solid appears dry. The solid is 
transferred from the filter to a dry vial and stored under dry 
nitrogen. The filtrate is returned to the refrigerator and the 
entire operation repeated until no additional crystalline product 
can be rec0vered.t M.P., 33". Yield, based upon phos- 
phorus(V) chloride, is 180 g. (67%). 

B. a-SULFANURIC CHLORIDE-CYCLIC TRIMER 

One hundred twenty-five grams (0.5 mole) of (trichlorophos- 
phorany1idene)sulfamoyl chloride is placed in a 300-ml., three- 
necked, round-bottomed flask, to which a gas inlet tube, a 
thermometer, and a Vigreux condenser are attached. To  the 
top of the Vigreux column, a Liebig condenser is attached. 
'This condenser is, in turn, attached to a receiver which is 
immersed in a Dry Ice-acctone mixture.$ The outlct from the 

* Ideally, all operations should be carried out in a cold room maintained below 5". 
t H Caution. The wdodorous final filtrate should be dasposed of out-of-doors. 

I1 ttia?~ reuct cxplosavdy wzth water. 
4 H N o t e .  This distillalr .yhould br dasposed of in thr same fushzon as the filtrate 

f r o m  SCY. A.  
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receiver leads through a similarly cooled trap to a vacuum pump. 
While a current of dry air or nitrogen is passed through the 
reaction vessel, the latter is heated at 127" for one hour and 
then at 137" for an additional hour. The internal pressure of 
the system is maintained at 8-9 mm. Hg. 

The mixture remaining in the three-necked flask is stored 
overnight at 0". The solid product is then freed of oily con- 
taminants by spreading on clay plates, which are stored in a 
desiccator. Finally, the solid is washed with 100 ml. of ice 
water and then dried in a desiccator over phosphorus(V) oxide. 
The crude product so obtained is recrystallized twice from 10-15 
times its weight of n-heptane which has been previously dried 
over sodium wire. M.P., 144-145". Yield, based upon (tri- 
chlorophosphorany1idene)sulfamoyl chloride, is ca. 12 g. (17 %). 
Anal. Calcd. for N3S303C13: N, 14.36; S, 32.87; C1, 36.36; mol. 
wt., 292.57. Found: N, 14.51; S, 32.44; C1, 36.84; mol. wt., 300. 

Properties 

a-Sulfanuric chloride-cyclic trimer is obtained as trans- 
parent, colorless, prismatic crystals, melting at 144-145". It is 
insoluble in and only slowly hydrolyzed by cold water. Its 
solubility at 25" in grams per 100 g. of solvent has been reported2 
as: C6H6, 22.50; CH,CN, 13.15; CS2, 4.10; CCL, 2.95; petroleum 
ether (90-110"), 2.32; C6HI2, 1.63; n-C7HI6, 1.56. Petroleum 
ether (90-1 lo"), cyclohexane, and n-heptane are suitable sol- 
vents for recrystallization. The o isomer is much more soluble 
in each of these solvents. 

The infrared spectrum shows strong sulfur-oxygen stretching 
modes at 1344 and 1110 Strong bands a t  700 and 665 
em.-' are associated with sulfur-nitrogen stretching modes. 
The spectrum of the f l  isomer is nearly identical. a-Sulfanuric 
chloride-cyclic trimer crystallizes in the orthorhombic system 
(a = 7.552, b = 11.540, c = 10.078 A,), space group Pnma 
(DzhI6), with four molecules to the unit cell.7 Moan bond lcngths 
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in the molecule are: S-N, 1.571 f 0.004; S-C1, 2.003 -t 0.003; 
and S-0, 1.407 k 0.007 A. Mean bond angles are: NSN, 
112.8 f 0.4; SNS, 122.0 -t 0.4; NSO, 111.9 f 0.35; NSC1, 
106.3 f 0.3; 0SC1, 107.9 f 0.35". The nitrogen and sulfur 
atoms alternate in a ring that has a slight chair-type conforma- 
tion. The arrangement of bonds around each sulfur atom is 
roughly tetrahedral. The chlorine atoms are all axial, the 
oxygen atoms equatorial. The short, equal S-N bond dis- 
tances suggest p,-d, electron-density delocalization within the 
ring. The dipole moments of the a and f l  isomers are, respec- 
tively, 3.88 and 1.91 debym2 The f l  isomer may differ in the 
arrangements of some of the chlorine and oxygen atoms but 
probably not in the ring conformation.2 

The a-sulfanuric chloride-cyclic trimer molecule undergoes 
ring cleavage when treated with strongly basic amines but gives 
two isomeric trisubstituted derivatives (m.p., 171-172 and 
196-197") when treated with the more weakly basic morpholine.* 
Ring cleavage in its reaction with benzene in the presence of 
aluminum chloride and triethylamine gives diphenyl sulfoxide. 
Reaction with potassium fluoride in acetonitrile, with a catalytic 
quantity of water present, yields a mixture of cis and trans 
sulfanuric fluoride-cyclic trimers, N3S303F3.9i10 a-Sulfanuric 
chloride-cyclic trimer decomposes explosively a t  285". 
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3. ARSINE AND ARSINE-d3 

Na3As + 3&O(D20) -+ AsH3(AsD3) + 3NaOH(NaOD) 

Submitted by JOHN E. DRAKE* and CHRIS RIDDLE* 
Checked by JOHN R. WEBSTERt and WILLIAM L. JOLLYt 

Arsine, AsH3, may be prepared conveniently by the potassium 
tetrahydroborate reduction of arsenic (111) oxide, but this 
method is not readily adaptable for the formation of arsine-d3, 
AsD,. The procedure described here allows the ready prepara- 
tion of arsine and arsine-d3 from inexpensive materials with 
excellent yields. Only the simplest, readily available, vacuum- 
line apparatus is required.$ The sodium arsenide alloy Na,As 
is formed in situ from its elements, and addition of water2 or 
heavy water then gives the arsines. The products are of high 
purity and need only drying before use. The deuterium con- 
tent of the arsine-d3 is of the same order as that of the deuterium 
oxide used. The yield (based on Na3As) is essentially quantita- 
tive, since without using any elaborate trapping techniques 
85-90% of the arsenic is recovered as arsine. 

rn Caution. Arsine i s  a colorless, poisonous gas that requires 
careful handling. A suitable gas mask must  be at hand in case an 
on-line fracture occurs during the preparation. The  p u m p  exhaust 
should lead to the open air or a fume  hood, 

Procedure 

The apparatus must be clean, dry, and sound. Sodium 
(7.5 g.) is cut into small pieces under oil, dried, and placed in a 

* Department of Chemistry, University of Windsor, Windsor, Ontario, Canada. 
t Inorganic Materials Research Division of the Lawrence Radiation Laboratory, 

Berkeley, Calif. 94720. 
$ T h e  apparatus lends itself to several preparations, e.g., HzS or DzS from 

AlzS3 + HzO(D20) and HzSe or DzSe from AlzSca3 in which thc alloys are formed 
in a fume hood and then transferred to the appuriLi,u8. 
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nickel crucible. An excess of finely powdered arsenic (ca. 15 g.) 
is then placed around the sodium. Since the alloy formation is 
exothermic, an insulating layer of glass wool is placed at the 
bottom of the round-bottomed, cylindrical reaction vessel. 
The crucible, with reactants, is placed on the glass wool to  
avoid direct contact with the vessel. 

The assembly is completed as in Fig. 1, and the reaction vessel, 
U traps, and collection vessel are evacuated. The system is 
flushed thoroughly with dry nitrogen or argon. After a final 
evacuation, the taps to the pump are closed and nitrogen or 
argon added to a pressure of 50-100 mm. 

The bottom of the reaction vessel is heated very gently with a 
semiluminous Bunsen flame which is removed a t  the jirst signs 
of sodium melting. A rapid reaction follows immediately, and 
if the heating has been excessive the mixture glows red-hot. 
It is quite normal for a black cloud to rise up the reaction 
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vessel. To ensure that no solid material enters the vacuum 
line, a loose-fitting plug of glass woo1 may be placed in the tube 
connecting the vacuum Iine to the reaction vessel whose dimen- 
sions (30 em. long; 6.5 em. 0.d.) serve to minimize such a risk. 

When the crucible has cooled down, the system is thoroughly 
evacuated, and water, or heavy water (ca. 10 ml.), allowed to 
drip slowly onto the alloy. The progress of the reaction can be 
followed by observing the manometer. When no more gas is 
formed, the products are condensed successively in the traps 
1, 2, and 3 and in the collection vessel. The tap A is closed 
when the pressure drops below ca. 10 mm. to keep to a minimum 
the amount of water that  distills over. The reaction vessel is 
evacuated, filled with Nz or Ar, and removed to a fume hood. 

Any noncondensible gas in the product is pumped off through 
the three U traps, and the crude product distilled into trap 1. 
Trap 2 is surrounded by a -111" slush bath (1-bromobutane 
or carbon disulfide) and the arsine distilled into the collection 
vessel. Typically, ZOO0 cc. (S.T.P.) or 0.095 moles of purified 
arsine is obtained (88% based on Na3As). 

Proper ties 

The arsine may be stored in a glass vessel fitted with a greased 
tap. It has a vapor pressure of 35 mm. a t  -111.6°,4 a melting 
point of -116.93", and a boiling point-of -62.48°.5 Because 
of the 100% natural abundance of 7 6 A ~ ,  the isotopic purity of 
arsine-d3 can be readily established by mass spectroscopy. The 
infrared spectra (typically recorded at 50 mm. pressure in a 
5-cm.-path-length cell) have strong absorptions at 2122, 1005, 
and 906 ern.-' for ASH, and at 1534, 714, and 660 cm.-l for 
AsDB.' 
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4. AMMONIUM CYANATE 

(HNC0)S -+ SHNCO 
HNCO + NH3 -+ NHhNCO 

Submitted by llODGER B. BAIRD,* and ROBERT P. PINNELL* 
Cheeked by A. L. ALLRED,? D. V. STYNES,f and D. L. DIEMANTE? 

Ammonium cyanate has the historical distinction of being the 
“inorganic” intermediate in Wohler’s classical synthesis of 

Although based upon obvious metathetical 
reactions between ammonium chloride and silver cyanate or 
aqueous ammonia and lead cyanate, actual isolation of crystal- 
line ammonium cyanate was not accomplished. This type of 
reaction has, however, found use in the preparation of urea- 
I4C-l5N via the intermediate 15NH4N14C0.2 Solid ammonium 
cyanate has been prepared commercially by flash evaporation of 
urea at 300-350°,3 whereas aqueous solutions have been prepared 
by passage of natural gas and ammonia over alumina at 1000” 
followed by absorption of the effluent gas in aqueous ammonia.‘ 
Extension of the method used in preparing sodium and potassium 
cyanate, i.e., fusion of the appropriate alkali-metal carbonate 
with urea,5 is obviously not feasible for the ammonium salt. 
The following procedure is based upon that of Waddington6 and 
has been found to  give a pure product in reasonably high yields. 
I’rcparation of the crude salt requires approximately 1-2 hours; 

organic” ures1.I “ 

* ,Joint 8cicnc.e Departincnt, Scripps, Pitzer, and Clarcmont Men’s Colleges, 
(~Ii~roniont, Calif. 9171 I .  Financial support of the Research Corporation is 
K r I 1 ~  clruiiy ncicrlowi(!dK(;d. 

t Northwcstorii Uiiivortlity, ICvuntlton, Ill. 60201. 
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purification to analytical purity necessitates extraction for an 
additional 8-12 hours. 

Procedure 

The apparatus consists of a Pyrex tube, 20 mm. in diam., 
400 mm. in length, equipped with a gas inlet from a source of 
dry nitrogen and an outlet of approximately 10 mm. in diam. 
The outlet leads directly into a 200-ml., three-necked flask 
equipped with a mechanical stirrer. A side neck of the flask 
holds a second gas inlet connected to a source of anhydrous 
ammonia and an outlet leading to a fume vent. Dry nitrogen is 
used both as a carrier for the isocyanic acid and as a readily avail- 
able inert atmosphere. Caution. The preparation should be 
carried out in a f u m e  hood because of the highly toxic character of 
isocyanic acid and i t s  derivatives. 

At  the upper end of the tube is placed 6.46 g. of recrystallized 
cyanuric acid (0.05 mole of trimer)." A volume of 100 ml. of 
anhydrous diethyl ether is poured into the flask and cooled to 0" 
in an ice bath. The gas inlet tubes should dip just below the 
surface of the ether while it is being stirred. 

The cyanuric acid is heated slowly but uniformly, using either 
a gentle flame? or a tube furnace at a temperature of 380-400". 
The acid sublimes easily and may condense in the cooler portions 
of the tube if heating is not uniform. Depolymerization pro- 
ceeds readily, but extensive overheating of the material should 
be avoided because of decomposition and subsequent contamina- 
tion of the product with ammonium ~ y a n i d e . ~  The isocyanic 
acid formed in the depolymerization is conducted slowly into 
the stirred diethyl ether.$ 

* Commercial material recrystallized from aqueous solution. 
t The flame source of heat is more useful in controlling the rate of decomposition 

versus sublimation but, because of the presence of diethyl ether, requires increased 
emphasis upon carrying out the reaction in a well-ventilated area. 

1 Rapid cooIing of the vapor should be avoided. At lower temperatures, 
appreciable amounts of cyanic acid, HOCN, arc for~nc!d. This acid is unstable, 
polymerizing rapidly to mixtures of cyanuric twit1 t i r i t l  c:yttmclidc. At O", ayanic 
acid exists as a liquid and thc ratc of polyiiinl'iitibioii ititiy IN!  oxp1osivc.R 
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After all of the cyanuric acid has been depolymerized, anhy- 
drous ammonia is passed directly into the ethereal solution of 
isocyanic acid. Precipitation is immediate, and efficient stirring 
is necessary to prevent clogging of the inlet tube. Because of 
the voluminous nature of the precipitate, completion of the neu- 
tralization is difficult to  ascertain and an obvious excess of 
ammonia should be passed into the mixture. 

The white precipitate is filtered on a fritted-disk extraction 
thimble (EC porosity). Ammonium cyanide and cyanuric acid 
are removed from the product by overnight extraction with 
approximately 100 ml. of diethyl ether using a Soxhlet extractor. 
The precipitate in the thimble should be stirred several times 
during the extraction to effect maximum contact with the sol- 
vent. Yield is 4.70 g. of white powder (52%, based upon 
cyanuric acid). Anal. Calcd. for NH4NCO: C, 20.00; H, 6.71; 
N, 46.65. Found: C, 19.93; H, 6.79; N, 46.59. 

Properties 

Ammonium cyanate is a white solid which crystallizes in the 
tetragonal system.6 The solid rearranges primarily to  urea 
upon heating or prolonged storage; the salt should be freshly 
prepared if used as an intermediate where the presence of urea 
is objectionable. It is extremely soluble in water, partially 
soluble in ethanol and chloroform, and insoluble in diethyl ether 
and benzene. Heating aqueous solutions of the salt causes 
extensive rearrangement. Unfortunately, elemental analysis 
will not yield any information as to the extent of contamination 
by urea. I ts  presence can be determined qualitatively via the 
infrared spectrum of the solid mulled in mineral oil; urea exhibits 
strong absorptions a t  1683 and 3456 cm.-l, whereas ammonium 
cyanate absorbs radiation at 3160(s), 2190(s), 1334(m), and 
640(s) em.-’. 
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5. PHOSPHORUS(II1) ISOCYANATE 
(Phosphorus Triisocyana te) 

PC13 + 3AgNCO -+ P(NC0)3 + 3AgCl 

Submitted by ROBERT E. ZOBEL* and ROBERT P. PINNELL* 
Checked by MARY F. SWINIARSKIt and ROBERT R. EIOLMESt 

Phosphorus(II1) isocyanate was first prepared by the reaction 
of phosphorus(II1) chloride with silver isocyanate in warm 
benzene. A later modification utilized phosphorus(II1) iodide 
as a starting material with nitromethane as solvent.2 

Less-expensive preparations, in terms of materials, have 
involved reactions between phosphorus(II1) chloride and lithium 
cyanate, in b e n ~ e n e , ~  or sodium and potassium. cyanates in polar 
solvents such as nitriles, ketones, nitroparaffins, and  ester^.^ 
Liquid sulfur dioxide has also been found useful as a solvent for 
reaction between phosphorus(II1) chloride and sodium ~ y a n a t e . ~  

The synthesis from silver isocyanate and phosphorus(II1) 
chloride has proved the most dependable and gives the highest 

* Joint Science Department, Scripps, Pitzer, and Claremont Men’s Colleges, 
Claremont, Calif. 91711. Financial support of the Research Corporation is 
gratefully acknowledged. 

t Department of Chemistry, University of MILRHlL(:hllH(!lt,E, Amhcrst, Mass. 01002. 
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yield of product. The preparation requires ca. 4 hours; no sub- 
stantial modifications are necessary in order to scale the syn- 
thesis for larger quantities of product other than allowance for a 
slightly extended period of filtration and solvent evaporation. 

Procedure 

Caution. Phosphorus( I I I )  isocyanate i s  quite toxic and all 
operations should be carried out in a n  eficient hood. 

Silver isocyanate is prepared by the method of Neville and 
McGee.'j The material obtained from this preparation should 
be thoroughly dried in a vacuum desiccator over P4Ol0 for a t  
least 2 days before use. 

A 500-ml., three-necked flask is equipped with a Teflon blade 
stirrer, a reflux condenser, and an equilibrating dropping funnel. 
The top of the condenser is fitted with a gas inlet tube and pro- 
vision made for maintaining an inert atmosphere throughout 
the preparation. The assembled apparatus should be carefully 
dried before use. 

Into the flask is placed 100 g. (0.66 mole) of silver isocyanate 
and 100 ml. of dry benzene. A mixture of 30 g. (0.22 mole) of 
phosphorus(II1) chloride and 20 ml. of dry benzene is placed in 
the dropping funnel. The entire system is then flushed once 
more with nitrogen. The mixture of phosphorus(II1) chloride- 
benzene is allowed to flow in dropwise, with stirring, over a 
period of half an hour.* 

The rate of addition should be regulated to avoid excessive 
generation of heat during the initial reaction. After addition is 
complete, the resulting mixture is refluxed for a period of 
18 hours. 

The cooled slurry is vacuum-filtered through a fritted tube 
assembly. Provision should be made for admitting nitrogen 
into the apparatus upon completion of the filtration. The sol- 

* ltltpid darkcning of thc? silvcr isocyanate a t  this point indicates incomplete 
drying, and a eignific*nntly lowor yidd of product can be expected. 
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vent is removed at room temperature using a solvent stripper. 
The residual liquid is transferred, under nitrogen, to a semimicro 
distillation apparatus and the product distilled through a short 
column at 81"/20 mm. pressure to yield 18-21 g. of phos- 
phorus(II1) isocyanate (52-60 % based on silver isocyanate). 
Anal." Calcd. for P(NC0)3: C, 22.93%; N, 26.76%; P, 19.73%. 
Found: C, 22.90%; N, 26.70%; P, 19.65%. 

Properties 

Phosphorus(II1) isocyanate boils at 169.3" (760 mm.), and 
melts at - 2 . O O . l  Upon standing for 2-3 days polymerization 
occurs to yield a white material of m.p. 80-95". The rate of 
polymerization is retarded by the presence of Contaminants and 
serves as an indication of product purity. Distillation of 
the polymer melt results in nearly quantitative yields of the 
monomer. 

The 
specific conductivity is 1.89 X low5 f2-l at  25°C.' The infrared 
spectrum of phosphorus(II1) isocyanate reveals fundamental 
absorptions at 316, 365, 388, 577, 603, 681, 1421, 2239, and 
2293 cm.-l. The band a t  1421 cm.-l is the principal evidence 
cited for the isocyanate formulation in bonding to phosphorus.8 
Contamination by phosphoryl isocyanate can be deteeted by 
infrared absorption at 1282 em.-', attributed to the P=O 
stretching frequency. The phosphine also exhibits 31P n.m.r., 
absorption a t  -97.0 p.p.m. relative to 85% H3PO4.' 

The product has nr" = 1.525 and dnso = 1.450 g./cc. 
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6. PHOSPHORAMIDIC ACID AND ITS SALTS 

Submitted by R. C. SHERIDAN,* J .  F. McCULLOUGIl,* and Z. T. WAKEFIELD* 
Chcckod by €1. R. ALLCOCKt and E. J. WALSH-1- 

The classical Stokes’ methodl for the preparation of phosphor- 
amidic acid and its salts entails a three-step procedure with the 
use of organic intermediates. Ammonium hydrogen phosphor- 
amidate, NH4HP03NH2, however, is prepared more conven- 
iently and in higher yield by the simple reaction of phosphoryl 
chloride with aqueous ammonia. The acid salt is stable and 
nonhygroscopic, and it is readily converted to the free acid or 
to other salts of the acid. 

A. AMMONIUM HYDROGEN PHOSPHORAMIDATE 

POCl, + 5NH3 + 2H20 -+ NHbHP03NHt + 3NH4C1 

Procedure 

Reagent-grade phosphoryl chloride (18.3 ml., 0.2 mole) is 
added, dropwise and with vigorous stirring, for about 5 minutes 
to  300 ml. of an ice-cold 10% aqueous ammonia solution (1.5 
moles NH3). There is some fuming and evolution of heat, after 

* Tennessee Valley Authority, Muscle Shoals, Ala. 35660. 
t Pcnnsylvunin IFSt.cita 1Jniversity, [Jriivcrsity Park, Pa. 16802. 
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which a clear solution is obtained. After stirring for about 
15 minutes the solution is diluted with 1 1. of acetone,* where- 
upon two layers are formed.? The bottom layer is separated, 
neutralized to  approximately pH 6 (Alkacid test paper) with 
8 ml. of glacial acetic acid, and cooled to 5-10' to induce 
crystallization of the phosphoramidate. Further amounts of 
the salt are obtained by dilution of the filtrate with its own 
volume of ethanol. The product is filtered by suction, washed 
successively with alcohol and ether, and air-dried. Yield is 
13.7 g. (0.12 mole), or 60% based on POC1,. The ammonium 
hydrogen phosphoramidate is homogeneous and well-crystal- 
lized. Anal. Calcd. for NH4HP03NH2: N, 24.56; N in NH,, 
12.28; P, 27.14. Found: N, 24.5; N in NH4, 12.4; P 27.0. 

B. PHOSPHORAMIDIC ACID 

NH4HP03NH2 + HC10, -+ HzPOZNHz + NH4C104 

Procedure 

A stirred solution of 11.4 g. (0.1 mole) of the ammonium acid 
salt in 150 ml. of water is cooled to 0" in an ice bath, and 50 ml. 
of 25% HC10, (prepared by diluting 25 ml. of reagent 70% 
HC104 to  100 ml.) is added dropwise. The acid sohtion is 
diluted immediately with 1 1. of ethanol and allowed to stand 
in the ice bath for 30-60 minutes to induce crystallization.$ 
The product is collected, washed successively with alcohol and 
ether, and air-dried. Yield is 7.5 g. (77%): Anal. Calcd. 
for H2P03NH2: N, 14.44; N in NH4, 0.00; P, 31.93. Found: 
N, 14.4; N in NH,, 1.3; P, 31.5. 

* I n  the absence of an excess of ammonia some of the NHdHPOpNH, will 
precipitate at this stage. 

t Paper chromatographic analysis of the liquid phases shows that all the phos- 
phoramidate is in the aqueous (bottom) layer and the other amidophosphates, 
NH4PO?(NH2)2 and PO(NH?),, are in the acetone layer. 

$ The checkers found that the longer time w m  roquirocl for high yield. 
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C. POTASSIUM HYDROGEN PHOSPHORAMIDATE 

NH4HP03NH2 + 2KOH -+ K2POBNH2 + 2H20 + NH3 
K2P03NH2 + CH3C02H + KHPODNHZ + CH3C02K 

Procedure 

Ammonium hydrogen phosphoramidate (11.4 g., 0.1 mole) is 
dissolved in 20 ml. of 50% potassium hydroxide solution and 
warmed to 50-60" for 10 minutes to expel ammonia. The solu- 
tion is cooled to 5-10', neutralized to pH 6 (Alkacid test paper) 
with glacial acetic acid, and treated with 1 1. of ethanol to 
precipitate the potassium salt which is filtered with suction, 
washed successively with alcohol and ether, and air-dried. 
Yield is 8.1 g. (60%). Anal. Calcd. for KHP03NH2: N,  10.37; 
P, 22.93. Found: N, 10.4; P, 22.7. 

Proper ties 

Ammonium hydrogen phosphoramidate forms colorless mono- 
clinic crystals that  appear to be orthorhombic. The powder 
x-ray diffraction2 and infrared absorption3 data have been 
reported. The salt is stable and nonhygroscopic, is moderately 
soluble in water, and melts at 233-234'. 

Phosphoramidic acid forms colorless, prismatic crystals; the 
x-ray diffraction2 and infrared absorption4 data have been 
reported. The compound is easily soluble in water, but the 
aqueous solution hydrolyzes to ammonium dihydrogen phos- 
phate. It is stable in sealed containers, but it converts on heat- 
ing to an ammonium p~lyphosphate .~ An unstable mono- 
hydrate of phosphoramidic acid has been described. 

Potassium hydrogen phosphoramidate is a white, crystalline 
compound that is moderately soluble in water and insoluble in 
alcohol. The x-ray diffraction2 and infrared absorption3 data 
have h e n  publishc?d. 
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7. DIPHENYL(TRIMETHYLS1LYL)PHOSPHINE AND 
D IMETH Y L (TRIMETH YL SIL Y L ) PH 0 SPHINE 

Submitted by R. GOLDSRERRY* and KIM COHN* 
Checked by M. F. HAWT€IORNE,t G. R .  DUNKSJ and  R. J. WILSONt 

The first reported preparation of a silylphosphine in the litera- 
ture involved heating silane and phosphine in a tube at 450" to 
give silylphosphine (H3SiPH2) . I  A general procedure for mak- 
ing unsubstituted silicon-phosphorus compounds or ones that 
possess more than one silicon-phosphorus bond involves the 
interaction of n-butyl lithium with phosphine which gives a 
mixture of lithium phosphides. The latter are then allowed 
to react with the appropriate chlorosilane to give the mono-, 
di-, and trisubstituted silylphosphines. For the preparation 
of silylphosphines with phenyl or alkyl substituents on the 
phosphorus, a better method involves the reaction of sodium 
or lithium metals with the tetraphenyl or tetraalkyl diphos- 
phines. Diphenyl(trimethylsily1)phosphine has been prepared 
in yields above 60% by the reaction of chlorotrimethylsilane 
with sodium diphenylphosphide in n-butyl ether.3 The sodium 
diphenylphosphide is prepared from commercially available 
diphenylphosphinous chloride. Although the initially formed 
product is the tetraphenyldiphosphine, the phosphorus-phos- 

* Department of Chemistry, Michigan State Univctxity, East Lansing, Mich. 

t University of California, Riverside, Calif. 0 4 X W .  
48823. 
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phorus bond is cleaved by the action of excess sodium t o  give 
the sodium salt. 
Diethyl(trimethylsily1)phosphine has been prepared by the 

reaction of lithium diethylphosphide with chlorotrimethyl- 
silane in ether s ~ l u t i o n . ~  The lithium diethylphosphide may 
be prepared by the reaction of an ether solution of phenyllithium 
with diethylphosphine. However, the dialkylphosphines are 
most conveniently prepared by the reduction of the correspond- 
ing tetraalkyldiphosphine disulfides with lithium tetrahydro- 
aluminate in ether.6i7 An alternative method for the prepara- 
tion of dimethyl(trimethylsily1)phosphine which eliminates the 
handling of the volatile dimethylphosphine involves the prepara- 
tion of lithium dimethylphosphide from tetramethyldiphosphine. 
The latter is prepared by the reduction of tetramethyldiphos- 
phine disulfide* with tr ibutylph~sphine.~ The reaction of 
chlorotrimethylsilane with lithium dimethylphosphide is most 
conveniently carried out in a vacuum system without solvent 
at -78". 

The  silylphosphines and many  of the intermediates 
described in the following preparations are very sensitive to oxygen 
and moisture. All of the phosphines are extremely toxic, and the 
alFcy1 phosphines are spontaneously jlammable in air. All opera- 
tions involving these materials should be carried out in an inert 
atmosphere and in a good hood. 

Caution, 

A. DIPHENYL(TRIMETHYLS1LYL)PHOSPHINE 
n-butyl 

ether 
2(C,&)zPCl f 2Na ---+ 2NaC1 + (C~%)ZP-P(C~&)Z 

(CJ%)ZP--P(C~HS)~ + 2Na - 2(C&)ePNa 

(CH3),SiC1 + (CeH5)zPNa - (CH,)eSiP(CsH5)z + 2NaC1 

n-butyl 

ether 
n-butyl 

ether 

Procedure 

A 250-ml., pressure-equalized dropping funnel and nitrogen 
inlct tube are inserted through one of the sidearms of a carefully 
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dried 500-ml., three-necked, round-bottomed flask. A stirring 
rod is inserted through the main mouth of the flask, and the 
other sidearm is equipped with an  Allihn condenser fitted with 
a drying tube. The flask is flushed with a slow stream of 
nitrogen, and a suspension of 15.22 g. (0.65 moles) of sodium 
sandlo in 300 ml. of n-butyl ether (previously dried over sodium 
and benzophenone) is heated so that the solvent is refluxing 
and is stirred by means of a mechanical stirrer. Diphenyl- 
phosphinous chloride (33 g., 0.15 mole, 26.8 ml.) with 75 ml. of 
n-butyl ether (dried over sodium and benzophenone) is added 
drop by drop over a one-hour period. The addition of the 
first portions of diphenylphosphinous chloride results in a bright 
yellow solution. After the addition of all of the diphenyl- 
phosphinous chloride the mixture becomes amber and brown 
solids precipitate. This mixture is alIowed t o  reflux for a 
total of 4 hours. After this time the suspension of sodium 
diphenylphosphide and sodium chloride is transferred under a 
stream of nitrogen to a 1-1. three-necked round-bottomed flask. 
The excess sodium and the brown precipitate remain behind. 

Caution. These residues will injlame spontaneously when 
exposed to air and should be disposed of out-of-doors. These mate- 
rials should be handled only where jire extinguishers, a $re blanket, 
and safety showers are available. Safety glasses should be sup- 
plemented with a face shield. Asbestos gloves and a nonjlammable 
coat should also be worn. The  $ask containing the residues i s  
cooled to room temperature and thoroughly JEushed with nitrogen. 
The excess sodium and other residues are decomposed by careful 
drop-by-drop addition of a dilute solution of water in dioxane or 
tetrahydrofuran to the stirred and cooled reaction mixture until 
hydrogen evolution stops. The  mixture i s  then diluted with 500 ml.  
of water, and the residual traces of the phosphine are destroyed by 
addition of sodium hypochlorite solution. ( A  commercial bleaching 
agent such as Clorox i s  satisfactory.) A s  a n  added precaution, 
the decomposition should be done behind a saJety shield in the event 
that explosion of the evolved hydrogen ~ I ~ ~ o d d  occur. 
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Using equipment similar to that employed in the preparation 
of sodium diphenylphosphide, chlorotrimethylsilane (49.5 g., 
0.45 mole, 59 ml.) dissolved in 100 ml. of dry n-butyl ether is 
added drop by drop to  the refluxing, stirred suspension of 
sodium diphenylphosphide over a 2-hour period. After reflux- 
ing for an additional hour, the mixture is filtered and washed 
under nitrogen by means of a filtering stick similar to one pre- 
viously described. l 1  The solvent is removed by distillation at 
atmospheric pressure, and the residual oil is fractionally distilled 
at 1 mm. pressure in a nitrogen atmosphere. In  a typical 
experiment a 24.0-g. (62%) fraction is collected as product 
(b.p. 126-127"/1 mm., nh5 1.600). 

Properties 

Diphenyl(trimethylsily1)phosphine is a colorless liquid that 
yellows upon standing. Like diphenylphosphine, it has a very 
bad odor and is reactive toward water and oxygen. 
n.m.r. spectrum shows a doublet ( Jp -H = 4.9 Hz.) which is 
assigned to methyl protons on silicon a t  6 = -0.14 p.p.m. 
(TMS) and a complicated multiplet from 6 = -7.0 to  -8.6 
p.p.m. which can be assigned to the phenyl protons. 

The 

B. DIMETHYL(TRIMETHYLS1LYL)PHOSPHINE 

s s  S 
T T  T 

Me2P-PMe2 + ~ ( ~ - B U ) ~ P  + 2(1~-Bu)~P + NIe2P--PMez 

Me2P-PMe2 + 2Li - 2MezPLi 

MezPLi + Me3SiCl + MeBSiPMez + LiCl 

Et2O 

neat 

Procedure 

rn Caution. All residues (approximately 200 ml.  of material 
remaining ufter the initial distillation, the vacuum-line trap into 
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which the ethyl ether i s  condensed, the solid residues which remain 
behind after the product is  removed f rom the reaction j lask,  and 
particularly the vacuum-line trap which contained the ethyl ether 
and unreacted tetramethyldiphosphine) may  injlame spontaneously. 
The precautions described in the preparation of diphenyl(trimethy1- 
sily1)phosphine should be observed while handling these residues. 
If a dilute solution of water with a nitrogen atmosphere cannot 
be added to these residues (e.g., the vacuum-line t rap) ,  i t  i s  sug- 
gested that the residues be distilled in vacuo into a reaction jlask 
equipped with a stopcock and a standard-taper joint  which can be 
removed f rom the vacuum line. Th i s  flask can then be removed 
f rom the vacuum line and handled in the manner previously 
described. 

I t  should also be remembered that the spontaneously jlammable 
material m a y  be trapped in the stationary center tube of a vacuum- 
line trap; therefore the use of U-type traps i s  suggested, so that the 
entire trap and i ts  contents can be removed. The  residues should 
be kept under a n  inert atmosphere until  they can be destroyed. 

A carefully dried, 500-ml., three-necked, round-bottomed 
flask equipped with a thermometer, nitrogen inlet tube, and 
magnetic stirrer is fitted to an insulated Vigreux column 6 in. 
long. A standard distilling head with a thermometer and a 
200-mm. Liebig condenser are connected to the column. The 
receiving flask is a 250-ml., two-necked, round-bottomed flask 
which is equipped with a nitrogen inlet tube and a vacuum 
adapter. The end of the vacuum adapter has a drying tube. 
The receiving flask is surrounded by a Dewar containing a slush 
bath of Dry Ice and isopropyl alcohol. Commercial tributyl- 
phosphine (81.52 g., 0.40 moles) and tetramethyldiphosphine 
disulfide (37.4 g., 0.20 moles) are placed in the distilling flask, 
and the system is thoroughly flushed with nitrogen. It is very 
important to  maintain a positive pressure of nitrogen in the 
system throughout the distillation. The mixture is stirred for 
5 minutes and slowly heated until thc tomporaturo of tho dis- 
tilling flask is about 250". As tho fompomtiiro r i m ,  thc mixture 
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becomes homogeneous, and the product, tetramethyldiphos- 
phine, which boils at 100-110" is collected. Yield is 19.7 g. 
(81 %, 0.16 mole). The receiving flask is flushed with nitrogen 
through the inlet tube on the receiving flask and stoppered. 
In  a glove bag filled with nitrogen 2.2 g. (0.32 mole) of lithium 
chips and 100 ml. of diethyl ether are added to the tetramethyl- 
diphosphine. The flask is removed from the glove bag and 
fitted with a condenser containing a drying tube while maintain- 
ing a slow flow of nitrogen throughout the system. The mixture 
is stirred and heated for 8 hours during which time a white solid 
is formed. The receiving flask is then fitted with a vacuum- 
stopcock adapter and attached to a vacuum system. The ether 
is removed in vucuo and the flask is surrounded by a Dewar of 
liquid nitrogen ( - 196"). Commercial chlorotrimethylsilane, 
b.p. 57" (40 g., 0.37 mole, 47 ml.), which has been previously 
distilled, is then distilled in L~UCUO at -196" into the flask, and 
the system is then allowed to warm slowly to - 160" (isopentane 
slush) and then again allowed to  warm slowly to -63" 
(chloroform slush). During this time, a slow reaction takes 
place between the lithium dimethylphosphide and the chlorotri- 
methylsilane. Periodically the stopcock on the reaction flask 
is closed and the flask is removed from the vacuum system and 
shaken to ensure complete mixing of the reactants. After 
3 hours the system is slowly warmed to -45" (chlorobenzene 
slush), and all volatile products are distilled in uucuo to  a trap 
held at - 196". The impure dimethyl(trimethylsily1)phosphine 
which remains in the reaction flask with the solid lithium chloride 
is permitted to warm to room temperature and distilled in vucuo 
into a 100-ml. flask held at  -196". Finally, the dimethyl- 
(trimethylsily1)phosphine trapped in the 100-ml. flask is dis- 
tilled at 20 mm. pressure in a nitrogen atmosphere to yield 
25.0 g. (58%) of product, b.p. 33-34"/20 mm. The product can 
also be purified by careful fractional distillation on the vacuum 
line from 0 to -50" (n-hcxanol slush) to  -196". The product 
(~oll(x;ts a t  -50". 
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Properties 

Dimethyl(trimethylsily1)phosphine is a spontaneously flam- 
mable, colorless liquid with an extrapolated normal boiling 
point of 130”. It has an obnoxious odor and is very reactive to 
moisture and air. Since the dimethyl(trimethylsi1yl)phosphine 
hydrolyzes to dimethylphosphine, it should always be handled 
in a good, well-ventilated hood. The lH n.m.r. spectrum shows 
a doublet (JPpH - 4.5 He.) at 6 = -0.13 p.p.m. which is assigned 
to the methyl protons on silicon and a doublet = 2.5 He.) 
which is assigned to methyl protons on phosphorus at 6 = 

-1.0 p.p.m. 
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8. EXCHANGE REACTIONS FOR THE SYNTHESES 
OF PHENYLBORON CHLORIDES AND 

TETRAFLUOROMETHYLPHOSPHORANE 

Submitted by P. M. TREICHEL,* J. BENEDICT,* AND RUTH GOODRICH HAINES* 
Checked by B. GASSENHEIMERf and T. WARTIKT 

Among possible methods available to accomplish the synthesis 
of an alkyl- or aryl-metal or -metalloid rompound, organo- 
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t Pennsylvania Statc Uniwwiby, IJnivctrxiLy 1’11 rk, 1’11. IOXO2. 



Exchange Reactions f o r  CJT,BClz, (CsHS)aBCl, CHaPF4 33 

metallic exchange reactions are the best known. These reac- 
tions, of the form R-M + M’-X k R-M’ + M-X, will in 
general proceed to the products on the right if the metal M is 
more electropositive than M’.I Commonly, the reactive organo- 
metallic compounds of electropositive metals such as lithium or 
magnesium are used as alkylating agents in these reactions. 
Less reactive organometallic compounds also can serve in this 
capacity; the best-known examples probably are diorganomer- 
cury and tetraorganotin compounds. Organotin reagents are 
particularly appropriate in syntheses of organoboron halides 
from boron trihalides. 

There are several advantages t o  the use of tetraorganotin 
reagents in the syntheses of organoboron halides. Foremost is 
the fact that  partial alkylation to mono- or dialkyl-boron 
halides (RBX2 or R2BX) can be controlled by choice of reaction 
stoichiometry. In  contrast, reactions of the more active 
organometallic reagents are best employed in syntheses of fully 
substituted R,B compounds, but are difficult to adapt in RBXz 
and R,BX preparations. Furthermore the use of organolithium 
or Grignard reagents is often convenient only in coordinating 
solvents which can be of some disadvantage since the boron 
compounds can coordinate strongly to the solvent also, making 
isolation of the pure product more difficult. It is noted that 
many tetraorganotin compounds are commercially available ; 
they are easily stored, can be handled without excessive con- 
cern for oxygen or moisture sensitivity, and are easily measured 
out by weight or volume. 

Exchange reactions between tetraalkyltin compounds and 
boron trichloride were first reported by Stone and coworkers. 
After a preliminary communication in 1959 which implied the 
feasibility of such reactions in the synthesis of organoboron 
 halide^,^ two papers were published in 1960 describing in 
morc detail preparations of CH2=CHBCl2, (CH2=CH) 2BC1, 
(CH,=CH)3R,3 and CF2=CFBCl2, (CF2=CF)2BC1, and (CF2 
-CF) ,R4 from appropriatc organotin compounds. At about 
l h ~  HWTW tiirno t w o  p q m s  nppcwcd indopcndcntly describing 

Such reactions are described here. 
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the preparation of dichloro(pheny1)borane from tetraphenyl- 
stannane and boron t r i ~ h l o r i d e . ~ , ~  In 1964, a more detailed 
study of the tetraalkylstannane-boron trihalide (bromide and 
chloride) reactions was p ~ b l i s h e d . ~  

For reactions of tetraalkyltin compounds without solvent two 
of the four alkyl groups can be transferred to boron. The reac- 
tion stoichiometry can thus be assigned to give maximum con- 
version to the desired product. With tin compound to boron 
trihalide in a 1 : 2 molar ratio, the monoalkyl boron compounds 
RBX2 predominate, and with a 1:l  ratio the dialkylboron 
compounds, R2BX, are the main products. For higher ratios 
of R4Sn : BX3(3 : 2)' some of the trialkylboron compound is 
formed but the conversion does not seem to be good : 

R4Sn + 2BX3 + RzSnXz + 2RBXz 
R4Sn + BX, + RzSnXz + RzBX 

The reaction of tetraphenylstannane and boron trichloride in 
refluxing benzene is reported to lead to cleavage of only two of 
the phenyl groups from tin,6 whereas in refluxing methylene 
chloride three groups are cleaved and in refluxing carbon tetra- 
chloride all four phenyl groups can be transferred to boron.5 
Using boron tribromide, without solvent, only two phenyl 
groups will be transferred to boron. Though reported reactions 
describe only dichloro(pheny1) borane as a product of these reac- 
tions, one can adjust the reaction stoichiometry to allow prepara- 
tion of chlorodiphenylborane as well. The temperature at 
which such reactions are run is not clearly stated in the refer- 
ences, but our observations suggest that  temperatures of about 
80" are appropriate. At lower temperatures reactions are slow, 
whereas higher temperatures lead to  formation of  hydrocarbon^.^ 

It is of interest that reactions of tetraorganotin compounds 
and boron trifluoride differ somewhat from the reactions of the 
other boron trihalides. The reactions of boron trifluoride pro- 
ceed in a less facile manner, and yield monosubstituted organo- 
difluoroboranes only. Thus Stone and coworkers reported the 
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syntheses of CH2=CHBF2, n-CSH7BFz, CH2=CHCH2BF2, 
CH3BF2, and C2H5BF2* from reactions of boron trifluoride and 
the corresponding tetraorganotin compound. Reactions with 
(perfluoroviny1)tin compounds were reported to give CF2= 
CFBF2.9 Burg and Spielman subsequently studied the reaction 
of boron trifluoride and tetramethylstannane in more detail.1° 
The reaction of tetraphenylstannane and boron trifluoride to 
give difluoro(pheny1)borane has also been reported.ll 

A. DICHLORO(PHENYL)BORANE, CtjHJ3C12 

(C6H5)rSn + 2BC1, + (C6HJ2SnCl2 + 2C6H$C13 

Tetraphenylstannane (68.0 g., 0.17 mole) and 700 ml. dry 
benzene were placed in a 2-l., three-neck flask fitted with stirrer, 
nitrogen inlet, and Dry-Ice condenser. The mixture was cooled 
in an ice bath to ca. 5". Then 30 ml. of liquid boron trichloride 
(ca. 42 g., 0.36 mole) was rapidly poured into the flask through 
one inlet. The mixture was warmed to 
room temperature with stirring, then brought to reflux tem- 
perature and held there for 3+ hours. Then the condenser was 
replaced by a distillation head and collection assembly and the 
stirrer replaced by a thermometer extending to the bottom of the 
flask. Most of the solvent was removed by distillation (until a 
pot temperature of ca. 140" was reached). The remaining 
liquid was then transferred to  a smaller flask under a nitrogen 
stream and the distillation continued, giving a fraction collected 
in the range 150-200". This was redistiIled at reduced pres- 
sure to  give 57.2 g. clear liquid dichloro(phenyl)borane, b.p. 
38-39"/1 mm. ( l i t e r a t~ re ,~  b.p. 47"/5 m.m., 67-70"/7 m.m., 
82-86"/30 mm.). Yield is 5601,. 

(See notes 1 and 2.) 

Properties 

Dichloro(pheny1)borane is a clear liquid. It is sensitive to 
water, hydrolyzing to dihydroxy(pheny1) borane CsH5B(OH)2. 
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It is most conveniently stored in glass ampuls. Several other 
preparations for this compound are known including reactions 
of dihydroxy(pheny1) borane and boron trichloride12*13 or phos- 
phorus pentachloride, l 4  2,4,6-triphenylboroxin7 [CsH5B0l3, with 
phosphorus pentachloride, l4 phenyl mercury chloride with 
boron trichloride, l5 and benzene with boron trichloride.16 

B. CHLORODIPHENYLBORANE, (C6HS)zBCI 

(C6HdeSn + BC1, --$ (C6HdJ3Cl + (CsHdnSnClz 

Tetraphenylstannane (70 g., 0.16 mole) was added to a three- 
necked flask containing 300 ml. dry benzene. The flask had a 
nitrogen inlet, Dry Ice condenser, and magnetic stirrer. A 
very sIow nitrogen stream was continued through the reaction. 
After cooling the mixture to lo", ca. 13 ml. liquid boron tri- 
chloride (ca. 18 g., 0.15 mole) was quickly poured into the flask. 
(See notes 1 and 2.) The mixture was warmed slowly to gentle 
reflux with stirring. After 3 hours the Dry Ice condenser was 
replaced by a water condenser and the mixture refluxed for 
48 hours. 

A t  this time most of the benzene was distilled off, and the 
remaining material transferred under nitrogen to  another flask 
for vacuum distillation. After distillation of the remaining 
benzene, a fraction was collected, which boiled in the range 
110-118"/3 mm. This was redistilled to give 21.0 g. of chloro- 
diphenylborane, b.p. 112-113'/4 mm. (literature,13 b.p. 98"/ 
0.1 mm., m.p. 21.5-22'). Yield is 75%. 

Properties 

Chlorodiphenylborane is a clear liquid which slowly hydro- 
lyzes. It is best stored for prolonged periods of time in glass 
ampuls. It has also been prepared by thc reaction of oxybis- 
(diphenylborane) and boron trichloridn,13 the former reagent 
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prepared in a several-step reaction sequence from tetraphenyl- 
borate anion. 

Notes 

1. An approximate weight of boron trichloride is sufficient 
for most purposes, and can best be obtained as follows: Obtain 
a dry tube of sufficient size calibrated by volume (oftcn a large 
centrifuge tube will suffice). Place a two-holed stopper in the 
top with short inlet and outlet tubes, and after chilling the tube 
at - 78" (Dry Ice-trichloroethylene), pass boron trichloride 
slowly into it (in a hood). After collecting approximately the 
right amount of boron trichloride allow the tube to  warm 
slowly to O", with a very slow stream of boron trichloride to 
prevent moisture from condensing in the tube. Measure the 
boron trichloride volume in the tube (density a t  11" = 1.40). 

2. Boron tribromide is not appropriate in these experiments 
as it will not be easily freed from phenyltin bromide which has 
the same volatility. 

C. TETRAFLUOROMETHYLPHOSPHORANE, CHBPF4 

(CH3)4Rn t PF, + CH,PF4 + (CH3)3SnF[+ (CH3)3SnPF~] 

Alkyltetrafluorophosphoranes have been prepared by fluorina- 
tion of complexes RPC13+A1C1,- using hydrogen fluoride, 
arsenic, or antimony trifluorides or alkali-metal fluorides,16,17 by 
oxidation and fluorination of alkyldichlorophosphines with 
arsenic or antimony trifluorides and p e n t a f l u o r i d e ~ , ~ ~ ~ ~ ~  by 
chlorination of alkyldichlorophosphines followed by fluorina- 
t i ~ n , ' ~ , * ~  and by fluorination, using sulfur tetrafluoride, of 
phosphonic acids, phosphinic fluorides, or phosphine oxides. 20, 2 1  

The reaction described hcreZ2 provides a method for the small- 
scale synthesis of tetrafluoromethylphospliorane and other 
lower members of the RPF, series from commercially available 
starting materials. The method utilizes a small vacuum system 
of standard construction, and it avoids the use of highly reactive 
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intermediates or fluorinating reagents necessary for other 
methods of synthesis. 

The analogous reaction of tetraphenylstannane and phos- 
phorus pentafluoride in a steel bomb reactor at 135" is reported 
to give tetrafluoro(pheny1)phosphorane. l1 

Procedure 

All manipulations of volatile reactants and products are 
accomplished with a standard Pyrex vacuum system. Kel-F 
stopcock grease is inert to the species to be handled and is 
recommended though i t  is somewhat thin. Apiezon(N) tends 
to darken rapidly on contact with phosphorus(V) fluorides, but 
can be used successfully for short periods of time and for manipu- 
lations necessary for rough transfer and purification. 

Tetraalkylstannanes and phosphorus pentafluoride are com- 
mercially available. Commercial phosphorus pentafluoride con- 
tains a small amount of phosphoryl fluoride, but its presence 
does not hinder the exchange reaction or cause any subsequent 
difficulties in workup of the products. It may be removed if 
desired, however, by carefully fractionating the commercial sam- 
ple through -112" (CS2 slush) and -196" traps. The former 
trap will retain the phosphoryl fluoride, whereas the penta- 
fluoride will pass this trap and collect at  -196". The vapor 
pressure of phosphorus pentafluoride at - 96" (toluene slush) 
is 335 mm. Hg; the purity of the sample may be checked by 
comparison of its vapor pressure against this value. 

The amounts of phosphorus pentafluoride to be reacted can 
be measured in the gas phase in a calibrated volume. Aliquots 
of tetramethylstannane are best measured from a preweighed 
ampul from which this reactant can be distilled into the vacuum 
system. 

Phosphorus pentafluoride (32.0 mmoles) and tetramethyl- 
stannane (3.961 g., 22.2 mmoles) are transfcrrcd from thc line 
into a flame-dried, evacuated, 500-cc. rcw:Cion bulb. Tho bulb 
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is then sealed from the line, warmed to  room temperature, and 
then heated a t  60" for about 6 hours. Alternatively the reaction 
can be run at room temperature for about 7 days. During this 
time a white solid forms inside the bulb. The bulb is then reat- 
tached to the vacuum system and opened. The volatile con- 
tents are fractionated through a series of traps maintained at  
-64" (chloroform slush), -96" (toluene slush), and -196", 
with the contents of the -64" and -96" trap then being 
recycled several times. Gas-phase infrared spectra a t  pressures 
of 20-30 mm. are used to identify fractions and to help judge 
the extent of fractionation.? The -196" trap collects 4.6 
mmoles of phosphorus pentafluoride. The -96" trap collects 
19.2 mmoles of the product tetrafluoromethylphosphorane, and 
the -64" trap collects 0.503 g. (2.8 mmoles) tetramethylstan- 
nane. This overall conversion to tetrafluoromethylphosphorane 
is 87%. 

The white solid remaining in the bulb fumes in moist air and 
is partially hydrolyzed to give an acid solution (HF). It can 
be identified as a mixture of fluorotrimethylstannane and tri- 
methyltin hexafluorophosphate. 2 2  The latter substance cannot 
be isolated as a pure sample. 

A slight modification of the above description is necessary if 
this reaction is to be used for the synthesis of other alkylfluoro- 
phosphoranes (CH3CH2PF4, CH2=CHPF4, n-CH3CH2CH2PF4). 
Because all other tetraalkylstannanes are not transferable in a 
vacuum system a t  25", they can be syringed into the reaction 
bulb before attachment to the vacuum lines. Care to  use dry 
samples and equipment must be observed, however, since the 
presence of even small amounts of water will lead to formation 
of phosphoryl fluoride and silicon tetrafluoride. 

Properties 23 

Tetrafluoromethylphosphorane is a volatile liquid with a 
mportcd boiling point of 10 12.5°17,26 and melting point of 
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-50°.24 It has vapor pressures of 139 mm. Hg at  -24’, 
9.6 mm. Hg a t  -63.5’. The vapor-pressure curve of the liquid 
follows the equation log Pmm, Hg = - 1448.9/T + 7.9675. It is 
thermally stable and can be handled in glass systems, but is 
eventually hydrolyzed to methylphosphonic acid by any traces 
of moisture. (CH3POF2 is an intermediate in the hydrolysis.) 
Tetrafluoromethylphosphorane behaves as a weak Lewis acid, 
forming complexes with strong bases such as amines and pyri- 
dine. It is also reported to function as a very weak Lewis 
The gas-phase infrared spectrum of the phosphorane has been 
discussed in detaiLZ6 (The spectra of the ethyl, vinyl, and 
n-butyl analogs are also reported.22) In  this synthesis the 
major contaminant in the product is tetramethylstannane which 
can be identified in the gas-phase infrared spectrum by the ap- 
pearance of the strong band a t  764 cm.-1.27 The presence of the 
stannane can also be ascertained by the molecular-weight deter- 
minations of the phosphorane via vapor density measurements. 
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24. E. L. Muetterties and W. Mahler, Znorg. Chem., 4, 119 (1965). 
25. A. J. Downs and R. Schmutzlcr, Spcctmchim. Acta., 21, 1927 (1965). 
26. W. F. Edge11 and C. H. Ward, J. Mol. Spectry., 8, 343 (1962). 

(1958); C.A., 63, 7988g (1959). 

Khim., 32, 301 (1962). 

ibid. ,  30, 4026 (1960). 

9. 2,4,6-TRICHLOROBORAZINE 

BCI3 + CH3CN + CH3CN:BCIx 
3CH3CN:BCL + 3NHdCI -+ B3C13NaHa + 9HC1 + 3CH3CN 

Submitted by D. T. HAWORTII* 
Checked by W. G. PEETt arid E. L. MUErTERTIESi 

This boron-nitrogen heterocycle is a convenient route to the 
synthesis of borazine and B-substituted boraxines.lp6 The pro- 
cedure described here is a modification of the reaction of boron 
trichloride with ammonium chloride. 7--1) 

.Procedure 

A 1-1. three-necked flask is equipped with a stirrer, a reflux 
condenser, and a cold finger (Dewar condenser). A second cold 
finger is placed a t  the exit condenser, and it is protected by 

* Ucpartnicrit of Clioiiiistry, Marquette University, Milwaukee, Wis. 53233. 
t Ccntrd I ~ C S C I L I . ( : ~ ~  I)cpnrtincnt,, Nxpcrimental Station, E. I. du Pont de 

Ncniours cYt (hinpany, Wiliiiiiigtori, h l .  39898. 



42 Inorganic Syntheses 

a calcium chloride drying tube. A piece of rubber tubing 
equipped with a pinch clamp connects the cold finger inserted 
into the three-necked flask to a laboratory-tank (bottle) of boron 
trichloride. This size tank of boron trichloride is convenient, 
since it can be easily weighed on a trip scale or single-pan 
balance. The apparatus is dried before use by passage of a 
stream of nitrogen into the setup. 

Reagent-grade ammonium chloride is dried at 110". Chloro- 
benzene is dried over anhydrous sodium sulfate. 

The reaction vessel is charged with 250-300 ml. of chloro- 
benzene and 16.4 g. (0.40 mole) of acetonitrile. The entrance 
and exit cold fingers are filled with a Dry Ice-acetone mixture. 
The preweiglied tank of boron trichloride is opened, and the 
boron trichloride is allowed to enter the reaction vessel dropwise 
from the entrance cold finger. With moderate stirring, a white 
insoluble adduct of acetonitrile-boron trichloride adduct is 
formed. The boron trichloride tank is periodically weighed, 
and addition of the boron trichloride is continued until 50 g. 
(0.42 mole) has been added. This usually requires about 
2 hours. After addition, the entrance cold finger is removed and 
21.5 g. (0.4 mole) of ammonium chloride is added to the reaction 
vessel. The cold finger is replaced by a ground-glass stopper. 
The reaction mixture is refluxed over a period of 5 hours until 
the evolution of hydrogen chloride has almost ceased. The 
solution under nitrogen is transferred to a one-necked, 500-ml. 
flask, and the solvent is removed by vacuum distillation on a 
rotary evaporator. The remaining solids are sublimed a t  45" 
in vacuum to a trap cooled to -10". The yield of 2,4,6-tri- 
chloroborazine is 17-18 g. (ca. 70%, m.p. 83-84"). 

Properties 

2,4,6-Trichloroborazine prepared as above forms white crystal- 
line needles. The product is very sensitive to moisture and 
should be removed from the sublirriator in a dry-box and stored 
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in a nitrogen-filled desiccator in a refrigerator. If the product 
is to be stored over a long period, resublimation will be necessary 
to obtain the pure compound. The infrared spectrum contains 
major absorption bands at  3442, 1445, 1031, 744, and 706 cm.-l. 
Its lH n.m.r. spectrum has a broad absorption a t  -5.2 p.p.m. 
(TMS standard). 
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10. 2,4,6-TRICHLORO-l,3,5-TRIMETHYLBORAZINE 

3BC13 + 3CH,NHaC1--+ B,ClyN3(CH,), + 9HC1 

Submitted by D. T. HAWORTH* 
Checked by W. G. PEETt and E. L. MUETTERTlESt 

The literature contains many references to the N-alkylated 
B-trichloroborazines, (BCINR) 3, as a starting material in 
the synthesis of boron-substituted borazines. The procedure 
described is a modification of syntheses originally used in the 
preparation of 2,4,6-tri~hloroborazine.~ 

* Ilepartment of Chemistry, Marquette University, Milwaukee, Wis. 53233. 
t Ccntral Research Dcpt., Experimental Station, E. I. du Pont de Nemours & 

Chnpuriy, Wilmington, Ucl. 19895. 
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Procedure 

A 500-ml., three-necked flask is equipped with a mechanical 
stirrer, water-cooled condenser topped with a cold finger having 
a calcium-chloride exit tube, and an entrance cold finger con- 
nected by rubber tubing to  a preweighed laboratory tank of 
boron trichloride. Under a blanket of nitrogen, the reaction 
flask is charged with a slurry of 25 g. (0.37 mole) of methylamine 
hydrochloride in 250-300 ml. of anhydrous sodium-sulfate-dried 
chlorobenzene. The mixture is stirred and heated to a gentle 
reflux. The cold fingers are charged with Dry Ice, and the 
boron trichloride is allowed to  drip into the hot mixture at a 
rate of about one drop per 2 seconds. Periodically, the boron 
trichloride tank is removed and weighed; the rubber tubing 
connecting the entrance condenser is closed by a pinch clamp 
or by insertion of a glass rod into the tubing. Addition of the 
boron trichloride is continued until 55 g. (0.47 mole) has been 
added. The entrance condenser is removed and replaced by a 
ground-glass stopper. Heating is continued until the evolution 
of hydrogen chloride has almost ceased (about 15-18 hours). 
Excess boron trichloride is required since some of the boron tri- 
chloride passes the exit cold finger. The hot reaction mixture 
is usually light brown in color and it is generally clear. If some 
solid remains, the hot solution is filtered to a one-necked, 500-ml. 
flask and the chlorobenzene is removed by vacuum distillation 
on a rotary evaporator. The pasty solid is purified by vacuum 
sublimation at 60" into a trap at 0". The product is removed 
in a dry-box, and yield is 25-26 g. (go%, m.p., 162-163'). 
(m Note.  The  checkers' product, though analytically and spectro- 
scopically pure, consistently melted at 14.8-14.9".) 

Properties 

2,4,6-Trichloro-1,3,5-trimethylborazine is a white, crystalline 
The compound is compound which is sensitive to moisture. 
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best stored under anhydrous, cold conditions. It is soluble in a 
number of organic solvents such as benzene and ethyl ether. 

The compound can be reduced with sodium borohydride to 
1,3,5-trimethyIbora~ine.~-~ The chlorine can be replaced by 
fluorine using titanium tetrafluoride or antimony trifluoride 
to yield 2,4,6-trifluoro-l,3,5-trimethylborasine (m.p., 90.5O) .7 

Hexamethylborasine can also be prepared from 2,4,6-trichloro- 
1,3,5-trimethyIborazine. 

The infrared spectrum of the compound shows the boron- 
nitrogen ring frequency a t  1392 cm.-I. I ts  IH n.m.r. spectrum 
shows a sharp singlet a t  -3.1 p.p.m. (TMS standard). 
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Chapter Two 

ORGANOMETALLIC COMPOUNDS 

11. CYCLIC-DIOLEFIN COMPLEXES OF PLATINUM 
AND PALLADIUM 

Submitted by D. DREW* and J. R. DOYLE* 
Checked by ALAN 6. SHAVERI 

Recently compounds containing cyclic polyolefins coordinated 
to platinum or palladium have received considerable atteniion 
as a result of the unique bonding found in these compounds and 
their possible use as intermediates in a variety of reactions. 
Several methods have been reported for the synthesis of these 
compounds, and among these procedures the displacement of 
ethylenel from di-p-chloro-dichlorobis(ethylene)diplatinum(II) 
and beneonitrile* from dichlorobis(benzonitrile)palladium(II) 
are the most generally applied procedures. Both of these 
methods involve the preparation of intermediates before the 
isolation of the product, and in addition these intefmediates 
tend to decompose upon storage. 

The procedures described in the subsequent preparations are 
rapid and the starting materials are the commercially available 

* Tho University of Iowa, Iowa City, Iowa 52240. 
Massachusetts Institutc of Tcchnology, Cambridge, Mass. 02139 
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palladium(I1) chloride and hydrated chloroplatinic acid [hydro- 
gen hexachloroplatinate (2 - )]. 

A. PLATINUM COMPOUNDS 

The procedure for the preparation of the platinum compounds 
is an extension of the method described by Kharasch and Ash- 
ford.3 A glacial acetic acid solution of chloroplatinic acid is 
mixed with the appropriate olefin, and in the ensuing reaction 
the platinum is reduced from the 4+ oxidation state to the 2+ 
state. The overall stoichiometry of these reactions is not 
known; however, the reduction of the platinum is accompanied 
by the partial oxidation of the olefin. 

1. Dichloro( 1,5-cyclooctadiene)platinum(II) 

Procedure 

In  EL 125-ml. Erlenmeyer flask 5.0 g. (8.41 mmoles) of hydrated 
chloroplatinic acid is dissolved in 15 ml. of glacial acetic acid 
and the solution heated to 75". Six milliliters of 1,5-cyclo- 
octadienet is added to the warm solution and the mixture swirled 
gently, cooled to room temperature, and diluted with 50 ml. of 
water. The black suspension is stored for one hour at room 
temperature, and the crude product is collected on a Buchner 
funnel, washed with 50 ml. of water, and finally 100 ml. of ether. 
The crude product is suspended in 400 ml. of methylene chloride 

* W Note. Several recently purchased samples of the commercially available 
hydrated chloroplatinic acid, labeled to contain 40 % pla t inum by weight, were actually 
analyzed as  32.8% by weight, and the yields were computed o n  the basis of the latter 
percentage. Caveat emptor. 

t The following hydrocarbons have been successfully substituted for 13- 
cyclooctadiene in this procedure t o  yield the corresponding dichloro(o1efin)plati- 
num(I1) derivatives: 1,3,5,7-~yclooctatetraenc, dicyclopentadiene (3a,4,7,7a- 
tetrahydro-4,7-methanoindene), and bicyclo[2.2.l]hcpta-2,5-diene (2,5-norborna- 
diene) . 
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and the mixture heated to  the boiling point and kept at this 
temperature for 5 minutes. The solution is cooled, mixed with 
5.0 g. of chromatographic-grade silica gel, and allowed to  settle. 
The supernatant liquid should be colorless; if not, add additional 
silica gel in l-g. portions until the solution is clear. The mixture 
is filtered and the residue washed with two 50-ml. portions of 
methylene chloride. The methylene chloride solution, approxi- 
mately 500 ml., is evaporated until the product commences to  
crystallize, about 75 ml. The hot solution is poured into 200 ml. 
of petroleum ether (b.p. 60-70"), yielding a finely divided white 
product. The precipitate is washed with 50 ml. of petroleum 
ether and dried. Yield is 2.55 g. (80%). And. Calcd. for 
C8HI2PtCl2: C, 25.68; H, 3.23. 

A small amount of product can be recovered by evaporation 
of the methylene chloride-petroleum ether filtrate. The prod- 
uct can be recrystallized to yield white macroscopic crystals by 
dissolving the white powder in 150 ml. of boiling methylene 
chloride and evaporating the solution until crystallization 
commences. 

Found: C, 25.73; H, 3.41. 

Properties 

Dichloro( 1,5-cyclooctadiene)platinum(II) is a white, air- 
stable solid. The compound is slightly soluble in solvents such 
as chloroform, acetic acid, sulfolane (tetrahydrothiophene 
1 , l-dioxide) , and nitromethane. It decomposes slowly upon 
dissolution in dimethyl sulfoxide. The p.m.r. spectrum of the 
compound in chloroform shows resonances a t  4.387, J P M I  = 

(if; Hz., for the olefinic protons and 7.297 for the methylene pro- 
tons. The infrared spectrum in Nujol has strong absorption 
maxima a t  1334, 1179, 1009, 871, 834, and 782 cm.-'. 

2. I)ibromo( 1,5-cyclooctadiene)platinum( 11) 

CeH12 + H&Cla(H20), + 6NaBr + C8H12PtBr2 
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Procedure 

A mixture of 5.0 g. (8.41 mmoles) of hydrated chloroplatinic 
acid and 6.2 g .  (60 mmoles) of sodium bromide suspended in 
15 ml. of glacial acetic acid in a 125-ml. Erlenmeyer flask is 
heated at 75" for 10 minutes. Six milliliters of 1,5-cycloocta- 
diene" is added to  the hot solution yielding a brown solution 
and a black precipitate containing the impure product. The 
pure product is isolated in exactly the same manner as that  
described for the preparation of dichloro( 1,5-cyclooctadiene)- 
platinum(I1). The clarified methylene chloride solution is very 
pale yellow. The yield of the very pale yellow product in the 
form of a finely divided powder was 3.22 g. (83 %). Anal. Calcd. 
for CsH12PtBr2: C, 20.75; H, 2.61. Found: C, 21.21; H, 2.66. 

Macroscopic pale yellow crystals can be isolated by the 
recrystallization procedure described in the preparation of 
dichloro (1,5-cyclooctadiene) platinum( 11). 

Proper ties 

Dibromo( 1,5-cyclooctadiene)platinum(II) is a very pale yel- 
low, air-stable solid. The solubility of the compound is similar 
to that of the chloro derivative except that  the rate of decom- 
position in dimethyl sulfoxide is appreciably faster. The p.m.r. 
spectrum of the compound in chloroform shows resonances at 
4.327, JPOFH = 70 Hz., for the olefinic protons and 7.437 for 
the methylene protons. The infrared spectrum in Nujol has 
strong absorption maxima at 1334, 1175, 1007, 870, 830, and 
780 cm.-l. 

3. (1,5-Cyclooctadiene)diiodoplatinum( 11) 

CsHi, -I- H2PtCl,(H20), -I- 6KI + C&i,PtI2 
* The following hydrocarbons have been successfully substituted for 1,h-cyclo- 

octadiene in this procedure to  yield the corresponding dibromo (o1efin)platinum (11) 
derivatives. 1,3,4,7-cyclooctatetraene, dicyclopcritadicnc (3~,4,7,7~-tetrahydro- 
4,7-methanoindene), and bicyclo[2.2.l]licpl~n-%,~-tiic~11~1 (2,S-iiorl)ornHdirllc). 
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Procedure 

To a solution of 5.0 g. (8.41 mmoles) of hydrated chloro- 
platinic acid in 50 ml. of water is added 10 g. (60 mmoles) of 
potassium iodide followed by 6 ml. of 1,5-cyclooctadiene. * 

The brown suspension is stirred magnetically for 30 minutes, 
and then a solution containing 1.9 g. of fresh sodium metabi- 
sulfite in 20 ml. of water is added until the solution is colorless. 
The yellow product is separated on a Buchner funnel and washed 
with two 50-ml. portions of water and two 100-ml. portions of 
diethyl ether. The product is redissolved in 300 ml. of boiling 
methylene chloride, and after cooling, 6.0 g. of chromatographic 
grade silica gel is added to the solution. The solution i.s filtered 
and the silica gel residue washed with two 50-ml. portions of 
methylene chloride. The combined filtrates and washings are 
evaporated until crystallization commences (about 75 ml.) and 
the product recovered by adding the hot solution to 200 ml. of 
petroleum ether (b.p. 60-70"). The precipitate is washed with 
50 ml. of petroleum ether and dried. Yield is 3.60 g. (77%). 
Anal. Calcd. for CsHlzPtIz: C, 17.25; H, 2.17. Found: C, 17.42; 
H, 2.12. 

A small amount of product can be recovered by evaporation 
of the methylene chloridepetroleum ether filtrate. The prod- 
uct can be recrystallized to yield yellow macroscopic crystals 
by dissolving the yellow powder in 150 ml. of boiling methylene 
chloride and evaporating until the solution crystallization 
commences. 

Proper ties 

(1,5-Cyclooctadiene)diiodoplatinum(II) is a yellow, air-stable 
The compound is slightly soluble in solvents such as solid. 

* The following hydrocarbons have been successfully substituted for 1,5-cyclo- 
octadiene in this procedure to yield the corresponding diiodo (o1efin)platinum (11) 
dorivatives: 1,3,5,7-cyclooctatetraene and bicyclo[2.2.l]hepta-2,5-diene (2,S-nor- 
tmnadiene). 
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chloroform, acetic acid, sulfolane (tetrahydrothiophene 1,l- 
dioxide), and nitromethane. It decomposes upon dissolution 
in dimethyl sulfoxide. The p.m.r. spectrum of the compound 
in chloroform shows resonances at  4.247, JPt--H = 64 Hz., for 
the olefinic protons and a t  7.637 for the methylene protons. 
The infrared spectrum in Nujol has strong absorption maxima 
at 1334, 1172, 1000, 867, 825, and 776 cm.-l. 

B. PALLADIUM COMPOUNDS 

1. Dichloro( 1,5-cyclooctadiene)palladium( 11) 

2HC1 + PdC1, -+ H2PdC14 
H2PdC14 + CBH12 + CsH12PdC12 + 2HC1 

This compound has been prepared by the reaction of sodium 
tetrachloropalladate and the olefin4 or by the displacement 
of carbon monoxide from [COPdC12],5 or benzonitrile from 
(CsH&-=N)2PdC12. Bicyclo[2.2.l]hepta-2,5-diene (2,5-norbor- 
nadiene) may be substituted in the following procedure for 
1,5-cyclooctadiene to yield (bicyclo[2.2.l]hepta-2,5-diene)di- 
chloropalladium(I1). 

Procedure 

Palladium(I1) chloride (2.0 g., 11.3 mmoles) is dissolved in 
5 ml. of concentrated hydrochloric acid by warming the mixture. 
The cool solution i s  diluted with 150 ml. of absolute ethanol, 
filtered, and the residue and filter paper washed with 20 ml. of 
ethanol. T o  the combined filtrate and washings is added 3.0ml. 
of 1,5-cyclooctadiene with stirring. The yellow product pre- 
cipitates immediately, and after a 10-minute storage is sepa- 
rated and washed with three 30-ml. portions of diethyl ether. 
Yield is 3.10 g. (960/,, based on PdC1,). Anat. Calcd. for 
csH1~PdC1~:  C, 33.66; H, 4.24. 

The product can be obtained as macroscopic ycllow crystals 
Found: C, 34.26; H, 4.39. 
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by dissolving the yellow powder in 200 ml. of boiling methylene 
chloride and evaporating the hot solution until crystallization 
commences. 

Proper ties 

Dichloro(l,5-cyclooctadiene)palladium(II) is an air-stable 
yellow solid. The compound is slightly soluble in solvents such 
as chloroform, sulfolane (tetrahydrothiophene 1,l-dioxide), 
and nitrobenzene and reacts with dimethyl sulfoxide to  yield 
dichlorobis(dimethy1 sulfoxide)palladium(II). The p.m.r. spec- 
trum of the compound in chloroform shows resonances at 3.687 
for the olefinic protons and at 7.317 for the methylene protons. 
The infrared spectrum in Nujol has strong absorption maxima 
at 1489, 1419, 1337, 1088, 999, 867, 825, 794, 768, 325, and 
295 cm.-'. 

2.  Dibromo( 1,5-~yclooctadiene)palladium( 11) 

2HC1 + PdC1, -+ H2PdC14 
H2PdC14 + 4NaRr -+ 4NaC1+ H2PdBrr 

HzPdBr4 + + CsHl2PdBr2 + 2HBr 

The previously reported4 procedure, which is a technique of 
general utility, involves the reaction of dichloro( 1,5-cycloocta- 
diene)palladium(II) with a solution of sodium bromide in 
acetone. The following procedure gives comparable yields and 
eliminates the need for the preparation of the dichloro intermedi- 
ate. Bicyclo[2.2.l]hepta-2,5-diene (2,5-norbornadiene) may be 
substituted in the following procedure for the 1,5-cyclooctadiene 
to yield (bicyclo[2.2.1]hepta-2,5-diene)dibromopalladium(II). 

1% oced are 

Two grams of palladium(I1) chloride (11.3 mmoles) is dis- 
Holved in 5 ml. of concentrated hydrochloric acid by warming 
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the mixture. A solution containing 4.65 g. (45.2 mmoles) of 
sodium bromide in 7.0 ml. of water is added to the palladium 
chloride solution and the mixture warmed to  50" for about 
5 minutes. The mixture is diluted with 50 ml of absolute 
ethanol and after cooling for 15 minutes is filtered. The flask 
and filter paper are washed with three 10-ml. portions of 75'3, 
aqueous ethanol to remove the residual palladium salts. To  
the combined filtrate and washings is added 3.0 ml. of 1,5-cyclo- 
octadiene, and the solution is mixed by swirling the flask. The 
orange product precipitates immediately and after settling for 
10 minutes is collected on a Buchner funnel. The product 
remaining in the flask is transferred to  the funnel with the aid of 
50 ml. of water, and the collected product is washed with an 
additional 50 ml. of water, folIowed by two 100-ml. portions of 
ether. Anal. Calcd. 
for C8HI2PdBr2: C, 25.66; H, 3.23. Found: C, 26.85; H, 3.17. 

The product may be obtained as macroscopic orange crystals 
by dissolving the orange powder in 150 ml. of boiling methylene 
chloride and evaporating the hot solution until crystallization 
commences. 

Yield is 3.96 g. (93%, based on PdC12). 

Properties 

Dibromo(l,5-cyclooctadiene)palladium(II) is an air-stable7 
orange solid. The compound is slightly soluble in solvents such 
as chloroform, nitrobenzene, and sulfolane (tetrahydrothio- 
phene 1,l-dioxide), and reacts rapidly with dimethyl sulfoxide 
to yield dibromobis(dimethy1 sulfoxide)palladium(II). The 
p.m.r. spectrum of the compound in chloroform shows resonances 
at 3.587 for the olefinic protons and 7.407 for the methylene 
protons. The infrared spectrum in Nujol has strong absorption 
maxima a t  1472, 1417, 1333, 1172, 1083, 992, 905, 864, 823, 787, 
764, 678, 310, 265, 221, 213, 178, and 126 crn.-l. 
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12. CATIONIC DIENE COMPLEXES OF PALLADIUM (11) 
AND PLATINUM (11) 

Submitted by D. A .  WIIITE* 
Chocked by J. R.  DOYIACt and H. LEWIS1 

The palladium(I1) and platinum(I1) ions form stable complexes 
with a variety of chelating dio1efins.l-j These may be either 
neutral or cationic in character. The preparative routes to the 
former type are, in general, well-documented. The species (I) 
through (IV) include all the presently known cationic species, 
and the preparation of each type is discussed and exemplified. 

(I) [(diene)M(ch)]+ 
diene = 1,5-cyclooctadiene7 2,5-norbornadiene7 or dicyclo- 

pentadiene (3a,4,7,7a-tetrahydro-4,7-methanoindene) 
ch = conjugate base of acetylacetone (2,4-pentanedione), 

benxoylacetone ( l-phenyl-173-butanedione) or dibenzoyl- 
methane ( l73-diphenyl-l,3-propanedione) 

(11) [(diene)M(h5-C5H5)]+ 
diene = 175-cyclooctadiene or 172,3,4-tetraphenyl-l,3-cyclo- 

butadiene 
(111) [ (cyclooctadiene)Pd( h5-C3H,R)]+ 

R = H or 1-Me 

* The Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, Mo. 63166. 
t The University of Iowa, Iowa City, Iowa 52240. 
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(IV) [ (cyclooctadiene)Pt(L)X)]+ 
L = tert-phosphine or arsine 
X = halogen 

A. COMPLEXES OF TYPE (I) 

These have been obtained by electrophilic attack on ene-yl 
complexes (equation a )  : 

a. (Diene-Y)M(ch) + P h d Y  + [(diene)M(ch)]+ + Ph&Y 
or H f  or H Y  

Y = CH(COMe)2, OMe, OH 

This reaction demonstrates well the expected susceptibility of 
these ene-yl complexes to  electrophilic attack, but a more con- 
venient preparative method is shown in equation (6). 

6 .  (Diene)MC12 + 2AgBF4 + Hch --+ 

[(diene)M(ch)]+ + 2AgC1 + HBF, 

These reactions are of short duration and go in high yield. 
They are exemplified by the preparations of the cations (I, 
diene = 1,5-cyclooctadiene, M = Pd or Pt, ch = conjugate 
base of acetylacetone) . 

Procedure 

1. (1,5-Cyclooctadiene)( 2,4-pentanedionato) palladium( 11) 
Tetrafluoroborate 

II,[PdCl,] + diene ---f [Pd(diene) Cl,] + 21IC1 
[Pd(diene)Clz] + Hch + 2AgBF4 + 

[Pd(diene)ch]BF4 + 2AgC1 + HBFA 

A mixture of potassium tetrachloropalladate(I1) (3.26 g., 
10.0 mmoles), water (125 ml.), and 1,5-cyclooctadiene (2.0 ml.) 
is shaken vigorously for 15 minutes, during which time a yellow 
solid forms. This is filtered, washed with water (three times 
with 30 ml.), and dried in liacuo ovcrnight to give dichloro- 
(1,5-cyclooctadiene)palladium(II) (2.6!) g.). 
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The diene complex is transferred to a 100-m1. Erlenmeyer 
flask and methylene chloride (50 ml.) added. Silver tetrafluoro- 
borate (3.90 g., 20.0 mmoles.)" is added and the mixture stirred 
for 15 minutes. At this stage the methylene chloride is pale 
yellow and there is a heavy yellow precipitate. Acetylacetone 
(1.5 ml.) is added and the mixture stirred for 1 minute, after 
which time the solution becomes deep orange and the precipitate 
off-white. The mixture is filtered and the solid residue washed 
with methylene chloride (two times with 15 ml.). Ether 
(300 ml.) is added to  the combincd filtrate and washings. The 
yellow precipitate which forms is filtered and washed with 
ether (three times with 30 ml.). After sucking dry it is dissolved 
in methylene chloride (50 nil.). This brownish, somewhat 
opaque solution is filtered through a tightly packed plug of 
cotton in a powder funnel.? Ether (150 ml.) is added in small 
portions to the clear orange filtrate, and the yellow precipitate 
which forms is filtered and washed with ether (three times with 
30 ml.). Drying in Z~UCUO affords the product as shiny deep 
yellow crystals. Yield is 3.08 g. (77% based on K2PdC14 
used$). Anal. Calcd. for CI3Hl9BF4O2Pd: C, 39.0; H, 4.8; 
F, 19.0; Pd, 26.6. Found: C, 39.0; H, 4.8; F, 18.8; Pd, 26.4. 

The product is stored in a dark bottle at 5". 

2. (1,5-Cyclooetadiene)(2,4-pentanedionato)platinum( 11) 
Tetrafluoroborate 

[PtBr2(diene)] + HCSH702 + 2AgBF4 
[Pt(C5H702) (diene)]BF4 + 2AgBr + HBF4 

* Silver tetrafluoroborate is very hygroscopic and should be weighed in a 
nitrogen-flushed dry-box. However, the reaction may be carried out without 
precautions against ingress of moisture. Care should also be taken t o  avoid stain- 
ing  of hands and clothing by solutions of silver tetrafluoroborate which are formed 
when it comes into contact with moist air. 

1 The stem of the powder funnel had an internal diameter of 9 mm. and the 
plug of cotton wool used was ca. 40 mm. in length. This was sufficient to remove 
traces of finely dividcd metal. If the filtrate is not clear, it  must repeatedly be 
filtcrcd until it  is so. It is also advisable to wash the cotton filter with two 10-ml. 
portions of CI-12Clp to reniove all product. 

1: Checkors obtntirld only 1.65 g. (44%). 



58 Inorganic Syntheses 

Dibromo(l,5-cyclooctadiene)platinum is prepared* and 4.4 g. 
transferred to a 250-ml. Erlenmeyer flask and methylene chloride 
(100 ml.) and silver tetrafluoroborate (3.9 g . ,  20.0 mmoles) 
added. This mixture is stirred for 30 minutes, after which time 
acetylacetone (1.5 ml.) is added and stirring continued for a 
further 5 minutes. The mixture is then filtered, the off-white 
residue being washed with methylene chloride (two times with 10 
ml.). Ether (400 ml.) is added to the combined filtrate and 
washings giving a white precipitate which is filtered and washed 
with ether (four times with 50 ml.). The white solid is sucked 
dry and then dissolved in methylene chloride (50-100 ml.). The 
solution is filtered through a tightly packed plug of cotton wool 
in a powder funnel and ether (250 ml.) added in portions to  the 
filtrate. The white precipitate is filtered and washed with ether 
(four times with 50 ml.). Drying in tmcuo afforded the prod- 
uct as shiny white platelets. Yield is 4.4 g. (77% based on 
CsHlnPtBrz). Anal. Calcd. for C13H1J3F402Pt: C, 31.9; H, 
3.9; F, 15.5; 0, 6.5; Pt, 39.9. Found: C, 31.9; H, 3.9; Pt, 40.3. 

Properties 

The complexes (1,5-~yclooctadiene) (2,4-pentanedionato)- 
palladium(I1) and platinum(I1) tetrafluoroborate are air-stable 
solids, soluble in polar organic solvents such as chloroform, 
methylene chloride, acetonitrile, acetone, or methanol but 
insoluble in nonpolar solvents such as alkanes, benzene, or 
ether. Their solutions in acetone have conductivities typical 
of 1 : 1 electrolytes. Their proton magnetic resonance spectra 
(in CDCl, solutions, internal tetramethylsilane reference at 
60 MHz.) show peaks due to  coordinated cyclooctadiene at 
3.78 and 6.7-7.47 (Pd) and a t  4.25 and 6.9-7.67 (Pt) and due 
to the chelated P-diketone at 4.39 and 7.887 (Pd) and at 4.15 
and 7.817 (Pt) with the expected area ratios. In  the spectrum 
of the platinum compound coupling with tho ' ""Pt isotopc (33 % 

* Dichloro(cyc1ooctadiene)platinum may i i l ~ o  l w  I I W I  ILH I L I I  iritcwncdiatr. 
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abundance) is observed for the bands a t  4.25 [JPtPH, 60 Hz.], 4.39 
[JPtFII, 9 Hz.], and 7.817 [Jpl--II 4.5 Hz.]. 

Neither compound shows a definite mclting point, the pal- 
ladium compound decomposing above 100" and the platinum 
above 185". The platinum compound can be stored in air a t  
room temperature, but the palladium decomposes slowly under 
these conditions and is best stored in a refrigerator in a brown 
bottle. In  this way it may be kept for at least several months 
without decomposition. 

The chemistry of these compounds has been only briefly 
examined. They react with methanol in the presence of a base 
giving the ene-yl complexes (C8H,a-OMe)MC5H702.1 With 
triphenylphosphine the olefin may be displaced, and in this way 
[(Ph3P)2PtC5H702]BF4 is obtained conveniently.' 

B. COMPLEXES OF TYPE (11) 

These have prcviously been obtained by electrophilic attack 
on ene-yl complexes [equation ( a ) ;  Y = CH(C02LMe)2, OMe; 
ch = v-C5H5; diene = 1,5-cyclooctadiene]l or by reaction of the 
compounds (diene)MBrz with q-C5H5Fe(CO)2Br (diene = 1,5- 
cyclooctadiene or 1,2,3,4-tetraphenyl-1,3-cyclobutadiene) An 
example of the former method is given in which the methoxy- 
cyclooctenyl derivative is used as the substrate and tetrafluoro- 
boric acid as the electrophile. The substrate is conveniently 
prepared and used without isolation, and in this way the reaction 
takes only a few hours, starting with dichloro(l,5-cycloocta- 
diene) palladium, prepared as described above. 

Procedure 

1. (1,5-Cyclooctadiene)oyclopentadienyl palladium( 11) 
Tetrafluoroborate 

2[Pd(diene)Clz] + 2CHsOH + Na2C03 4 

[ ( (CHaO-eneyl) Pd 1 ~ C h l  + BTlCr,H, + 2HBF.4 -+ 

[ { (CH30-eneyl)Pd] zCL] + 2NaC1 + HzO + CO, 

2[l'tl(diciic) (h6-CaH6)]BF4 + 2TlC1 + BCHSOH 
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The diene complex, dichloro( 1,5-cyclooctadiene)palladium( 11) 
(2.85 g., 10.0 inmoles), and sodium carbonate (0.53 g., 5.0 
mmoles) are suspended in methanol (50 ml.), and the suspension 
is stirred for 45 minutes. It is then filtered and the off-white 
residue washed with water (three times with 50 ml.) followed 
by methanol (two times with 10 ml.). Drying in vacuo gives 
di-p-dichlorobis (8-met hoxy-4-cyclooc ten- 1-yl) dipalladium3 (2.6 
g.). This is suspended in acetone (75 ml.), and cyclopentadi- 
enylthallium4 (2.65 g., 10.0 mmoles) is added. The mixture is 
stirred for 10 minutes, and then the precipitated thallium chlo- 
ride is filtered. The thallium chloride is washed with acetone 
(two times with 10 ml.). To the combined orange-colored fil- 
trate and washings, which contain (8-methoxy-4-cycloocten-l- 
yl)cyclopentadienylpalladium(II), is added 48 '% aqueous tetra- 
fluoroboric acid (3.0 ml.). Thesolution turns deep violet instantly. 
Addition of ether (250 ml.) gives a violet precipitate which is 
separated by filtration or decantation and washed with ether 
(three times with 50 ml.). After drying in air the precipitate 
is dissolved in methylene chloride (50-100 ml.), and the solution 
is filtered through a tightly packed plug of cotton in a powder 
funnel and the plug washed with 50 ml. of CH2C12. Addition 
of ether (200 ml.) to the filtrate precipitates the product, which, 
after filtration, washing with ether, and drying in vacuo, is 
obtained as a violet powder. Yield is 3.41 g. (93% based* on 
CsHI2PdCl2). Anal. Calcd. for Cl3Hl7BF4Pd: C, 42.6; H, 4.7; 
Pd, 29.0. Found: C, 42.5; H, 4.18. 

Properties 

(Cycloocta-1,5-diene) cyclopentadienylpalladium(I1) tetrafluo- 
roborate is an air-stable solid, soluble in polar solvents such 
as chloroform, methylene dichloride, acetone, or methanol and 
insoluble in alkanes, benzene, or ether. I ts  solution in acetone 
displays a conductivity characteristic of a 1 : 1 electrolyte.' I ts  

* Checkers obtained only a 25% yield. 
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proton magnetic resonance spectrum (in CDC13 solution, a t  
60 MHz., with internal tetramethylsilane reference) shows 
bands a t  3.93 (cyclopentadienyl protons) and at 3.75 and 7.2- 
7.57 (olefin protons) in the expected area ratios. Its infrared 
spectrum shows a weak band a t  1506 cm.-' attributed to the 
coordinated-double-bond stretching mode; other bands charac- 
teristic of the cyclopentadienyl ligand and of the tetrafluoro- 
borate anion are also observed. 

C. COMPLEXES OF TYPE (111) 

These compounds have been obtained by the addition of 
cyclooctadiene to an equimolar mixture of h3-allyl or h3-crotyl- 
(2,4-pentanedionato)palladium( 11) and tetrafluoroboric acid in 
methylene chloride-ether so1ution.l If silver tetrafluoroborate 
is on hand, the slight modification described below obviates the 
need to prepare the P-diketonate complex as an intermediate. 

Procedure 

1. h3-AllyI( 1,5-~yclooctadiene)palladiurn( 11) Tetrafluoroborate 

[ { (C3H5)PdJ zClz] + 2(diene) + 2AgBF4 + 
2[I'd(C3H5) (diene)]BF4 + 2AgC1 

The dimer di-p-dichloro-bis(h3-ally1)dipalladium" (1.83 g., 5.0 
mmoles) and silver tetrafluoroborate (1.95 g., 10.0 mmoles) in 
methylene chloride (50 ml.) are stirred for 15 minutes. 1,5- 
Cyclooctadiene (2.0 ml.) is added and stirring continued for a 
further 2 minutes. The mixture is filtered and the residue 
washed with methylene chloride (two times with 10 ml.). Ether 
(150 ml.) is added to the combined filtrate and washings to give 
a white or greyish precipitate. This is filtered, washed with 
&her (three times with 50 ml.), and dried in air. The solid is 
dissolved in methylene chloride (75 ml.), and this solution is 

* Prepcircd i n  66% yield by the procedure of W. T. Dent, R. Long, and A. J. 
Wilkirisori, J .  C h m .  Soc., 1064, 1.585. 
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repeatedly filtered through a tightly packed plug of cotton until 
the solution is absolutely clear. The plug is washed with 20 ml. 
of CH2C12. Addition of ether (120 ml.) precipitates the 
product, which after filtration, washing with ether, and drying 
in vacuo is obtained as an off-white solid. Yield is 2.63 g. 
(77%). Anal. Calcd. for CI1Hl7BF4Pd: C, 38.6; H, 5.0; F,22.2; 
Pd, 31.0. Found: C, 38.3; H, 5.0. 

Properties 

h3-Allyl( 1,5-cyclooctadiene)palladium(II) tetrafluoroborate is 
a white solid; however, due to the difficulty of obtaining it 
absolutely free from traces of palladium metal, it  is usually 
greyish in appearance. These small traces of metal do not 
accelerate its decomposition, as sometimes happens with other 
palladium complexes, and it is stable for several months when 
stored in this state. I ts  solubility properties are similar to 
those of the compounds described above. It is a 1 : 1 electrolyte 
in acetone, and its proton magnetic resonance spectrum shows 
bands at ca. 3.9 (complex), 5.02 (doublet, J = 7 Hz.), and 6.17 
(doublet, J = 13 Hz.) for the h3-allylic protons and a t  3.68 and 
7.387 for the coordinated olefin in the expected area ratios. A 
band near 1560 em.-' in its infrared spectrum is attributed to 
the stretching vibration of the coordinated double bonds. 

D. COMPLEXES OF TYPE (IV) 

These complexes have been obtained by the somewhat tedious 
route shown below: 

TICsH702 
CsHlaPtXz A (C,H,,-C,H,O2)PtC,H,Oz 

(V) 
1 1  mole HX 

(CsH12-C,H702)Pt(L)X k [ (C,H12-CsH702)PtX]z 
( V W  (W 

[CsHizPt(L)X]+ X lii~logori 
JPhzC+ 
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However, this is the only route available to these compounds a t  
the present time. The intermediate (VII) must be isolated and 
purified. In  the example given below L = PhaAs, X = C1. 

Procedure 

1. [8-( l-Acetylacetonyl)-4-cycloocten-l-yl]chlorn( tripheny1arsine)- 
platinurn( 11) (VII)5 

[PtClz(diene)] + 2TlCHAc2 + [Pt(Ac&H-eneyl) (Ac2CH)] + 2TlC1 

[{Pt(AczCH-eneyl)Cl] 21 + 2PhsAs + 2[Pt(Ac2CH-eneyl)Cl(Ph,As)] 

2[Pt(ActCH-eneyl) (Ac2CH)] + 2HC1--+ 
[ { Pt(Ac2CH-eney1)ClJ + 2HzCAcz 

Dichloro(l,5-cyclooctadiene)platinum(II) (2.32 g., 50 
mmoles), prepared as described above, and (2,4-pentanedio- 
nato)thallium (3.03 g., 10.0 mmoles) are stirred in chloroform 
(200 ml.) for one hour. The thallium chloride formed is 
removed by filtration. Evaporation gives a yellowish oily 
solid, which is taken up in ether (100 ml.). Traces of thallium 
salts are removed from this slightly opaque solution by filtra- 
tion through a short column (ca. 10 em.) of silica gel. The 
solute is washed through the column with more ether (250 ml.). 
Evaporation of the ether solution gives the intermediate (V) 
as a yellow or colorless oil, which crystallizes on standing. The 
oil is dissolved in acetone (100 ml.) and hydrochloric acid 
(5.0 ml. of 1N) is added to the magnetically stirred solution. 
A precipitate begins to form. The mixture is evaporated to 
dryness to give the dimer (VI) as a greyish-yellow solid. This 
is suspended in methylene chloride (100 ml.). When triphenyl- 
arsine (1.53 g., 5.0 mmoles) is added, all or most of the sus- 
pended material dissolves after shaking. The solution is 
filtered and then evaporated to dryness. The white residue is 
washed with ether (four times with 50 ml.) and recrystallized 
by dissolving in chloroform and precipitating with ether. In  
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this way, the product (VII) is obtained. 
A n a l .  Calcd. for C31H34AsC102Pt: C, 50.0; H, 4.61. 
C, 49.5; H, 4.4. 

Yield is 2.64 g. (71 %).* 
Found: 

2. Chloro(l,5-~yclooctadiene)(triphenylarsine)platitium(If) 
Tetrafluoroborate 

[PtCl(Ac&H-eneyI) (l'h3As)] + PhSBF4 4 

[PtCl(diene) (Ph3As)]BF4 + Ph3CCHAc2 

The intermediate (VII) (1.48 g., 2.0 mmoles) is dissolved in 
methylene chloride (50 ml.), and trityl tetrafluoroborate 
(660 mg., 2.0 mmoles) is added. The clear yellow solution is 
allowed to  stand for 5 minutes; then ether (200 ml.) is added. 
This precipitates an oily white solid. The mixtxre is allowed 
to stand until the supernatant liquid is clear (ca.  1.5 hours). 
The supernatant is then poured off and the solid clinging to the 
walls of the flask is washed with ether (three times with 50 ml.). 
It is then dried in a stream of nitrogen and recrystallized twice 
by dissolving in methylene chloride (ca. 50 ml.) and precipitating 
with ether (ca. 200 ml.). This gives the product as a white 
solid. Yield is 1.07 g. (73%).t Anal. Calcd. for CZ6H27- 
AsBC1F4Pt: C, 42.7; H, 3.7; As, 10.2. Found: C, 42.5; H, 3.6; 
As, 10.0. 

Properties 

Chloro( 1,5-~yclooctadiene) (triphenylarsine) platinum(I1) tet- 
rafluoroborate is a white, air-stable solid. It is sparingly soluble 
in polar organic solvents and insoluble in nonpolar ones. A 

M solution in acetone shows a conductivity characteristic 
of a 1 : 1 e1ectrolyte.l I ts  proton magnetic resonance spectrum 
(in liquid sulfur dioxide solution, a t  60 MHz., with interrial 
tetramethylsilane reference) shows bands due to  the coordi- 
nated olefin at 3.59 [two protons; JPtPEI, 55 Hz.], 5.01 [two 

* Checkers obtained 1.94 g. (52%). 
Checkers obtained 0.36 g. (25%). 
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protons; J,,-, = 65 Hz.], and 6.8-7.8 (eight protons) and due 
to  the arsine at about 2.47 (15 protons). 
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13. TRICHLORO-, TRIMETHYL-, AND 

[Tetracarbonyl( trichloro-, trifluoro-, and 
Trimethyl-sily1)cobalt Complexes] 

TRIFLUOROSILYLCOBALT TETRACARBONYL 

Submitted by DAVID L. MORRISON* and ARNULF P. HAGEN* 
Cheeked by N. VISWANATHANt and C. H. VAN DYKE$ 

The syntheses of several compounds having the formulas 
R3SiCo(C0)4 (R = C1, C2H50, C2H5)' and of H3SiCo(C0)d2 
were reported in 1965. The procedures given here for three 
specific compounds are representative of a synthetic method 
which has been used by other workers to  prepare compounds 
such as C13SiMn(CO)5,3 (C6H5)3SiMn(C0)5,4 C13SiMo(C0)3- 
C5H5,3 (C13Si)zFe(C03),3 and Cl3SiNi(C0)C5H5.' The general 
scheme for reaction consists of the interaction of a silicon 
hydride with a transition-metal carbonyl compound. 

I n  the case of C O ~ ( C O ) ~  interaction, i t  has been clearly estab- 
l i ~ h e d " ~  that complete reaction takes place by a two-step inter- 

* University of Oklahoma, Norman, Okla. 73069. 
t Pennsylvania State University, Uniontown Campus, Uniontown, Pa. 15401. 
$ Carnegie-Mcllon UnivnrsiLy, Pitt&urgh, Pa. 15213. 
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action. 
and R3SiCo(C0)4: 

The first step results in the formation of HCO(CO)~ 

R3SiH + C O ~ ( C O ) ~  3 R3SiCo(C0)4 + HCO(CO)~  

The second step results in the generation of hydrogen gas and 
the formation of another molecule of R3SiCo(CO) 4 : 

R3SiH + HCO(CO)~ + R & ~ ~ C O ( C O ) ~  + Hz 

The cobalt-silicon compounds described here undergo reactions 
with protonic molecules such as hydrogen chloride, Lewis bases 
such as trimethylamine, and oxidizing agents. 

Each synthesis is carried out in a glass pressure vessel similar 
to that illustrated in Fig. 2. This type of reactor was made from 
a Fisher and Porter (Warminster, Pa.), q-mrn., quick-opening 
angle valve (catalog no. 795-005-004) and a length of heavy- 
walled borosilicate glass tubing (18 mm. i.d., 26 mm. 0.d.) cut 
to give the desired volume." This vessel has been found to be 

* The checkers used a 35-ml. vessel. 

Fig. 2. Pressure vessel for 
the synthesis of substituted 
silylcobalt carbonyls. 
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suitable for reaction mixtures having an autogenous pressure of 
up  to  50 atmospheres. The vessel when under pressure is 
normally manipulated behind a safety shield with the operator 
wearing a leather glove. Volatile reactants are purified by the 
use of normal vacuum-line procedures and then condensed 
directly into the reactor.* At the end of the reaction period, 
if the reactor is cooled to liquid-nitrogen temperature and then 
opened to a manometer, noncondensable material (presumed to 
be Hz and CO of decomposition) will be observed. 

T h e  silyl compounds described in the following 
preparations react with oxygen and water vapor. A l l  non-  
vacuum-line manipulat ions of these materials require the use of 
inert  atmospheres (deoxidized nitrogen? or carbon monoxide)  and 
an eficient f u m e  hood. T h e  toxicity of these compounds i s  u n k n o w n ,  
but they are assumed to be extremely dangerous as are most transi- 
tion-metal carbonyls. 

rn Caution. 

A. TETRACARBONYL(TRICHLOROS1LYL)COBALT 

ZC13SiH + C O ~ ( C O ) ~  + 2Cl3SiCo(C0)4 + Hz 

Procedure 

Commercial trichlorosilane,$ HSiCl, (about 8 g.), is placed in 
a glass tube which can be attached to the vacuum system through 
a stopcock. The HSiC1, is then cooled to liquid-nitrogen tem- 
perature (-19S0), and then the tube is evacuated. The stop- 
cock is then closed and the nitrogen bath removed. After the 
sample has melted, it is solidified at -196" and the tube evacu- 
ated again. The freezing and melting process is continued until 

* A suitable vacuum line is depicted by W. L. Jolly and J. E. Drake, Inorganic 
Syntheses, 7, 35 (1963). 

t Liquid nitrogen is required for the vacuum-line manipulations described in 
this report. Gaseous nitrogen vented from a standard. liquid-nitrogen cylinder 
is u corivcnient sourcc of dcoxidieed nitrogen. 

$ Avt-dable as Silano A-I9 Irorri Union Carbide Corporation. 
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the sample has been freed of noncondensable impurities (air). 
The contents of the tube are then warmed slowly to  room tem- 
perature while distilling through a - 132" trap (n-pentane slush) 
into a -196" trap. The material which stops in thc -132" 
trap (HSiCl,) is cooled to - 196" and then again warmed slowly 
to room temperature and allowed to distill through a -132" 
trap into a -196" trap. This process is repeated until no HCl 
is observed in the - 196" trap. Thc proccss may be represented 
by : 

R T N -  132" - -196" 
(HCI) \ 
132" - -196" R T -  - 

i 
1 (EICI) 

repeated untiI no material 
passes into the -196" trap 

where RT means to warm the material slowly from -196" to 
room temperature. The process is carricd out without pumping 
unless noted. The material in the -196" trap (HCl) is dis- 
carded. The trichlorosilane in thc -132" trap will have an 
infrared spectrum7 and a molecular weight consistent with the 
literature. 

A 2.0-g. sample of powdered dicobalt octacarbonyl is placed 
in a 25-ml. glass reactor in a nitrogen-filled glove bag." The 
reactor is evacuated; then 5 g. of trichlorosilanc is condensed 
from the vacuum system into the rcactor which has been cooled 
to -196". The Teflon stopcock is closed, the reaction vessel 
allowed to warm to room temperature, and then the reactants 
are permitted to stand for 24 hours. Cool the reactor to -42" 
(diethyl ketone slush), open the Teflon stopcock, and remove the 
excess silane and noncondensable substances into the vacuum 
system with pumping. The remaining dry, solid material is then 
transferred in a nitrogen (or carbon monoxidc) filled glove bag to 
a sublimation apparatus. The solid is thoti su1)limcd in vacuo 

* 12R Company, Cheltenham, Pa. 19013. 
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twice at 30" using a cold finger at -5" to give tetracarbonyl- 
(triehlorosily1)cobalt." The product is then scraped from the 
cold finger in an inert atmosphere and placed in bottles with 
tight-fitting caps. The compound which is recovered in a 64% 
yield based on the cobalt carbonyl, C O ~ ( C O ) ~ ,  employed should 
be stored in a freezer ( -  10'). 

Properties 

The tetracarbonyl(trichlorosily1)cobalt obtained will be a 
light yellow solid with an observed melting point of 44.5-45.0" 
(literature,5 44"). The infrared spectrum in the 3000-600-~m.-~ 
region exhibits only three major absorptions. In  CC1, solution8 
peaks due to carbonyl stretching vibrations arc observed a t  
2118(m), 2066(s), and 2039(vs) cm.-l, and in the gas phaseQ 
these bands are found at 2128(m), 2073(s), and 2049(vs) cm.-l. 
The presence of impurities can be detected by their infrared 
absorptions10 outside of the GO stretching region. Gaseous 
C O ~ ( C O ) ~  has characteristic bonds a t  1876(s) and 641 (s) CM.-', 

and gaseous HCO(CO)~  absorbs a t  1934(m) and 704(vs) cm.-l. 

B. TETRACARBONYL(TRIMETHYLS1LYL)COBALT 

2(H3C)8iH + C O ~ ( C O ) ~  + 2(H3C)3SiCo(CO)4 + H2 

Two grams of powdered dicobalt octacarbonyl are placed in 
a 20-ml. glass pressure reactor in a nitrogen atmosphere. The 
reactor is then evacuated and cooIed to -196". Then 4 g. 
of trimethylsilane, (H3Q3SiH, t are condensed into the reactor, 
and the Teflon stopcock is closed. The reactor is then allowed 
to warm to  room temperature. After 24 hours the reactor is 
cooled to -196", the stopcock opened, and any Hz and CO are 

* W Note. 
recommended. 
!id, an icc-salt-water mixture should be used. 

or casily prepared from IdAITT, mid (TT3C)3SiC1. 

T h e  use of "cool" tapwater in the sublimation apparatus i s  not 
A suitable circulatory or other system which uses ice water or, better 

t Available from Piercc Clicmical Company, P. 0. Box 117, Rockford, Ill. 61105, 



70 Inorganic Syntheses 

removed with pumping. Then i t  is warmed to  0", and the 
volatile materials in the reactor are allowed to  distill from the 
reactor into a trap at -196". The volatile material which col- 
lects in the -196" trap is warmed to 0" and allowed to distill 
with pumping through cold traps at -42" [diethyl ketone 
(3-pentanone) slush] and - 196". The clear, rose-colored 
crystals in the -42" trap are the dcsired product. Yield is 38% 
based on C O ~ ( C O ) ~  employed. Single crystals melt a t  51.4" 
with some decomposition; however, larger bulk samples melt 
somewhat lower due to contamination from decomposition 
products.6 

Properties 

Tetracarbonyl(trimethylsily1) cobalt is a pink solid with a 
melting point of 51-53°.6 The infrared spectrum of the gaseous 
compound contains characteristic carbonyl bands at 2100(m), 
2041(s), and 2009(vs) cm.-l, as well as a strong methyl sym- 
metric deformation band at 1252 cm.-l in addition to  other 
absorptions.6 

C. TETRACARBONYL(TRIFLUOROS1LYL)COBALT 
ShF3 coz(co)s 

HSiC1, --+ HSiF, A Hf + F3SiCo(C0)4 

Procedure 

In  a nitrogen-filled glove bag 10 g. of antimony trifluoride" 
are placed into a 30-ml. glass reactor which is then evacuated 
and pumped on for 24 hours to  provide a final drying a t  room 
temperature. The reactor is then cooled to liquid-nitrogen 
temperature, and 3 g. of hydrogen-chloride-free trichlorosilane 
is added to the reactor. The Teflon stopcock is then closed 

* Antimony trifluoride suitable for use in this synthesis is available from tho 
Ozark-Mahoning Company, 1870 South Bouldcr, ' I 'uINi i ,  Okla. 74119. 
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and the mixture warmed to -42" (diethyl ketone slush) where 
i t  is held for 2 hours. The reactor is then cooled to liquid- 
nitrogen temperature and opened to a manometer. If any 
noncondensable gas is observed (presumably Hz), i t  is removed 
with pumping. The vessel is then warmed to room temperature, 
and the volatile components (unreacted HSiCl,, HSiF3, and 
perhaps a trace of SiF,) are condensed, with occasional pumping, 
in two -1196" traps in series. The substances in the -196" 
traps are combined and then distilled a t  room temperature 
through a trap at - 132" (n-pentane slush) into a trap at - 196". 
Trichlorosilane collects in the -132" trap; HSiF, and SIP, col- 
lect in the -196" trap. The distillation is repeated on the 
fraction which collects a t  - 196" until all of the trichlorosilane 
has been removed. The distillation scheme may be shown as: 

RT - - 132" - - 196" 
(HSiCl3) 1 

RT - - 132" - - 196" 
1 

repeated until all of the HSiC13 
has been removed from the HSiF, 

Quite often additional trifluorosilane can be obtained by simply 
returning the unreaeted silane to the reaction vessel and allowing 
additional reaction time. A single reaction period yields about 
1.5 g. (65% based on HSiC1, employed) of product having an 
observed molecular weight of 86.9 (calcd. 86.1) and an infrared 
spectrum consistent with pure trifluorosilane. l1  However, on 
some occasions the product is contaminated with silicon tetra- 
fluoride due to a reaction of the antimony compounds with the 
trifluorosilane. The silicon tetrafluoride impurity does not inter- 
fere with the preparation of tetracarbonyl(trifluorosily1)cobalt. 

Next 2 g. of dicobalt octacarbonyl is placed in a 20-ml. glass 
reactor in a nitrogen-filled glove bag. After evacuation of the 
reactor, 1.8 g. of trifluorosilane is condensed and the Teflon 
stopcock closed. The reaction is allowed to proceed for 24 hours 
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at room temperature. A dark liquid should be observed at the 
bottom of the reactor after the reaction. 

Cool the reactor to -196" and remove the noncondensable 
materials by pumping. Allow the reactor to warm to 0" and 
remove the excess trifluorosilane, tetracarbonyl(trifluorosily1)- 
cobalt, and any cobalt carbonyl hydride formed by pumping the 
volatile products through a - 78" (Dry Ice-acetone mixture) 
trap into a -196" trap. A dark residue will remain in the 
reactor consisting of unreactcd dicobalt octacarbonyl and decom- 
position products. Unreacted trifluorosilane will be in the 
-196" trap. 

The -78" trap will contain both the trifluorosilyl carbonyl 
and any carbonyl hydride formed. These arc then condensed 
into a clean 20-ml. glass reactor cooled to - 196". About 1.0 g. 
trifluorosilane is then condensed into the reactor at - 196", and 
the mixture is allowed to stand a t  room temperature for about 
2 hours. 

The reactor is then cooled to  - 196", and any hydrogen formed 
is removed by pumping. The reactor is allowed to warm to 0", 
and the contents are then pumped through traps cooled to 
-78 and -196". The trap cooled to -78" will contain the 
transparent amber crystals of tetracarbonyl(trifluorosily1) cobalt 
which melt a t  19.4-19.5" to form an amber liquid. Yield is 
60% based on C O ~ ( C O ) ~  employed. 

Properties 

Tetracarbonyl(trifluorosily1) cobalt is a white solid which upon 
vacuum sublimation forms transparent amber crystals which 
melt a t  19.5" with decomposition. This compound is kept at 
0" with an ice bath and sublimed in the vacuum system to 
minimize decomposition. For example, in manipulating this 
compound in the vacuum line, distillation traps should be at 0" 
or lower. Gaseous samples, howcvor, nrca 1101) obwrved to 
undergo decomposition at tempcraturw 111) Lo SO". l 'hc :  gas- 
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phase infrared spectrum exhibits bands a t  2128(m), 2073(s), 
and 2049(vs) due to carbonyl groupsg and SiF absorptions 
a t  940(s) and 825(s) cm.-l. 
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14. ISOLEPTIC'" ALLYL DERIVATIVES OF 
VARIOUS METALS 

C3H5X + M g - +  C3H5MgX 

where M = Si, Ge, Sn, Cr, Ni 
xCSH5MgX + MCI, + M(C3H,), + xMgXCl 

Submitted by S. O'BRIEN,? M. FIS€IWICK,S B. McDERMOTT,f 
M. 6. H. WALLBRIDGE,$ and G. A. WRIGIIT$ 
Checked by 6. W. PARSHALLS and E. R. WONC€IOBA§ 

Many metal allyls and their derivatives may be prepared from 
an ally1 Grignard reagent.lP4 However, the conditions for the 

* The term isoleptic is used to indicate that all the ligands attached to the central 
metal atom are identical in constitution. 

t I. C. I.  Ltd., Petrochemical and Polymer Laboratory, The Heath, Runcorn, 
U.K. 

3 Department of Chemistry, The University, Sheffield, U.K. 
$Central Rcsearch Dcpartmcnt, E. I. du Pont de Nemours & Company, 

Wilmington, Del. 39898. 
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various reactions vary depending upon the properties of the 
particular metal allyl prepared, especially its thermal stability 
and sensitivity to air. The procedures given below describe a 
convenient method for the preparation of allylmagnesium chlor- 
ide and the subsequent preparation of tetraallylsilanes, germanes 
and stannanes, triallylchromium, and diallylnickel. Although 
the procedure for the preparation of the Grignard reagent is 
similar to that reported earlier,5 it has been modified sufficiently 
to warrant a detailed description. Ally1 bromide may be used 
to prepare the Grignard reagent instead of allyl chloride, but 
offers no real advantage over the cheaper chloro derivative. 
All solvents and reagents are dried and degassed before use. 

A. ALLYL MAGNESIUM CHLORIDE 

(Allylchloromagnesium) 

CsHbC1 + Mg --+ CZH5MgC1 

Procedure 

A dry, 5-1. flask" fitted with a stirrer, a thermometer to 
monitor the temperature of the reaction mixture, condenser, 
dropping funnel, and inlet and outlet tubes (the latter being 
attached to  the top of the condenser) for dry nitrogen is charged 
with 45.5 g. (1.896 moles) of magnesium turnings which have 
been washed with benzene, followed by acetone, and dried in an 
oven for 3 hours. After adding 1250 ml. of diethyl ether the 
system is flushed with dry nitrogen for 30 minutes and a slow 
stream maintained through the flask for the remainder of the 
experiment. Small quantities of iodine and ethyl bromide 
(1-2 ml.) are added to  the flask t o  initiate reaction, and as 
soon as the reaction has commenced (indicated by loss of the 
iodine color from the solution), the flask is transferred to an ice- 
salt bath (-10' to -15') to  maintain the temperature of the 
reaction mixture below -10". A furthor 1000 ml. of ether is 

ate weights of the reagents. 
* Snialler quantities of the Grignard rcagcnt miry I)(> prcq)cirod wing  proportion- 
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added, followed by 131.7 g. (1.72 moles) of allyl chloride in 
900 ml. of ether which is added dropwise with rapid stirring over 
about 3 hours. Slow addition of the allyl chloride is necessary 
to prevent the exothermic reaction becoming too vigorous, and 
to minimize the formation of biallyl (1,5-hexadiene). As the 
reaction proceeds, the solution usually remains reasonably clear, 
but darkens to a grey-black color.* The contents of the flask 
are stirred for a further 30 minutes at -10 to -15", and the 
preparation of the Grignard reagent is then complete. 

The yield of the Grignard reagent is estimated as follows: A 
50 ml. aliquot? is pipetted into a 250-ml. conical flask containing 
an excess (30 ml.) of 1 M hydrochloric acid. The ether is 
evaporated, and the excess acid is then back titrated with 1 M 
sodium hydroxide using methyl red as indicator. Typical 
yields are of the order of 60% of theoretical. 

B. TETRAALLYLSTANNANE 

4C3H5MgC1 + SnC14 + Sn(C3H5)4 + 4MgC12 

The Grignard reagent (127 g., 1.26 moles) is prepared in about 
2+ 1. of ether and collected in a 5-1. flask. The flask is fitted 
with a condenser, stirrer, dropping funnel, and an inlet and 
outlet for nitrogen. After cooling the flask in an ice-salt bath 
(-10 to -15"), tin tetrachloride (65.6 g., 0.252 mole, 80% of 
the theoretical amount) is added dropwise with rapid stirring 
over about one hour. The stirrer is stopped, and the mixture 
is refluxed under nitrogen for 12 hours. Distilled water (ca. 
500 ml.) is added slowly to the flask1 (which is cooled again in 
an ice-salt bath) to hydrolyze the excess Grignard reagent, fol- 

* I n  some experiments a flocculent, white solid may appear as the reaction 
proceeds; this need not be fillered off, and its appearance does not apparently 
affect the yield of the Grignard reagent. 

t If a white solid is present, the mixture should be stirred and an aliquot of the 
suspension taken. 

$ An altcrriativc irictliod whirl1 avoids the hydrolysis is to fiIter off the ethereal 
solution frorrl m y  R o l i t l  w l i i c : l i  11ii.s c!olloctcd in the flask and to remove the ether 
ILY dcsc:ril)od. 'l'lic yidt ls  iisitiK 1 . l i i ~  ptw:cxiiirc may be slightly lower than the 
hydr.0lyais 1 1 ~ ~ ! 1 , 1 l 0 l l .  
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lowed by 500 ml. of 3% hydrochloric acid to  dissolve most of 
the solid deposited on hydrolysis, and the ether layer separated. 
The water layer is washed twice with ether, and the combined 
ether extracts dried over calcium chloride overnight. The 
ethereal solution is filtered from the calcium chloride rapidly in 
the air. The solution should be tested for chloride at  this stage, 
since an impurity [probably triallyltin chloride (triallylchloro- 
stannane)] frequently appears in the solution. Thc chloride 
may be removed by shaking the ethereal solution with a 5% 
w/w potassium fluoride solution, and filtering off the white 
solid fluoride precipitated. The ether layer is then wparated 
and dried over calcium chloride overnight, the ether is distilled 
off, and the residual liquid is transfcrrcd to a, 100-ml. Claiscn 
flask. The liquid is then distilled under reduced pressure and 
the product obtained as a colorless liquid. The yield is 38.4 g. 
(53.0% theoretical based on addition of tin tetrachloride). 

Repeated distillations of the product appear to decrcasc both 
the yield and the purity, and always after distillation a yellow 
involatile oil remains in the distillation flask. The optimum 
conditions for the distillation are those where the temperature is 
kept as low as possible; a pressure of 0.2 mm., giving a boiling 
point of 52", is suitable. 

C. TETRAALLYLSILANE AND TETRAALLYLGERMANE 

Both these compounds may be prepared by the action of the 
appropriate tetrachloride on the Grignard reagent using a pro- 
cedure identical to that used for the tin compound. The yields 
of the silicon and germanium compounds are 35 and 45% of 
theoretical, respectively, based on the metal halide. 

Properties 

The tetraallyl derivatives of silicon, gtwnanium, and tin are 
all colorless liquids, with a charac+tc>risl)iv o(lor, wliicah rcaot only 
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very slowly in air, depositing a white solid. They do not appear 
to possess definite melting points, but freeze to a glass on cooling. 
The boiling points, refractive indices, and densities of the com- 
pounds are: for silicon, 87"/10 mm.; nk5, 1.482; d20, 0.837 g./ml.; 
germanium, 105*/10 mm.; nk5, 1.503; dZo, 1.015 g./ml.; tin, 
52"/0.2 mm.; nk5, 1.536; d20, 1.179 g./ml., respectively. The 
compounds may be identified by their infrared spectra; all show a 
characteristic band near 1630 cm.-l from the olefinic bond, and 
their mass spectra, where m/e values correspond to  the ions 
M (CsH,) qf, M (C3Hs) 8, M (C3H5) zf, and M(C3Hs)+, where 
M = Si, Ge, or Sn, may be observed. 

D. TRI-h3-ALLY LCHROMIUM 

The reactor flask shown in Fig. 3" is fitted with a stirrer, a 
Herschberg funnel-the end of which protrudes past the neck 
into A-and a combined nitrogen inlet vacuum take-off. The 

* Normal round-bottomed flasks can be used, but the reactor illustrated greatly 
facilitates the manipulations with resultant improvement in the product yield. 

Fig.  3. Reactor for the 
preparation of tri-h3-allyl- 
chromium. 



78 Inorganic Syntheses 

Herschberg funnel is also fitted with a nitrogen inlet and a 
serum cap. Flasks A and B are separated by a porosity 2 sin- 
tered disk. Joint D is stoppered, and C is connected to a nitro- 
gen supply at a slightly positive pressure with respect to  that  
in A .  (This is obtained conveniently by using a liquid paraffin 
head of approximately 6 em.) With C closed the whole appara- 
tus is evacuated and filled with nitrogen. Anhydrous chromium 
trichloride (4.7 g., 29.6 mmoles) is quickly placed in A via a 
powder funnel (the Herschberg funnel being removed and then 
replaced), and then the whole apparatus including the Hersch- 
berg funnel is evacuated and filled with nitrogen a further two 
times. C is opened, and ether (30 ml.) is syringed into the 
Herschberg funnel which on addition to A forms a slurry with 
the chromium trichloride. (The positive pressure in B holds 
the ether above the sinter.) The reactor is immersed in a tri- 
chloroethylene bath maintained at a temperature between - 20 
and -30" by the addition of solid COz, and 9.9 g. (98 mmoles) 
of the reagent in ether (195 ml., 0.5 M solution) is added over 
2 hours with stirring. Stirring is continued at the same tem- 
perature for a further 3 hours. After standing overnight at 
-78", the dark red solution is filtered into B by applying a 
positive pressure in A. A is washed with ether (two times 
with 25 ml.) and then quickly fitted with three stoppers. The 
flask B is connected through D, via an inverted U tube, to  a 
nitrogen-purged, round-bottomed flask connected to  a vacuum 
line. This flask is cooled in liquid nitrogen, and the solvent is 
removed under reduced pressure (0.1-0.5 mm. Hg) at -40". 

After removal of all the ether the apparatus is filled with 
nitrogen, one of the stoppers in A is replaced by a serum cap, 
and pentane (150 ml.) is syringed into A and precooled for 
10 minutes before it is added to B. A dip tube is inserted 
through D, the other end of which is connected, using silicone 
tubing, to a second reactor similar to the one illustrated in Fig. 3. 
The dip tube is long enough to  reach tho bottom of flask B and 
is, conveniently, a glass tube which c!nn I)(! rnovod up and down 
through a cone adaptor fittotl with 11, n c w w  cap. 'l'ho wal 



Isoleptic Ally1 Derivatives of Various Metals  79 

between the adaptor and glass tube is maintained by silicone 
rubber and Teflon washers which can be tightened by the cap. 
Before inserting the dip tube through D, the second reactor and 
connecting tube (the end of which is plugged) are evacuated and 
filled with nitrogen two times. With the dip tube inserted to  
the bottom of B a positive pressure is applied a t  C and the solu- 
tion pushed as quickly as possible into the second reactor and 
filtered. The initial reactor is extracted with pentane (two 
times with 50 ml.) which is also transferred to the second reacxtor 
and filtered. The yield (obtained by analyzing an aliquot of 
solution for chromium) is 3.6-4.1 g. (69-79% theoretical). 
The product can be further purified by concentrating the pen- 
tane solution to approximately two-thirds volumc at - 40" and 
allowing it to crystallize a t  - 78". Tri-h.3-allylchromium and 
its thermal decomposition products are pyrophoric in air. 

E. DI-h3-ALLYLNICKEL 

This compound can be prepared similarly to tri-h3-allylchro- 
mium in 80% yield starting from anhydrous nickel dichloride. 
However, owing to  the volatility of di-h3-allylnickel, which co- 
distills with ether very readily, the solvent is best removed 
at -78" and a pressure of The product can be 
obtained as pale yellow crystals from pentane. 

The transition-metal allyl complexes are air- and temperature- 
sensitive solids: Cr(allyl)3, m.p. ca. 70"; Ni(allyl)27 m.p. ca. 0". 
The infrared spectrum of both compounds indicates that  the 
bonding of the allyl group to the metal involves 7r electrons (the 
olefinic bond appearing a t  1520 and 1493 em.-', respectively) ; 
they can be identified by their mass spectra. 

mm. Hg. 
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Chapter Three 

COMPOUNDS CONTAINING 
METAL-TO-METAL BONDS 

16. RHENIUM AND MOLYBDENUM COMPOUNDS 
CONTAINING QUADRUPLE BONDS 

Submitted by ALICIA B. BRIGNOLF;* and F. A. COTTON* 

The occurrence of a quadruple bond was first recognizedl in the 
case of [Re2C1812-. It has since been shown that the quadruply 
bonded Rez entity will persist through a variety of ligand sub- 
stitution reactions, and an extensive chemistry of this quadruply 
bonded diatomic unit has already been developed. In general, 
the easiest access to this class of compounds is via an [Re2Cl8J2- 
salt. A quick and convenient method for the preparation of 
this species and its isolation as the tetra-n-butylammonium salt 
is therefore described. The preparation of the bromo analog 
[Re2Br8] 2- is also given. 

Another important and extensive class of dirhcnium deriva- 
tives are the carboxylate-bridged molecules, 2 , 3  Re2(0&R) 4x2 ; 
general procedures for obtaining these compounds from [Re2C18] 2- 

are thus of value and are presented here. 

* Mnsui~c~liusot I s  T i i R l I l u l ( ~  or Tcchnology, Cambridge, Mass. 02139. 
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Dinuclear molybdenum(I1) r n o l e ~ u l e s ~ ~ ~  also contain quad- 
ruple bonds.5 The acetate Mo2(02CCH3)4 is also a very useful 
starting material for the preparation of other complexes of lower- 
valent m ~ l y b d e n u m . ~ - ~  
and M O ~ ( O ~ C C ~ H , ) ~  are therefore described. 

The preparations of Mo2(02CCH3) 
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A. OCTAHALODIRHENATE(II1) ANIONS 

rnolt,en (C2Ha)zNHgCl 
Re,Cl, ltezC182- 

Re2CiB2- f 8Br- + RezBrB2- 3- SC1- 

Checked by Z. DORI* 

The octachlorodirhenate(II1) anion, [Re2C1,] 2- has been pre- 
pared in several ways, including (a) reduction of perrhenate ion 
in acid solution with molecular hydrogen a t  high temperature 
and pressure;' ( b )  reduction of perrhenate ion with hypophos- 
phorus acid, in a solution of constant boiling hydrochloric 
acid;la2 (c) displacement of the carboxylate ligands in Rez- 
(OOCR) 4C12 with chloride ion in concentrated hydrochloric 
acid;'! * (d) reaction of trirhenium nonachloride in molten 
diethylammonium chloride. 

The first method gives yields of 30-4070, but corrosion of thc 
* Temple University, F'hiladelphin, 1%. I!)  I'LP. 
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pressure bomb and other practical difficulties make it relatively 
undesirable. Method b is convenient, but the yields never 
exceed -40%. Method c is of no practical interest, since the 
most efficient way to prepare the Rez(0zCR)4C1z compounds 
themselves is by reaction of RCOOH with [RezC18]2-, as described 
later. Method d is simple; i t  uses a commercially available 
starting material and gives yields of up  to 65%. 

Procedure 

( a )  The [RezCls]e Ion. A thoroughly ground mixture of 2 g. 
of trirhenium nonachloride* and 30 g .  of diethylammonium 
chloride is placed in a glass tube of ca. 2 em. i.d. and 20 cm. long, 
equipped with outlet and inlet tubes, each bearing a stopcock 
near the top to permit a nitrogen flow during the reaction. 

It is important that  the preparation be run entirely in an 
inert atmosphere. This is accomplished by evacuating the sys- 
tem and refilling i t  with dry prepurified nitrogen. This proce- 
dure should be repeated a t  least three times to ensure complete 
absence of oxygen. 

The mixture is fused under a nitrogen flow and held just 
above the melting point of the amine hydrochloride (217-220') 
by means of a metal bath. The temperature should not be 
permitted to  rise more than a few degrees above the melting 
point of the amine hydrochloride or the yield will be significantly 
lowered. The color quickly changes from pink to dark green, 
and the heating is continued for 5-10 minutes after the solid is 
completely melted. The reaction vessel is removed from the 

After i t  has 
reached room temperature, it may be handled in air. Approxi- 
mately 150 ml. of 6 N HC1 is used to dissolve the green solid. 
Portions of acid are added to  the reaction vessel, and the solid 
is pried loose from the tube and chopped up using a ceramic 

S'?lntheacs, 12, 193 (1870). 

'metal  bath, and the melt is allowed to solidify. 

* Available from Shattuclr Chcmical Co., Boulder, Colo., or cf. Inorganic 



84 Inorganic Syntheses 

spatula. The solution is then filtered through a fritted glass 
disk; a brown solid (of as yet unknown constitution) is separated 
on filtration. The octachlorodirhenate(2 -) salt can be pre- 
cipitated from the green solution by addition of the chloride of a 
large cation. A yield of 60-65% (2.4 g.) is obtained using 
tetrabutylammonium chloride as a precipitant. The blue-green 
solid is washed with 10 ml. of hydrochloric acid, 10 ml. of 
ethanol, and 10 mi. of ether and then dried in vacuum over 
anhydrous copper sulfate. Anal .  Calcd. for [Re2C1,][(C4H9) ~ N ] z  : 
C, 33.60; H, 6.35; N, 2.46. Found: C, 33.51; H, 6.39; N, 2.36. 

rn Note.  The  use of a wider tube and larger amounts of reac- 
tants decreases the percentage yield. 

(b)  The Octabromodirhenate(2 -) Anion.  This is obtained 
from [RezC1,]2- by halogen exchange. 

To a solution of 1.5 g. of [(C4H9)4N]2[Re2C18] in 200 ml. of 
methanol is added 50 ml. of 48% aqueous hydrogen bromide. 
Evaporation of the solvent a t  ca. 60" yields olive-green 
crystals of [(C4H9) 4N]z[RezBrs], which are filtered and washed 
with ethanol and ether. Yield is 98%. 

Proper ties 

The [RezXs12- ions are stable in acid solutions. The tetra- 
butylammonium salts are soluble in methanol, acetone, aceto- 
nitrile, and various other solvents, giving blue (CI) or green- 
blue (Br) solutions which are stable in air in presence of a few 
drops of concentrated hydrochloric or hydrobromic acid. 
They can be recrystallized from methanol. 

References 

1. F. A. Cotton, N. F. Curtis, B. F. G. Johnson, and W. R. Robinson, Inorg. 

2. F. A. Cotton, N. F. Curtis, and W. R. Robinson, ibicl., 4, 1696 (1965). 
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Chem., 4, 326 (1965). 
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B. TETRAKIS(CARBOXYLATO)DIHALODIRHENIUM(III) 
COMPOUNDS 

[Re2X8l2- 4- 4RCOOH + Re2(02CR)4X2 + 4HX + 2X- 
Re2(02CCH8)4X2 + 4ArCOOH -+ Re2(02CAr)lXZ + 4CH3COOH 

Checked by Z .  DORI* 

Compounds of the type Rez(OzCR)4C12 were first reported by 
Taha and Wilkinsonl who obtained them in low yield by reaction 
of nonachlorotrirhenium with a carboxylic acid. They are also 
formed on prolonged heating of t r a n ~ - R e 0 C l ~ [ P ( C ~ H ~ > ~ ] ~  with 
carboxylic acids. On heating octahalogenodirhenium(2 - ) salts 
with carboxylic acids nearly quantitative conversions to 
Rez(02CR)4Xz may be quickly e f f e~ ted .~  However, when the 
R group is aryl, it  is expeditious to  use a two-step process in 
which the acetato compound is first prepared and then exchanged 
with the desired aryl acid.3 

Procedure 

(a) Preparation of Rez(OzCCH,)4C12. A solution of 1.0 g. of 
[(C4Hg)4N]2[RezC18] in 40 ml. of glacial acetic acid and 10 ml. of 
acetic anhydride is boiled under reffux for 2 hours, with a slow 
stream of nitrogen passing through the solution. The solution 
becomes brown and crystals of the acetate are deposited as the 
reaction proceeds. The cool solution is filtered in air to separate 
the crystalline product, which is washed with ethanol, then 
ether, and dried in a vacuum. Beginning with [(C4H9)lN]2- 
[RezBr8], the tetrakis(acetat0) dibromodirhenium may be made 
in the same way. Yields are ca. 95%. Anal. Calcd. for Re2(02- 
CCHJ4C12: C, 14.1; H, 1.78; C1, 10.4. Found: C, 13.9; H, 1.75; 
C1, 10.4. Calcd. for Re2(02CCH3)4Br2: C ,  12.5; H, 1.57; Br, 
20.8. 

A mixture of 
1.0 g. of Rez(0zCCH3)4X2 and about 5 g. (a large excess) of the 

Found: C, 12.4; H, 1.51; Br, 20.6. 
( b )  Preparation of Arylcarboxylato Compounds. 

* Temple University, Philadelphia, Pa. 19122. 
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C1 
Br 
C1 
C1 
C1 
C1 
Br 
C1 
C1 
Br 
C1 
Br 

arylcarboxylic acid is placed in a glass vessel which is equipped 
with outlet and inlet tubes near the top to  permit a nitrogen 
flow during the reaction. The system is evacuated and filled 
with nitrogen several times to remove oxygen and thereafter a 
slow nitrogen flow is maintained. The mixture is fused using an 
oil or metal bath and held at 200" or a little above the melting 
point of the acid, whichever is higher. The color of the melt 
changes from orange to red or brown as the reaction proceeds. 
Reaction time varies from 2 to 5 hours depending on the acid; 
the reaction may be assumed complete when no further change 
or intensification of color is observed, but the yield is increased 
if the heating is continued for 2 hours after the time when no 
more acetic acid is evolved. This can be judged by the odor of 
the effluent nitrogen or by using moist pH test paper. For 
those products which are soluble in chloroform, completeness of 
reaction is not critical, but for those which are not, i t  is important 
as there is no convenient method of subsequent purification. 

______________ 

36.02.17 7.68 36.32.01 7.55 Yes 
33.11.9815.7 33.01.9316.6 Yes 
39.12.84 7.89 39.22.79 7.78 Yes 
43 .84 .03  6.46 43.84.12 6.53 Yes 
38 .82 .78  7.98 38 .92 .72  7.55 Yes 
36.72.69 6.77 36.62.75 6.83 Yes 
33 .82 .4914.1  33 .72 .3712.0  Yes 
34.12.45 7.17 34 .22 .58  7.37 No 
31 .61 .5120.0  32.21.7420.7 No 
29.11.3912.3 30.11.4012.8 No 
27.11.2925.7 27.71.3926.2 No 
25.21.2135.9 25.91.3136.4 No 

T A B L E  I 

R 

Analyses 

I 
1 Calculated I Found 1 Soluble 

~ 

Color 

Red 
Red 
Red 
Pink-red 
Red 
Brown 
Brown 
Brown 
Red 
Red 
Red 
Red 
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The melt is allowed to cool. It may then be handled in air. 
The excess of acid is extracted with diethyl ether. For those 
products which are soluble in chloroform (see Table I) recrys- 
tallization is carried out using this solvent and the product dried 
in vacuum at 100" for 12 hours. The yields vary from 70 to 
90% based on Re2(0zCCH3)4X2. 

Properties 

The orange Rez(OzCCH3)4C1z and brown Rez(0zCCH3)4Brz 
are air-stable and practically insoluble in common solvents. 
The properties of some arylcarboxylato compounds are sum- 
marized in Table I. 

The structures of these molecules, first postulated by Taha 
and Wilkinson,l with bridging RCOO groups and the ligands X 
lying at each end to give a linear XReReX chain have been 
confirmed in the case of Rez(OzCC6H,)4Clz by a recent x-ray 
s t ~ d y . ~  

References 

1. F. Taha and G. Wilkinson, J .  Chem. Soc., 1963, 5406. 
2. G. Rouschias and G. Wilkinson, ibid. ( A ) ,  1966, 465. 
3. F. A. Cotton, C. Oldham, and W. R. Robinson, Inorg. Chem., 6, 1798 (1966). 
4. M. J. Bennett, W. K. Bratton, F. A. Cotton, and W. R. Robinson, ibid., 

7, 1570 (1968). 

C. TETRAKIS(CARBOXYLATO)DIMOLYBDENUM(II) 
COMPOUNDS 

~ M o ( C O ) ~  + 4RCOOH -+ A!Io~(O~CR)~ 

Checked by Z. DORI* and G. WILKINSONt 

These compounds have been obtained by only one general 
route, viz., by the interaction of carboxylic acids with molybde- 

* Temple University, Philadelphia, Pa. 19122. 
t Imperial College of Science and Technology, London, S.W. 7, England. 
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num he~acarbonyl .~-~  Other products of the reaction have 
not been fully elucidated. The importance of carrying out all 
reactions strictly under nitrogen cannot be overemphasized. 
Yields suffer drastically if this is not done effectively. 

Procedure 

(a) Tetrakis(acetat0)dimolybdenum. A solution of 2 g. of 
molybdenum hexacarbonyl in ca. 100 ml. of glacial acetic acid 
and 10 ml. of acetic anhydride is refluxed at 140-150", under 
nitrogen. At the beginning the solution is yellow, but after 
12 hours yellow needles separate from the solution which 
becomes brownish. After approximately 20 hours the solution 
is cooled and the crystalline product is filtered in air, washed 
with ethanol.and ether, and dried in vacuum. Yield is 1.5 g. 
[37% based on MO(CO)~].  Anal. Calcd. for CsHI2OsMo2: 
C, 22.4; H, 2.83; Mo, 44.8. Found: C, 22.3; H, 2.68; Mo, 45.2. 

(b) Tetralcis(arylcarboxylato)dimolybdenum Compounds. Mo- 
lybdenum hexacarbonyl 4 g.) and 5 g. of acid are added to  150 
ml. of bis(2-methoxyethyl) ether. Part of the carbonyl is 
insoluble at room temperature. The diglyme should be dried 
over molecular sieves and freshly distilled, and the reaction is 
carried out under nitrogen. The importance of (a) thoroughly 
cleaning up  thc solvent and (b)  strictly excluding oxygen cannot 
be overemphasized. Yields suffer drastically when these pre- 
cautions are neglected. The solution is brought to reflux at 
150". During the refhxing, unreacted carbonyl sublimes from 
the reaction mixture into the condenser and from time to time 
must be pushed back into the reaction flask. After about 
15 minutes the solution becomes yellow, and after about an 
hour a yellow to orange solid begins to separate from the reac- 
tion mixture, leaving a brownish supernatant liquid. Aftcr 
4 hours the reaction mixture is coolcd to 25". The orango- 
yellow crystals are collected, washotl with nriliydrous cltEicv-, and 
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Calculated 

Compound 
% % % % % % %  
C H Mo C1 

MOZ (OOCC,H,), 4 9 . 6 2 . 9 8 2 9 . 3  . . . .  
nxoq (OOCC,II,~C~), 41 .41 .98  . . . . .  
Mo~(00CCsHapCH3)4 52 .23 .8626.2  . . . .  

_______________ 

MoZ(OOCCJI,pOCH,), 48.2 3.54 24.05 . . . . 

dried in vacuum at 70" for 24 hours. 
carried out under nitrogen. 
Analyses of representative products are given in Table 11. 

All these operations are 
Yields up  to 65% can be obtained. 

Found 

C H Mo 

49 .42 .9  28.6 

52.44.2125.2 
1 7 . 4 4 1 . 3 2 . 0 1  . . . . .  

48.6 3 .68  24 . O 1  

T A B L E  I1 

__ 

% 
c 1  

. . . . 
17.1 
. . . . 
, . . . 

Color 

_____ 

Yellow 
Orange 
Orange 
Yellow 

Properties 

The compounds are all yellow to  orange in color. They vary 
in stability and sensitivity to air. The acetate is a yellow solid 
which is practically insoluble in all common solvents. It slowly 
decomposes (turning green and finally dark blue) over a period 
of days to weeks a t  room temperature. Decomposition occurs 
even in an inert atmosphere and does not appear to be apprecia- 
bly faster in dry air. 

The arylcarboxylato compounds are more soluble, e.g., in 
CHCls and acetone, but the solutions are extremely air-sensitive. 
Except for the benzoate they are all very air-sensitive even as 
solids and must be handled entirely under nitrogen. 

References 
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2. E. Banriistcr and G .  Willtinson, Chcm. Ind., 1960, 319. 
3. E. W. Abcl, A. S i i i K h ,  I L I I ~  (i .  Willtinson, J .  Chcm. SOC., 1969, 3097. 
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16. TETRAKIS (ACETAT0)DIRHODIUM (11) AND 
SIMILAR CARBOXYLATO COMPOUNDS 

Suhrnitted by G. A. REMPEL,* P, LEGZDINS,* H. SMITH,* and G. WILKINSON* 
Checked by D. A. UCKOt 

The dimeric tetraacetato bridged Rh2(0COCH3) has been 
obtained by the interaction of ammonium chlororhodate(II1) 
or rhodium(II1) hydroxide with acetic a ~ i d , l - ~  Other (car- 
boxylato)rhodium(II) compounds were prepared directly in a 
similar way or from the acetate by e x ~ h a n g e . ~ ? ~  Halo car- 
boxylates (RCOO-, R = CC13, CF3, CH2C1, etc.) were prepared 
also by interaction of rhodium trichloride with the appropriate 
sodium salt in ethan01.~ The carboxylatcs are normally first 
isolated as a solvent adduct, e.g., [Rh(OCOR) z.CzH50H]2 but 
are easily converted to the unsolvated complex. The acetate is 
readily prepared in a modification of this last procedure. A 
similar method is satisfactory for the preparation of other lower 
carboxylates as well as halo carboxylates. 

Procedure 

Commercial rhodium trichloride trihydrate (5.0 g.) and 
sodium acetate trihydrate (10.0 g.) in glacial acetic acid (100 ml.) 
and absolute ethanol (100 ml.) were gently refluxed under 
nitrogen for an hour. 

The initial red solution rapidly becomes green, and a green 
solid is deposited. After cooling to  room temperature the green 

* Inorganic Chemistry Laboratories, Imperial Collcgc, London, S.W. 7, England. 
t Massachusetts Institute of Technology, Carril)ritlgc, Mass. 02139. 
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Copyright © 1972 by McGraw-Hill, Inc.
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solid is collected by filtration through a Buchner or sintered 
filter funnel. 

The crude product is dissolved in boiling methanol (ca. 600 
ml.) and filtered; after concentration to  about 400 ml. the solu- 
tion is kept in a refrigerator overnight. After collection of the 
crystals, the solution is concentrated and cooled to yield a further 
small amount of the methanol adduct [Rh(OCOCH3)2]2*2CH30H. 

The blue-green adduct was heated in vacuum at 45" for 
20 hours to yield emerald-green crystals of [Rh(OCOCH3)2]2. 
A check on the removal of methanol can be made periodically 
by taking an infrared spectrum. Overall yield is 3.2 g. (76% 
based on RhCl3.3H2O). Anal. Calcd. :C, 21.74;H, 2.74. Found: 
C ,  21.79; H, 2.99. 

Properties 

The copper-acetate-type structure has been shown by x-ray 
The complex is diamagnetic; it  is only slightly 

soluble in water, methanol, acetone, etc., giving green solutions. 
Adducts with a variety of ligands have been ~haracterized."~ 

The infrared spectrum has bands at 1580(s), 1425(s), and 
1355(m) in Nujol mulls [in hexachlorobutadiene 1445(s), 1415(s) 
and 1350(m)] due t o  carboxylate frequencies, as well as CH3 
absorption. 
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17. DODECACARBONYLTRIRUTHENIUM 
AND -TRIOSMIUM 

Submittcd by BRIAN F. 6. JOHNSON* and JACK LEWIS* 
Checked by C. W. BRADFORD1 

Dodecacarbonyltrirutheni~m~-~ and -triosmium5 have been 
known for many years. Originally formulated as dimetal nona- 
carbonyls, M2(CO) g, analogous to Fe2(CO) B, their molecular 
configurations have recently been determined by x-ray diffrac- 
tion studies and the trimeric formulation hl,(CO),, (M = Ru6v7 
or Os7) established. Although formally analogous to Fe3(CO) 128 

these compounds have a different structure which consists of a 
triangular arrangement of three metal atoms with four terminal 
carbonyl groups per metal. 

A. DODECACARBONY LTRIRUTIIENIUM 

Ru(CSH70,>, + HS + CO --f Rua(C0),, (+ reduction products) 

The early preparations gave poor yields but highly efficient 
methods have been developed recently. Optimum yields are 
obtained by the method of Pino and his coworkersg in which 
tris(2,4-pentanedionato)ruthenium(III) is treated with equi- 
molar mixtures of hydrogen and carbon monoxide a t  moderate 
temperatures and pressures ( 140-160", 200-300 atmospheres). 
However, this method is limited by the availability of the tris- 
(2,4-pentanedionato)ruthenium(III) which is obtained in only 
low yields from the readily available ruthenium trichloride 
hydrate. The method given here is a modification on the Pino 
method. 

* Department of Chemistry, University College London, Gower Street, London, 

t Johnson Matthey and Co., Ltd., Exhibition ( : r ( iur id~,  Wcnibley, Rliddlcscx, 
WC 1, England. 

England. 

Inorganic Syntheses, Volume XIII 
Edited by F. A. Cotton 

Copyright © 1972 by McGraw-Hill, Inc.



Dodecacarbonyltriruthenium and -triosmium 93 

Reactions are carried out in a 1-1. autoclave capable of with- 
standing pressures up to 300 atmospheres and operating at  
maximum temperatures of 300". All solvents must be freshly 
distilled before use and all manipulations carried out in a well- 
ventilated hood. It is essential that the sodium acetylacetonate, 
(2,4-pentanedionato)sodium, be freshly prepared before use. * 

Ruthenium trichloride hydrate (5 g.), sodium acetylacetonate 
(7 g.), and methyl alcohol (140 ml.) are placed in the autoclave 
in that order. Hydrogen (40 atmospheres) and carbon monoxide 
(120 atmospheres) (i.e., total initial pressures = 160 atmospheres 
a t  room temperature) are then added and the reaction mixture 
heated at  165" for 4 hours. When cold the pressure is released 
and the crude orange crystalline dodecacarbonyltriruthenium 
separated by filtration. The mother liquor is evaporated to 
dryness and any additional product extracted into hot hexane 
in a Soxhlet apparatus. The combined products are then 
recrystallized from hot hexane. t Yields vary slightly from 
preparation to preparation but are usually in the range 50-55 yo 
(2.5 g.). (The checker obtained a yield of 3.0 g., 70%.) 

B. DODECACARBONYLTRIOSMIUM 

3 0 ~ 0 4  + 24CO + O S ~ ( C O ) ~ ~  + 12C02 

Dodecacarbonyltriosmium was first obtained from the reac- 
tion of osmium(VII1) tetraoxide with carbon monoxide in the 
gas phase.j Yields by this method are low. More recently, 
Bradford and NyholmlO have obtaincd this carbonyl in high 
yields from the reaction of osmium tetraoxide with carbon 
monoxide in xylene under conditions of moderate pressure 
(128 atmospheres) and temperature (175"). The ' method 

* The checker reports the following procedure: 2.3 g .  NaOH as a 40% w/v 
aqueous solution was added to  6.74 g. acetylacetone (2,4-pentanedione) with 
stirring. The resultmt, white, virtunlly solid, mass was cooled and added to 
the ruthcriirirri tric:hloritl(!. 

t Thc c:hoc:kc:r roportA ( , l i t i t ,  IiKlit, p ~ t , r o l ( ~ i i i i  (60-80") can also be used and that 
n I~c~t,i,or.-looltiri~ produd ,  WII.H o l ) t , i t i i i i x l  I)y 11, fiirt,Iior roc:r.yMl.iillia2LtiOli from acetone. 
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Ru3(CO)lz 
O S ~ ( C O ) ~ ~  

described here involves the carbonylation of osmium tetraoxide 
in alcohols. By this method yields of up to 85% have been 
obtained. Other minor products from this reaction are the tri- 
nuclear derivatives H O S ~ ( C O ) ~ ~ ( O M ~ )  and O S ~ ( C O ) ~ ~ ( O M ~ ) ~ . ~ ~  

The reaction is carried out in a 100-ml. rocking autoclave* 
capable of withstanding pressures up to 300 atmospheres and 
operating at  maximum temperatures of 300". Owing to the 
toxicity of osmium compounds, all manipulations must be carried 
out in a well-ventilated hood. 

Osmium tetraoxide (2 g.) and methyl alcohol (30 ml.) are 
treated with carbon monoxide (75 atmospheres) a t  125" for 
12 hours. On cooling, the yellow crystals of dodecacarbonyl- 
triosmium, Osa(CO) 12, are separated by filtration, washed with 
acetone, and dried in vacuo (20", 10-1 mm. Hg). The sample 
thus obtained is usually sufficiently pure for most purposes. 
Further purification may be carried out either by sublimation 
a t  130" in liacuo mm. Hg) or by recrystallization from hot 
benzene. The yield of the decacarbonyl is usually in the range 
70-80% (1.63 g.). 

2060(s), 2030(s), 2010(m) 
2070(s), 2036(s), 2015(m), 2003(m) 

Properties 

Dodecacarbonyltriruthenium is an orange crystalline solid, 
soluble in a wide variety of organic solvents and volatile. 
Dodecacarbonyltriosmium is yellow, shows only limited solu- 

* Larger autoclaves containing a 100-ml. glass container may be employed 
The checker reports satisfactory results with a nonrocking as an alternative. 

autoclave. 

* J. Knight and M. J. Mays, Chem. Commun., 
1969, 384. 

T A B L E I Infrared Spectra of 
Ru,(CO)ln and Osa(C0)12 

( v c o )  cm.7 (n-hexane)* 
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I)ility in organic solvents, and is volatile. The infrared spectra 
of these carbonyls are similar but differ from that of Fe3(CO) 12 

(Table I) in that no bridging CO bands are observed in either 
1, t ic  solid state or in solution. These spectra are useful for 
i(1ontification and for checking purity. 
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18. D ODE C ACARB ON YLTETRAIRIDIUM 

NasIrCL + CO + Ir4(CO)12 

Suhmittcd by L. MALATESTA,* G. CAGLIO,* and M. ANGOLETTA* 
(:lisal~cd b y  E. M. KAISER? and M. F. FARONAS 

I lo( l(,c~~ic~~trhonyltetrairidium, Ir4(CO) 12, can be prepared in good 
, y i r d ( l H  I)y t h o  method used for the first time by Hieber and 
I ,ti,gtdIy I from iridium chloride or from an alkali hexachloro- 

* t ' i ! i i t ro  t l i  Htudio por In, siritcsi c la struttura dei composti dei metalli di trans- 
Irliitiiq iioi I w H i  N l i i l i  di ossidnsiorrc dcl C.N.R. and Istituto di Chimica Generale 
~ l~~ l l ' l l i r i v i~ rHi t , i~ ,  V i n  ( 1 .  V(vioziarr 21, 20133 Milan, Italy. 

1 '1'Iio ( ) h i ( ,  Slit(,o (Jiiiv(irHil,y, ( :ol i inrbu~,  Ohio 43210. 
t 'l'lw IliiivorHiby of A k r o n ,  h l t r i ) ~ ~ ,  Ohio 44304. 
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iridate(II1) or (IV) by the action of carbon monoxide at high 
pressure (250 atmospheres) and moderate temperature (100- 
150"). In  very low yield i t  can be obtained from hydrated 
iridium trichloride in a stream of carbon monoxide at atmos- 
pheric pressure at 150°.2 The recent method of Chaston and 
Stone,3 by which Ir4(CO)12 can be obtained from a methanol 
solution of the so-called "soluble iridium(II1) chloride" and 
carbon monoxide at 50-60 atmospheres, represents an improve- 
ment in comparison to the previous method but still requires a 
pressure vessel. Also the preparation of the soluble iridium 
chloride is quite time-consuming. 

The following procedure by which sodium hexachloroiri- 
date(III), Na3IrCI6, is transformed directly, under appropriate 
conditions, into dodecacarbonyltetrairidium, Ir4( CO) 12, has 
many advantages. It uses as starting material the readily 
available sodium hexachloroiridate(IV), Na2IrCl6. It gives 
rather high yields, and it does not require high pressure or 
special equipment. 

Procedure 

Caution. The reaction must  be carried out in a well-venti- 
lated hood. 

The quantity of sodium hexachloroiridate(IV), obtained 
from the complete consumption of 1.7 g. (8.85 mmoles) iridium 
metal in the manner described el~ewhere,~ or 5.0 g. of the com- 
mercial hexahydrate is dissolved in 100 ml. of ethanol and the 
solution immediately filtered. A solution of 1.4 g. (9.4 mmoles) 
of sodium iodide in 50 ml. ethanol is then added to the solution. 
The fast reduction of the iridate(1V) ion, [IrCl6I2-, to iridate- 
(111), [IrC1,J3-, by iodide ions is a well-known r e a ~ t i o n ; ~  when 
it is carried out under these conditions, the sodium hexachloro- 
iridate(II1) precipitates almost quantitatively and can easily 
be filtered, washed with ethanol, and dried a t  100". 
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The hexachloroiridate(II1) * (ca. 4.8 9.) is now transferred to a 
250-ml., three-necked flask, and 7.9 g. (53 mmoles) sodium 
iodide, 100 ml. of methanol, and 5 ml. of water are added. 
The flask is equipped with a reflux condenser, a magnetic 
stirring bar is introduced, and one side neck is attached to a 
source of carbon monoxide. The gas leaves the flask through 
the condenser which is connected to  a bubble counter. The 
other side neck is stoppered. The flask is first flushed with 
carbon monoxide, with vigorous stirring, and then the gas 
stream is reduced so that about one bubble every 2 seconds 
passes through the bubble counter. The flask is then gently 
heated on an electric heating mantle, so that the methanol 
refluxes very slowly. 

In  about 4 hours all the insoluble hexachloroiridate(II1) is 
transformed into a soluble compoundt and a red-brown solution 
is obtained. The heating is not suspended, and the current of 
CO is increased from one bubble every 2 seconds to about two 
bubbles every 1 second and maintained at that rate until the 
solution is cold. Now 2.9 g. (17.7 mmoles) of finely ground 
potassium carbonatel is added, and the solution is vigorously 
stirred at room temperature for about 40 hours, maintaining 
the current of CO, and then it is filtered in an inert atmosphere 
(nitrogen or carbon monoxide). The filtrate is set aside under 
nitrogen. 

The filtered solid, mainly Ir4(C0) 12 with some water-soluble 

*The  product so obtained may contain some sodium chloride and water; 
the purity can be checked by weighing about 100 mg. of the solid in a platinum 
crucible and heating the crucible in an oven a t  about 1400" to constant weight. 
The residue is pure iridium. 

t The exact nature of this compound is complex and not known with certainty. 
It may be a carbonyliodoiridate such as Na[IrCOIb], Na[Ir(C0)214], or Na[Ir- 
(cO)J2], or a mixture of the three. The essential fact is that i t  is soluble in 
ethanol and it is not affected by solid potassium carbonate a t  room temperature. 

$ Without addition of K,CO,, reaction proceeds slowly to give [Ir(CO)zIzl-, 
but no carbonyl is obtained. In  the presence of K,CO,, [Ir4(CO)1~H]- is probably 
formed in the early stages. This is then slowly converted into Ir4(CO)1?, when 
the basicity of the solution is lowered by the reaction of CO with hydroxide ion: 
CO + OH- + K + +  HCOOK. 
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impurities, is washed four times with 2 ml. water, then twice 
with 10 ml. ethanol, and finally with hexane and dried at 50". 
The yields vary from 1.8 to 1.9 g. (74-78%) with respect to the 
original iridium. The solution contains a fraction of the original 
iridium as soluble alkali pentadecacarbonylhexairidate [Ir6- 
(CO) 15]2-, which can be recovered as the tetraethylammonium 
salt by adding 500 mg. of tetraethylammonium chloride to the 
solution and treating it with about the same volume of water. 
The brown crystalline solid (about 0.2 g.) is filtered in a nitrogen 
atmosphere, washed with water, and dried. It must be kept 
in inert atmosphere or in vacuum. 

Properties 

Dodecacarbonyltetrairidium can be very slowly sublimed in a 
carbon monoxide stream a t  about 120°.* Sublimed carbonyl 
melts at 210" if rapidly heated, but when heated slowly it 
begins to decompose at about 170". The melting point is there- 
fore not very significant. 

The sublimed compound is a crystalline canary-yellow sub- 
stance; the crude product may vary in color from bright to 
creamy yellow, but since no differences in the analytical data 
and in i.r. spectrum between the sublimed substance and the 
crude product are observed, the sublimation is not recom- 
mended. Dodecacarbonyltetrairidium is only very slightly 
soluble in all solvents. A saturated methylene chloride solution 
shows an i.r. spectrum6 which has bands at 2067 and 2027 cm.-l 
(l-em. cell, Perkin Elmer 621). The i.r. spectrum of the solid 
(KBr pellets) has bands at 2084, 2053, and 2020 ern.-'. The 
carbonyl is inert to air and water. It reacts with alkali hydrox- 
ides and cyanides, most rapidly in methanol or ethanol suspen- 
sion, as well as with met,allic sodium in tetrahydrofuran, giving 

of crude product. 
* In  24 hours about 3-4 mg. sublimed product could be obtained from 50 mg. 
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a series of polynuclear carb~nyl i r ida tes~ .~  such as [Irg(C015]2-, 
[Ir(CO)4]-, and the known [Irq(CO)llH]- and [Ir4(Co)l~]2-. 
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19. DISODIUM HEXAALKOXY-OCTA-pc,- 
CHLORO-HEXAMOLYBDATES 

Submitted by PIER0 NANNELLI* and B. P. BLOCK* 
Checked by D. LISSY? and B. B. WAYLAND? 

Derivatives of molybdenum(I1) chloride, in which the ligand 
chloride ions are replaced by alkoxy groups, can be readily pre- 
pared by treatment of molybdenum(I1) chloride with excess 
sodium alkoxides in alcohol. The resulting crystalline products 
are sodium salts in which the anion consists of the octachloro- 
hexamolybdenum(I1) group [MoeCls]*+ surrounded by six 
ligand alkoxide ions. The bromide analog can be prepared 
starting from molybdenum(I1) bromide and alcoholic sodium 
alkoxides by a similar procedure. Presumably, molybde- 
num(I1) iodide reacts in the same way. 

In  some cases alcohol interchange is a convenient preparative 
method. As an example of this procedure, the preparation of 

* Technological Center, Pennsalt Chemicals Corpora,tion, King of Prussia, Pa. 

t University of Pennsylvania, Philadelphia, Pa. 19104. 
19406. 
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disodium hexaalkoxy-octa-p3-chloro-hexamolybdates, from the 
corresponding methoxide and ethanol, is presented. 

Because of their reactivity these derivatives are useful inter- 
mediates in the synthesis of a variety of compounds containing 
the halomolybdenum(I1) cluster. Individual alkoxy derivatives 
can be synthesized in less than 18 days. 

A. DISODIUM OCTA-/.LS-CHLORO- 
HEXAMETHOXYHEXAMOLYBDATE(I1) 

(Mo&ls)CI2C14/2 + 6NaOCH3 -+ Naz[(Mo6Cls)(OCH3)6] + 4NaC1 

Procedure 

During all operations care should be taken to  avoid atmos- 
pheric moisture. A continuous, slow stream of dry nitrogen 
through the reaction flask is recommended. The methanol used 
in the experiment should be anhydrous, preferably distilled 
over magnesium methoxide, and the ether dried with fresh 
sodium wire. 

A 500-ml., three-necked flask is equipped with a magnetic 
stirring bar, a 250-ml. dropping funnel with side arm, and a 
reflux condenser with a Drierite-filled tube attached to  it. 
Molybdenum(I1) chloride2 (60 g., 59.9 mmoles) is placed in the 
flask together with 50 ml. of methanol. A solution of sodium 
methoxide in methanol is prepared directly in the dropping 
funnel by gradually adding a total of 11.5 g. (0.5 mole) of small 
pieces of sodium to 150 ml. of methanol in the funnel. The 
solution is then added to  the slurry of molybdenum(I1) chloride 
and methanol over a 2-3-minute period. The resulting yellow- 
orange suspension, while being stirred magnetically, is heated 
to reflux and then filtered hot through a fritted glass of medium 
porosity in order to remove the precipitated sodium chloride. 
Cooling the clear solution in an ice bath causes the methoxide 
derivative to  separate as a yellow crystalline compound. After 
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about 2 hours the precipitate is collected on a fritted glass of 
coarse porosity and washed with two 50-ml. portions of ether- 
methanol solution (9 : l  ratio), and then with ether. The 
product is dried at 50" under vacuum. Yield is ca. 38 g. (58%). 
Anal. Calcd. for Naz[(Mo6Cls)(OCH3)s]: C, 6.60; H, 1.66; 
C1, 25.99; Mo, 52.74; Na, 4.21. Found: C, 6.56; H, 1.77; 
C1, 25.8; Mo, 52.5; Na, 4.1. 

B. DISODIUM OCTA-/.L~-CHLORO- 
HEXAETHOXYHEXAMOLYBDATE(I1) 

[fi!b&1&12C14/2 + 6NaOCZHs + Naz[(Mo6C18) (OC2H&] + 4NaC1 

Procedure 

Absolute ethanol* (175 ml.) is placed in a 500-ml., three- 
necked flask equipped with a gas inlet tube and a reflux con- 
denser protected with a Drierite-filled drying tube. Small 
pieces of sodium (11.5 g., 0.5 mole) are then carefully added, 
and eventually the reaction mixture is heated in order to speed 
up dissolution of the sodium. A slow stream of dry nitrogen is 
passed through the flask during the entire reaction. After all 
the sodium has dissolved, the resulting solution of sodium ethox- 
ide is cooled to room temperature. Then, over a 2-3-minute 
period, it is added with stirring to a slurry of 60 g. of niolybde- 
num(I1) chloride2 (59.9 mmoles) in 50 ml. of absolute ethanol 
contained in a separate 500-ml., three-necked flask equipped 
with a mechanical stirrer and a reflux condenser to  which is 
attached a Drierite-filled drying tube. In  order to avoid 
exposure of the reagents to atmospheric moisture, the addition 
is conveniently made through an elbow connecting the two 
flasks while a stream of nitrogen is passed through the entire 

* Note. If commercial absolute ethanol i s  used, it i s  recommended that the 
residual water be removed by treatment first with sodium and then with ethyl phthalate, 
with subsequent distillation. 
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system. Atmospheric moisture should also be avoided during 
all subsequent operations, preferably by working under nitrogen. 
The resulting yellow-orange suspension is stirred at 40-50" for 
one hour and then filtered through a fritted glass of medium 
porosity. Upon addition of 600 ml. of anhydrous ether yellow 
crystals of the ethoxide derivative separate. Separation of the 
product is favored by occasional scratching of the walls of the 
container. After about 2 hours the precipitate is collected on a 
fritted glass of coarse porosity and washed with two 50-ml. por- 
tions of ether-ethanol solution (9: 1 ratio) and then with ether. 
The compound is dried under vacuum a t  50". Yield is 39.5 g. 
(55.9%). Anal. Calcd. for N ~ , [ ( M O ~ C I , ) ( O C ~ H ~ ) ~ ] :  C, 12.25; 
H, 2.57; C1, 24.12; Mo, 48.96; Na, 3.91. Found: C, 12.4; 
H, 2.47; C1, 24.6; Mo, 48.2; Na, 4.0. 

C. DISODIUM OCTA-pa-CHLORO- 
HEXAETHOXYHEXAMOLYBDATE(I1) 

(By Alcohol Interchange) 

Naz[ (a406C18) (OC&)6] + 6CzH6OH --$ 

Naz[(iVI06Cl8) (OCzHs)6] + 6CH30H 

Procedure 

The absolute ethanol used in this experiment should be freed 
from residual water as described in See. B. Both toluene and 
ether are dried with fresh sodium wire. 

A 500-ml., three-necked flask is equipped with a magnettic 
stirring bar, gas inlet tube, and a vacuum-jacketed fractionation 
column, 48 cm. long and 2.5 em. wide, packed with glass helices, 
to which is attached a distilling head. The flask is then charged 
with 10.8 g. of Na2[(Mo6C18)(OCH,)s]* and 250 ml. of absolute 
ethanol. The resulting solution, while being stirred mag- 
netically, is heated to reflux by means of an oil bath held a t  
140-150". Nitrogen (about 30 bubbles per minute) is passed 
through the apparatus during this and subsequent operations. 

* See Sec. A of this procedure. 
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After a one-hour period of reflux, distillation is started at the 
rate of about 20 ml. of distillate per hour, until a total of 170 ml. 
of liquid has been collected. To  the residual solution is added 
200 ml. of toluene, and the alcohol is distilled off completely 
as an azeotrope with toluene. Eventually a yellow suspension 
is obtained. The yellow crystalline solid is collected on a 
fritted glass of medium porosity and washed with ether. 
Care should be taken not to expose the compound to atmos- 
pheric moisture. The compound is dried under vacuum at 
50°, giving a yield of 11.1 g. (95.4%). Anal. Calcd. for Naz- 
[(MOsCls)(OC&)6]: C, 12.25; H, 2.57. Found: C, 12.81; 
H, 2.81. 

Properties 

Both Naz[(Mo6C18)(OCH3)6] and Nae[(MosC1E)(OCzHs)6] are 
yellow, crystalline, diamagnetic solids, very soluble in alcohols 
and insoluble in inert so1vents.l They are readily soluble in 
water with hydrolysis of the alkoxy groups. Complete hydroly- 
sis by exposure t o  the atmospheric moisture, however, may 
require up to 1 week. Treatment with hydrochloric acid gives 
crystalline (H30)~[(Mo6C18)ClF]~6Hz0, from which the starting 
[ M O ~ C ~ ] C ~ ~ C I ~ , ~  can be obtained upon heating under v a c ~ u m . ~  
Mixed molybdenum(I1)  halide^,^ [Mo6C18]Br2Br412 and [Mo6C18]- 
I z I ~ / ~ ,  can be prepared by heating under vacuum the correspond- 
ing (H30)z[(Mo6Cls)Br6].6H20 and (H30)2[(Mo6Cls)IG].6Hz0, 
obtained upon treatment of the alkoxides with hydrobromic or 
hydriodic acid, respectively. The compounds are decomposed 
by strong bases to hydroxides of molybdenum in higher oxida- 
tion states. 
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20. TRIARYL PHOSPHITE COMPLEXES OF COBALT, 
NICKEL, PLATINUM, AND RHODIUM 

Submitted by J. J. LEVISON* and S. D. ROBINSON* 
Checked by J. G. VERKADEt 

Organophosphine derivatives of the group VIII metals are fre- 
quently prepared by direct reaction of the phosphine ligand with 
a metal salt in refluxing alcoholic media.l Attempts to prepare 
triaryl phosphite derivatives by similar routes have usuaIIy been 
frustrated by solvolysis of the ligands and formation of unisolable 
or uncharacterizable products. These preparative difficulties 
have resulted in the relative neglect of this group of potentially 
valuable ligands. However the data that are available in the 
literature suggest that  the synthesis of a wide range of triaryl 
phosphite complexes containing metal hydride groups2 or metals 
in low formal oxidation states3 may be possible. I n  this context 
i t  is interesting to  note the close parallel, now becoming appar- 

* University of London, King’s College, Strtnd, London, W.C. 2, England. 
f Iowa State University of Science and Technology, Ames, Iowa 50010. 
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ent, between the ligand properties of triphenyl phosphite, 
P(OPh)3,2r3 and phosphorus trifluoride, PF3.* 

The preparations described here are developed from published 
work by Malatesta et al.5 and from more recent studies in the 
contributors’ own laboratory. The cobalt and nickel complexes 
are prepared by reduction of the corresponding metal nitrates 
with sodium tetrahydroborate in the presence of excess ligand, 
whereas the syntheses of the rhodium and platinum complexes 
involve simple ligand exchange processes. The preparative 
routes are suitable for use with triphenyl- or p-substituted 
triphenyl phosphites; reactions involving o- or m-substituted 
triphenyl phosphites give much reduced yields of products 
which are difficult to crystallize and are very air-sensitive. 
These features probably reflect the unfavorable stereochemistry 
of the o- and m-substituted ligands. 

The cobalt complexes described here, together with the tri- 
ethyl phosphite analog,6-8 are the only examples of simple 
cobalt phosphite hydride complexes reported to  date and were 
the first examples of metal hydrides stabilized by phosphite 
ligands. 

Tetrakis(triary1 phosphite)nickel(O) complexes are well known 
and are among the most stable nickel(0) derivatives to be 
r e p ~ r t e d . ~  They have previously been synthesized by reac- 
tion of triaryl phosphites with bis(cyc10pentadienyl)nickel~ 
and nickel tetracarbonyl.1° Syntheses involving reduction of 
nickel(I1) salts with various reducing agents including organo- 
aluminum compoundsZ1 and sodium dithionite12 have also been 
used. Tetrakis (trialkyl phosphite) nickel(0) complexes have 
been prepared by several of these routes and by reaction of 
nickel(I1) salts with potassium graphite13 or aqueous triethyl- 
amine14 in the presence of excess trialkyl phosphite. Tris- and 
bis(triary1 phosphite)nickel(O) complexes have been synthesized 
by treatment of bis(acrylonitrile)nickel(O) with stoichiometric 
amounts of the triaryl phosphite.15 The route described below 
is the most convenient available for the preparation of tetrakis- 
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(triaryl phosphite)nickel(O) complexes but is not suitable for 
the preparation of their trialkyl phosphite analogs. 

Tris- and tetrakis(triary1 phosphite)platinum(O) complexes 
have been prepared by reduction of platinum(I1) phosphite 
derivatives with h y d r a ~ i n e . ~  The tetrakis complexes have also 
been prepared by ligand exchange processes! and the synthesis 
described here is based on this latter procedure. The chemistry 
of platinum phosphite complexes has not been extensively 
studied. 

The hydridotetrakis(tripheny1 phosphite)rhodium complex 
described below is the first example of a rhodium hydride com- 
plex stabilized by phosphite ligands.2 

The triaryl phosphite complexes, with the possible 
exception of the plat inum deriva,tive, appear to interact with oxygen 
when prepared or manipulated in the presence of air. T h i s  inter- 
action, which leads to large jluctuations in melting behavior, * does 
not cause any  other apparent changes. However, in view of these 
observations, i t  i s  recommended that all preparations and subsequent 
manipulations of the complexes be performed in a nitrogen-filled 
dry-box. 

Small fluctuations in melting behavior appear t o  be an 
intrinsic property of the complexes even when they are prepared 
and purified in the absence of air. Thus, melting-point data 
are of no value as a criterion of identity or purity for these 
complexes and are therefore not recorded below. 

Note .  

A. HYDRIDOTETRAKIS(TR1PHENYL PHOSPHITE)COBALT(I) 

NaBHa 

ethanol 
Co(N03)2'6H20 + 4P(OPh)3 - [CoH(P(OPh)3}4] 

w Note .  See the recommendation in the note above concerning 
the use of inert atmosphere. 

* The contributors thank the checker for valuable observations concerning the 
melting behavior of these complexes. 
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Procedure 

Triphenyl phosphite (15.5 g., 0.050 mole) is added to a solu- 
tion of cobalt(I1) nitrate hexahydrate (2.91 g., 0.010 mole) in 
ethanol (60 ml.). Sodium tetrahydroborate (1.0 g.) is dissolved 
in warm ethanol (25 ml.) and the solution cooled rapidly to  
room temperature. The sodium tetrahydroborate solution is 
added dropwise over a period of 10 minutes to the well-stirred 
cobalt nitrate solution. The purple color of thc cobalt(I1) 
salt rapidly discharges, and a pale yellow precipitate deposits. 
After stirring for a further 10 minutes the product is filtcred off, 
washed with ethanol, and dried in vacuo. Yield is 11.0 g. 
(85%). The product may be further purified by dissolving in 
the minimum volume of benzene and reprecipitating by drop- 
wise addition of methanol. Anal. Calcd. for C72HF1C0012P4: 
C, 66.48; H, 4.74; P, 9.52. Found: C, 66.60; I-I,4.47; P, 9.21%. 
The tri-p-tolyl phosphite complex can be prepared (85% yield) 
by an analogous route. Anal. Calcd. for C84H85C0012P4: 
C, 68.64; H, 5.84. Found: C, 68.74; H, 5.92y0. 

B. TETRAKI S (TRIPHENY L PHO SPHITE) NICKEL (0) 

NaBH? 

ethanol 
Ni(N02)2.6H20 + 4P(O1’11)~ - [Ni{P(OPh)3]4] 

Note. See the recommendation in the note on page 107‘ 
concerning the use of inert atmosphere. 

Procedure * 
The procedure is identical with that of See. A except for 

the replacement of nickel(I1) nitrate hexahydrate for the 
cobalt salt. [The formula weights of CO(NO, )~ .~H,O and Ni- 
(N03)2*6Hz0 are virtually identical.] Yield is 12.0 g. (92%). 
Further purification of the complex may be readily effected by 
reprecipitation from benzene solution using mc:thanol. Anal. 

* Compare synthesis 21D, page 116. 
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Calcd. for C72H60Ni012P4: C, 66.53; H, 4.65; P, 9.54. Found: 
C, 66.80; H, 4.62; P, 9.27%. The tri-p-tolyl phosphite can be 
prepared (80% yield) by an analogous route. Anal. Calcd. 
for Cs4H84Ni012P4: C, 68.70; H, 5.77. Found: C, 69.06; 
H, 5.83%. 

C. TETRAICIS(TR1PHENY L PIIOSPHITE)PLATINUM(O) 

benzene 
Pt(PPh3)d + 4P(OP11)3 [PtfP(OPh)3]4] + 4PPh3 

Note.  See the recommendation in  the note on page 107 
concerning the use of inert atmosphere. 

Procedure 

A solution of tetraliis(tripheny1phosphine)platinum (1.24 g., 
0.001 mole) [Inorganic Syntheses, 11, 105 (19SS)l in benzene (10 
ml.) is added to a solution of triphenyl phosphite (1.55 g., 0.005 
mole) in benzene (5 ml.). The resultant pale-colored solution 
is filtered, diluted with n-hexane (25 ml.), and cooled overnight 
at 5". The white crystalline product is filtered off, extracted 
with warm n-hexane (25 ml.) t o  remove coprecipitated tri- 
phenylphosphine, and dried in  vucuo. Yield is 1.2 g. (84%). 
The product may be further purified by dissolving in the mini- 
mum volume of benzene and reprecipitating by addition of 
n-hexane (m.p. 148-154"). Anal. Calcd. for C72H60012P4Pt: 
C, 60.20; H, 4.22; P, 8.63. Found: C, 60.45; H, 4.37; P, 8.35%. 

D. HYDRIDOTETRAKIS(TR1PHENY L PHOSPHITE)RHODIUM(I) 

ethanol 
RhH(CO)(PPh3)3 + 4P(OPh)3 - 

[RhHjP(OPh)3]y] + 3PPh3 + CO 

Note. Scc the rccommen,d(x.ti'on in  the note on page 107 con- 
ccrning the use of inert atwimphcrn. 



110 Inorganic Syntheses 

Procedure 

Triphenyl phosphite (1.55 g., 0.005 mole) is added to a sus- 
pension of carbonylhydridotris(triphenylphosphine)rhodium16 
(0.92 g., 0.001 mole) in ethanol (30 ml.), and the mixture is 
heated gently until the complex is dissolved and a pale yellow 
solution formed. The hot solution is filtered to  remove any 
particles of unreacted complex, and the filtrate is cooled slowly 
to room temperature and thence at 5" overnight. (Rapid 
cooling or use of higher concentrations of complex results in 
deposition of an intractable oil.) The resultant pale yellow 
solid is filtered off, washed with ethanol and then n-hexane (to 
remove triphenylphosphine), and dried in vacuo. The complex 
is purified by dissolving in the minimum volume of cold methyl- 
ene chloride and precipitating by dropwise addition of methanol. 
Formation of crystalline product is greatly aided by careful 
scratching of the sides of the recrystallization vessel with a 
spatula. Yield is 0.60 g. (45%). Anal. Calcd. for CWH~I-  
OI2P4Rh: C, 64.30; H, 4.50; P, 9.23. Found: C, 63.63; H, 4.48; 
P, 9.07%. 

Properties 

The cobalt and rhodium complexes are pale yellow in color, 
whereas those of nickel and platinum are white. The rhodium 
derivative decomposes in the presence of air, but the other com- 
plexes apparently remain intact for prolonged periods. How- 
ever, as noted on page 107, significant changes in the melting 
behavior of the cobalt, nickel, and rhodium complexes following 
brief exposure to  air suggest that  some form of interaction with 
oxygen or moisture is in fact occurring. Osmometric molecular- 
weight data indicate that the cobalt and nickel complexes are 
undissociated in benzene solution, whereas those of rhodium 
and platinum apparently undergo cxtcmivc: ligand dissociation 
under similar conditions. (Nlolooular woighlH: [Pt ( P(OPh)8} dl 
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requires 1435, found: 561 ; [RhH{ P(OPh)3]4] requires 1345, 
found: 677.) The complexes, with the possible exception of 
the rhodium derivative, are much less reactive than their tri- 
phenylphosphine analogs, where these are known, and do not 
readily undergo substitution reactions. The cobalt derivatives, 
by comparison with other known cobalt hydride complexes, are 
remarkably stable. 

X-ray data suggest that  the complexes [CoH{P(OPh),},], 
[Ni{P(OPh)3}4], [Pt{P(OPh)3)4],  and [RhH(P(OPh)3)4] are iso- 
morphous. A tetrahedral arrangement of phosphite ligands 
about the metal atom is to be expected for the nickel(0) and 
platinum(0) complexes and on the evidence of the x-ray data 
appears highly probable for the cobalt and rhodium hydride 
derivatives also. The hydride ligand in the latter complexes is 
probably located along a C3 axis of the molecule as postulated 
for the related complex [CoH(C0)4]. 

No vM-II stretching vibrations can be detected in the infrared 
spectra of the cobalt and rhodium complexes, but the presence 
of hydride ligands is confirmed by the appearance of a quintet 
pattern in the high-field n.m.r. spectra of these derivatives. 
The apparent equivalent coupling of the hydride ligand t o  the 
four 31P nuclei has been tentatively explained in terms of a 
nonrigid structure.2 
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21. TETRAKIS(TR1ETHYL PHOSPH1TE)NICKEL (0), 
PALLADIUM(O), AND PLATINUM (0) COMPLEXES 

Submitted by MAX MEIER* and FRED BASOLO* 
Checked by W. R.  KROLL,? D. MOY,-I- and  M. 6. ROMhNELLIt 

A. TETRAKI S(TR1ETHYL PHOSPHITE)NICICEL(O) 

Procedure 

The triethyl phosphite (Eastman) used in these preparations 
was distilled in a vacuum prior to use, b.p. 51” at 13 mm. Hg. 
The preparations were carried out in air; an inert atmosphere 
was not necessary. 

The nickel(0) compound can be prepared by the method of 
Vinal and Reyno1ds.l Nickel(I1) chloride hexahydrate (5.0 g., 
0.021 mole) is dissolved in 100 ml. of methanol contained in a 
250-ml. round-bottomed flask. A stirring bar is placed in the 
flask, and it is put in an ice-water bath standing on a magnetic 
stirrer. The solution is allowed to cool with stirring for 10 
minutes, and 18 ml. of triethyl phosphito arc then addcd over a 

* Department of Chemistry, Northwestern Univor~iLy, Evariston, Ill. 60201. 
t Esso Research and Engineering C O I I I ~ I L I I ~ ,  (:or.l)oriit(S I iwwtrvh IJttl)or.iLt,orics, 

Linden, N.J. 07036. 
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period of 1 minute. Upon addition of P(OCzH5)3 the solution 
turns dark red. With further cooling and vigorous stirring 
diethylamine is added dropwise from a syringe containing 5 ml. 
of (C2HJ2NH over a period of 10 minutes. After about half 
the diethylamine has been added, white crystals of [Ni { P- 
(OC2H5),} dl appear. Addition of diethylamine is stopped whm 
the color of the liquid has faded to pink. [Further addition of 
diethylamine, until the liquid phase is yellow or green will cauw 
contamination of the product with nickel(I1) compounds.] 1‘11(1 
crystals are collected on a glass frit by means of a suction filter. 
and washed with methanol which has previously been coolcd i t 1  

an ice-water bath. The washing is continued until the produd! 
is colorless. The product is transferred quickly to a drying 
vessel (e.g., a 50-ml. round-bottomed flask) which is connectvcl 
to a liquid-nitrogen-cooled trap and a vacuum pump (our purrip 
was capable of producing a vacuum of mm. Hg) and dried 
for 5 hours at room temperature. The yield is typically nl)o11t 
40% using methanol as solvent. The checkers roport, tIir~A~ 
using acetonitrile yields of 55-60% can be obtained. A r r t t l .  

Calcd. for C24H,0012P,Ni: C, 39.83; H, 8.30. Found: C:, 40.22; 
H, 8.58. 

Properties 

Tetrakis(triethy1 phosphite)nickel(O) can be handlod in air. 
It is best stored in an evacuated and sealed tube. On c!xpon~rcr 
to air for several hours the substance turns grccn. Tllc (:om- 
pound is insoluble in water, somewhat solublc in methanol, s n t l  
very soluble in hydrocarbons. It does not dissociatc in Iiytlro- 
carbon solutions. 
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Procedure 

A concentrated solution of potassium tetrachloropalladate (11) , 
K2PdCI4 (0.330 g., 0.001 mole), is prepared by dissolving i t  in a 
minimum amount (ca. 2.5 ml.) of water at room temperature. 
A methanol (3 ml.) solution of triethyl phosphite (0.831 g., 
0.005 mole) is placed in a test tube containing a small stirring 
bar. The triethyl phosphite (Matheson, Coleman and Bell) 
was distilled before use and kept under nitrogen (b.p. 77"/25 
mm). IE i s  very important that the amount of triethyl 
phosphite not exceed the stoichiometrically required 0.005 mole. 
The test tube is placed in an  ice-water bath standing on a mag- 
netic stirrer, and the aqueous solution of chloropalladate is 
added with stirring.* A yellow solution results. If two liquid 
phases are formed, methanol is added dropwise until the solution 
is homogeneous. The yellow solution is cooled with stirring 
for 2 minutes, and then 0.21 ml. of diethylamine is added to 
the solution from a small syringe, with further cooling and 
vigorous stirring. (The tip of the needle is immersed in the 
solution.) A white precipitate forms immediately, which is 
collected on a glass frit and washed quickly with a few milliliters 
of water. The product is rapidly transferred to a drying flask 
which is connected to a liquid-nitrogen-cooled trap and a 
vacuum pump and dried for one hour at room temperature, then 
for an additional 3 hours at 0". The compound melts with 
decomposition at 112" under nitrogen, but a t  much lower tem- 
peratures in air. Anal .  Calcd. for C24H60012P4Pd: C, 37.35; 
H, 7.87. Found: C, 36.48; H, 7.84. 

rn Note.  

Proper ties 

The dry product, [Pd{ P(OCzH5)3 1 4], containing no adsorbed 
triethyl phosphite is air-sensitive, turning black on exposures 

carried out in an apparatus flushed with nitrogcn. 
* B Note .  The checkers recommend that the entire prcyarativc procedure be 
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to air exceeding a few minutes. It should be handled in an inert 
atmosphere (glove box or a large beaker filled with argon). It is 
stored in an evacuated and sealed tube. The complex is insolu- 
ble in water, soluble in methanol, and very soluble in hydrocar- 
bons, in which it does not dissociate. 

C. TETRAICI S (TRIETHY L PHO SPHITE) PLATINUM (0) 

KzPtC14 + 5P(OCzH5)3 + 2KOH- 
[Pt{P(OCzHs)a]4] + (C2HsP)sPO + 4KC1 + HzO 

Procedure 

The platinum(0) compound can be prepared by a method 
analogous to that of Malatesta and Cariello.2 Powdered potas- 
sium hydroxide* (0.350-0.400 g., 0.006 mole) is dissolved in 
10 ml. of methanol contained in a large test tube (about 1 in. 
diameter). To this is added triethyl phosphite (2.5 g., 0.015 
mole) and a small stirring bar, and then the test tube is placed 
in an oil bath kept at 75" by a heater-stirrer plate. When the 
solution in the test tube has reached the temperature of 60°, a 
solution of potassium tetrachloroplatinate(II), K2PtC14 (1.24 g., 
0.003 mole), in about 20 ml. of water is slowly added with stirring. 
Immediately or within a few minutes, colorless crystals separate. 
The crystals are collected on a glass frit, washed with a few 
milliliters of an ethanol-water mixture (50% by volume) and 
dried under vacuum for 4 hours a t  room temperature. Yields 
vary from 0.45 to 0.58 g. (52-67%), m.p. 114". Anal. Calcd. 
for Cz4HsoOlzP4Pt: C, 33.53; H, 7.03. Found: C, 31.0; H, 7.00. 

Properties 

The complex [Pt(P(OC2H,)3}4] can be handled in air. It is 
On exposure to  air stored in an evacuated and sealed tube. 

* Thc weight of potassium hydroxide depends on the assay of the material 
The weight range given is availablc: 0.000 mole of 100% KO11 weighs 0.337 g. 

reprcscn1,utivo. 
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exceeding several hours the substance turns black. The com- 
pound is insoluble in water, somewhat soluble in methanol, and 
very soluble in hydrocarbons in which it does not dissociate. 

D. TETRAICI S (TRIPHENY L PHO SPI-IITE) NICRE L( 0) 

Procedure* 

This nickel(0) compound can be prepared by the method of 
Olechowski, McAlister, and Clark.3 Dicyclopentadieneylnickel, 
(C5H5)2Ni (5.0 g., 0.027 mole), and triphenyl phosphite (50 g., 
0.16 mole) are placed in a three-necked flask equipped with a 
thermometer, a nitrogen inlet, and a dropping funnel on which 
the nitrogen outlet is attached. Thc flask is heated in an oil 
bath to go", and a green solution is formed initially. If not all 
of the nickelocene dissolves, more triphenyl phosphite is added 
from the funnel. The solution turns brown in the course of the 
reaction. After 2 hours of heating the solution is allowed to 
cool to 50", and the nitrogen inlet is disconnected. The color- 
less product is precipitated by adding acetone. The product is 
collected on a glass frit, washed with acetone, and dried in a 
vacuum. Yields are typically 96%. Anal. Calcd. C, 66.53; 
H, 4.65. 

The checkers found that use of a commercially available solu- 
tion of nickelocene in toluene (ca. 0.27 M) is less desirable, but 
is admissible with certain modifications of the above procedure. 
If such a solution is used directly, the amount of (C6H50)3P 
should be increased to 225 mmoles and a reaction time of 3 days 
allowed, to give a yield of 53 %. Alternatively, the toluene may 
be vacuum-stripped prior to  addition of t h o  triphcnyl phosphite. 
Again, an excess of phosphite (325 mmolrs) and n longor rcactiori 
time (24 hours) were required, giving n yicll(l of (i!)%. 

Found: C, 66.65; H, 4.70. 

* Compare syntliesis 2013, p ~ g ~  108. 
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Properties 

The compIex [Ni{P(OC6H5)3)4] can be handled in air. Thc 
compound is insoluble in polar solvents and only slightly sol- 
uble in hydrocarbons. 
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22. LOW-VALENT METAL COMPLEXES 
OF DIETHYL PHENYLPHOSPHONITE 

Submitted by D. TITUS,* A. A. ORIO,” and HARRY B. GRAY* 
Checked by G. W. PARSlIAL1,l- and J .  J. MROWCAI- 

The diethyl ester of phenylphosphonous acid (dicthoxyplic.tiyl- 
phosphine) provides an easy pathway to relatively stabhi l(\lriiliiH 
complexes of zero- and low-valent transition , 4 1 1  Iiy- 
drous metal halides serve as the metal source for the cornplvxw, 
avoiding the necessity of inconvenient starting matc~ials su(1li 
as nickel carbonyl. The nickel(0) complex is f0rmc.d by r ( w -  
tion with the phosphonite in ethanol; with thc adtlitioii ol‘ 
sodium tetrahydroborate, reIatively stable dihydridoiroii ( I I )  
and hydridocobalt(1) complexes are obtained. 

The phosphonite is prepared from inexpensive starting inntr- 
rials, following the method of Rabinowitz and Pcllon :I 

benzene 
PhPClz + 2CZHsOH + 2N(CzH5)3- 

PhP(OC2Hb) 2 + 2(CJIb) aN I I (:1 
* Coritril)ut ion no. 380!) from tlic Arthur Amos Noycs 1,nl)oriLtory or ( ~ t i o ~ i i i o d  

1 ( k i i l r i d  l ~ o t w i ~ r o l i  I ) o l i l  ., l ~ ~ x ~ ~ ~ ~ r i i i i ~ ~ ~ i i ~ ~ l  StiLiioii, 14;. I. tlu I ’ o r i L  do Nriiioii~*s 
I’I~J’~~I(’SJ (hhfOrI1  II Il lNt 11\11? Of ‘I’(Y~III(J~O~’J’ ,  1’aklJud(’ll!l, ( h l i l .  ! I  I I ()!I. 

B (~oin~it~i iy ,  Wiltni~ i~to i i ,  I k l .  [!)ti!)%. 
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This reaction is conveniently carried out in a 2-l., three-necked 
flask with 143 g. phenylphosphonous dichloride (0.8 mole), 
74 g. absolute ethanol (1.6 moles), 163 g. triethylamine (1.6 
moles), and 700 ml. benzene. The yield of water-white product 
is about 100 g. (63%). It is soluble in most organic solvents 
and slowly reacts with air; it  should be stored under nitrogen. 
I ts  infrared spectrum has been r e p ~ r t e d . ~  

A. TETRAKIS(D1ETHYL PHENYLPHOSPHONITE)NICICEL(O) 

NiCI, + 5PhP(OC2H5)2 + [Ni{PhP(OC2H5)2}4] + C12PhP(OC2H5)2 

Procedure 

Anhydrous nickel(I1) chloride (1.30 g., 0.01 mole) is dissolved 
in 100 ml. of absolute ethanol in a 200-ml. round-bottomed flask 
fitted with a reflux condenser and nitrogen inlet and outlet. 
Diethyl phenylphosphonite (10 g., 0.05 mole) is added, and the 
solution is heated to reflux. After 3 hours, the heat is removed 
and the solution is allowed to cool slowly to room temperature. 
The product separates as yellow crystals from the solution. 
With a stream of nitrogen passing through the flask, the mother 
liquor is transferred by syringe to  another 200-ml. flask; the 
crystals are washed with two 20-ml. portions of absolute ethanol, 
and dried in DGCCUO. Concentration of the mother liquor to  
30 ml. yields additional product. Anal. 
Calcd. for C40H6008NiP4: C, 56.51; H, 7.11; P, 14.60. Found: 
C, 56.27; H, 7.17; P, 14.54. 

Yield is 8.2 g. (97%). 

B. TETRAKIS(D1ETHYL PHENYLPHOSPHON1TE)- 
HYDRIDOCOBALT(1) 

sodium tetrahydroborate 

ethanol 
> [I-IC:O( I’III’(OC~H,),) 4 1  CO’+ + 4PhP(OCzHs)z 
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Procedure 

A 100-ml., round-bottomed, three-necked flask, equipped with 
reflux condenser, dropping funnel, magnetic stirring bar, and 
nitrogen inlet and outlet, is charged with 1.30 g. anhydrous 
cobalt chloride (0.01 mole) and 60 ml. absolute ethanol. The 
mixture is heated to 60-70" with stirring, and to the resultant 
dark-blue solution is added 10 g. diethyl phenylphosphonite 
(0.05 mole), yielding a dark green solution. A solution of 
sodium tetrahydroborate in ethanol (about 0.8 g. in 25 ml.) is 
added slowly from the dropping funnel until the color becomes 
bright yellow. The mixture is stirred for 15 minutes and then 
filtered under nitrogen using a medium porosity filter tube.5 
There should only be a small amount of fine precipitate in the 
reaction flask at this time; an increase in temperature and/or 
additional ethanol may be required to  keep the product in solu- 
tion for filtration. The filtrate is allowed to cool t o  room tem- 
perature; the product separates from solution as yellow-orange 
plates. These are washed with ethanol and dried in vacuo. 
Yield is 6.8 g. (80%). Anal. Calcd. for C ~ ~ C O H ~ ~ O ~ P ~ :  C, 56.37; 
H, 7.16; P, 14.53. Found: C, 56.25; H, 7.18; P, 14.47. 

C. TETRAKI S (DIETHY L PHENY LPHO SPHONITE) - 
DIHYDROIRON(I1) 

sodium tetrahydroborate 
Fe2+ + 4PhP(OC2H5)2 [FeH2{PhP(OC2Hd2}41 

Procedure 

In  an apparatus identical to that used for the preparation of 
the cobalt complex are combined 1.27 g. anhydrous iron(I1) 
chloride (0.01 mole), 10 g. diethyl phenylphosphonite (0.05 
mole), and 40 ml. absolute ethanol. The mixture is heated to 
reflux under a slow stream of nitrogen. After 3 hours the heat 
is removed and a solution of sodium tetrahydroborate in abso- 
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lute ethanol (0.2 g. in 10 ml.) is added dropwise with stirring. A 
reddish color appears initially upon addition, but it fades rapidly 
and the color is dark yellow-brown when addition is complete. 
The mixture is filtered under nitrogen as with the cobalt com- 
plex, although extra heating is not necessary. The filtered solu- 
tion is allowed to stand at room temperature for 24 hours. The 
product separates from solution as pale yellow prisms; it is 
sometimes necessary to  store the solution in a refrigerator for a 
day or two to effect crystallization. Yield is 4.6 g. (54%). 
Anal. Calcd. for C40FeHB208P4: C, 56.48; H, 7.35; Fe, 6.57; 
P, 14.56. Found: C, 56.46; H, 7.30; Fe, 6.72; P, 14.73. 

Proper ties 

All of the complexes described are diamagnetic. The Ni(0) 
and Co(1) complexes are quite soluble in nonpolar organic 
solvents such as cyclohexane, and the Fe(I1) complex is soluble 
in both polar and nonpolar organic solvents. The Fe(I1) com- 
plex is unchanged under nitrogen after several weeks, although 
it begins to  decompose after only a few hours of exposure to  air. 
The Ni(0) and Co(1) complexes are much more stable; decom- 
position occurs only after exposure to air for several days. 

Absorption maxima of electronic spectral bands for the Ni(0) 
complex in cyclohexane solution are placed at 30,000 and 40,200 
crn.-l. Characteristic infrared absorptions (not observed in the 
free phosphine ligand) for the hydrido complexes are found 
a t  2017(w), 1950(w), 497(m), and 460(m) for cobalt(1) and 
1975(w), 508(m), 500(m), 489(w), and 476(m) for iron(I1) 
(Nujol mulls). 
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23. TETRAKIS (TRIPHENYLPH0SPHINE)PALLADIUM (0) 

Submitted by D. R.  COULSON* 
Checked b+ L. C. SATEKt and S. 0. GRIM? 

Preparation of phosphine and phosphite complexes of palltb- 
dium(0) have been reported to result from reduction of pallti,- 
dium(I1) complexes in the presence of the desired 1igarid.'- " 
The products are generally formulated as PdL4-, (wlwrcb 
n = 0, l), depending upon the nature and amount of thc ligSri,trtl 
used. A related complex, [Pd(P(CsH5)3)2],, has also I w t i  

reported.G 
Although this preparation is similar in concept l o  1I1cw 

previous ones, advantage is gained in being able to ol)l ,nii i  11, 

high yield of [Pd{P(C6H5)3) 4] in one step from pa11diiitii 
dichloride. 

Procedure 

A mixture of palladium dichloride (17.72 g., 0.10 molo), 1a.i- 
phenylphosphine (131 g., 0.50 mole), and 1200 ml. of dimcthyl 
sulfoxide is placed in a single-necked, 2-l., round-botlolnt!cl 
flask equipped with a magnetic stirring bar and EL dual-oulld, 
adapter (Note 1 ) .  A rubber septum and a vacuum-nitrogwt 
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system are connected to  the outlets. The system is then 
placed under nitrogen with provision made for pressure relief 
through a mercury bubbler. The yellow mixture is heated by 
means of an oil bath with stirring until complete solution occurs 
(ca. 140"). The bath is then taken away, and the solution is 
rapidly stirred for approximately 15 minutes. Hydrazine 
hydrate (20 g . ,  0.40 mole) is then rapidly added over approxi- 
mately 1 minute from a hypodermic syringe. A vigorous reac- 
tion takes place with evolution of nitrogen. The dark soIution 
is then immediately cooled with a water bath; crystallization 
begins to occur at ca. 125". At this point the mixture is allowed 
to cool without external cooling. After the mixture has reached 
room temperature i t  is filtered under nitrogen on a coarse, 
sintered-glass funnel. The solid is washed successively with 
two 50-ml. portions of ethanol and two 50-ml. portions of ether. 
The product is dried by passing a slow stream of nitrogen 
through the funnel overnight. The resulting yellow crystalline 
product weighs 103.5-108.5 g. (90-94% yield). 

A melting point determination (Note 2) on a sample in a 
sealed capillary tube under nitrogen gave a decomposition point 
of 116" (uncorrected). This compares with a similar determina- 
tion (115") performed on the product prepared by the method 
of Malatesta and Ango1etta.l Anal. Calcd. for C72H60PdP4: 
C, 75.88; H, 5.25; P, 10.75. Found: C, 75.3; H, 5.36; P, 10.7. 

Properties 

The [Pd{P(C6H5)3}4] complex obtained by this procedure is 
a yellow, crystalline material possessing moderate solubilities 
in benzene (50 g./l.), methylene chloride, and chloroform. The 
compound is less soluble in acetone, tetrahydrofuran and aceto- 
nitrile. Saturated hydrocarbon solvents give no evidence of 
solution. Although the complex may bc handlcd in air, i t  is 
best stored under nitrogen to enmrc! its purity. 
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In  benzene, molecular-weight measurements suggest sub- 
stantial dissociation :1,4 

[Pd { P( CsH 6 )  3 ] 41 * [Pd { P (CsH 5) 3 1 4-n] nP(CsH 5 )  3 

Solutions of the complex in benzene rapidly absorb molecular 
oxygen giving an insoluble, green oxygen complex, [Pd { P- 
(C6H5)3}202].7 This oxygen complex has been implicated as an 
intermediate in a catalytic oxidation of phosphines.2j * 

Related displacements with acetylenesg and electrophilic 
olefins6 have been reported to give complexes formulated as 
[Pd(P(C6H5)3} (olefin or acetylene)]. Also, oxidative additions 
of alkyl and aryl halides have been shown t o  occur giving palla- 
dium(I1) complexes, LPd{ P(C6H6)3) 2(R)C1].10 

As a catalyst, the complex has been shown capable of dimeriz- 
ing butadiene to give 1,3,7-octatriene.'l 

Notes 

1. The checkers worked on one-third of the stated scale, 
obtaining a yield of 37.4 g. (97%). 

2. The checkers report that decomposition temperature does 
not appear to be a good criterion of identity or purity since it is 
not very reproducible. 

References 

1. L. Malatesta and M. Angoletta, J. Chem. SOC., 1967, 1186. 
2. S. Takahashi, K. Sonogashira, and N. Hagihara, Nippon Kagaku Zasshi, 

3. T. Kruck and K. Baur, Angew. Chem., 77, 505 (1965). 
4. E. 0. Fischer and H. Werner, Chem. Ber., 96, 703 (1962). 
5. J. Chatt, F. A. Hart, and H. R. Watson, J. Chem. Xoc., 1962, 2537. 
6. P. Fitton and J. E. McKeon, Chem. Commun., 1968, 4. 
7. C. J. Nyman, C.  T. Wymore, and G. Wilkinson, J .  Chem. Soc. (A), 1968, 561. 
8. G. Wilke, 13. Schott, and P. Heimbach, Angew. Chem. (Intern. Ed.), 6, 92 

!3. S. Takahashi and N. IIagihara, J .  Chem. Soc. Japan (Pure Chem. Sec.), 

87, 610 (1966); C. A.,  66, 14485 (1966). 

(1867). 

88, 1308 (1087). 



124 Znorganic Syntheses 

10. P. Fitton, M. P. Johnson, and J. E .  McKeon, Chem. Commun., 1968, 6. 
11. S. Takahashi, T. Shibano, and N. Hagihara, Bull. Chem. Xoc. Japan, 41, 

454 (1968). 

24. TETRAKIS (TRIPHENYLPHOSPHINE) NICKEL (0) 

Ni(C5H702)Z + 2(CzH5)&1 + 4(C,HdJ' -+ 

[((C6Hs)3P}4Nil + ~ ( C ~ H ~ O Z ) A ~ ( C & , ) Z  + 2CzH4 + . . . 

Submitted by R.  A. SCHUNN* 
Checked by E. C. ASHBY? and J. DILTSt 

This procedure is based on that previously described by Wi1ke.l 
The use of NaBH4 and sodium naphthalide as reducing agents 
has been more recently reported by Ugo.2 

Proecdure 

The entire procedure, including purification, is performed in 
an anhydrous, oxygen-free atmosphere using anhydrous, deoxy- 
genated solvents (Note 1). A 2-I., four-necked, round-bottomed 
flask is equipped with a mechanical stirrer, 250-ml. pressure- 
equalizing dropping funnel, thermometer, and T tube, one side 
of which is attached to a source of dry nitrogen and the other 
side to a silicone oil bubbler. The flask is charged with 21.3 g. 
(0.083 mole) of anhydrous bis(2,4-pentanedionato)nickel (Note 
2) and 125 g. (0.48 mole) of triphenylphosphine. The flask is 
thoroughly flushed with nitrogen (by removing the stopper from 
the addition funnel), and 800 ml. of diethyl ether is then added 
through the funnel. The green slurry is stirred and cooled to  
0" with an ice-methanol bath. A solution of 28.0 g. (0.245 mole) 

* Central Research Department, Experimental Station, E. I. du Pont dc 

t Georgia Institute of Technology, Atlanta, Ga. :30332 
Nemours & Company, Wilmington, Del. 19898. 
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of triethylaluminum in 100 ml. of diethyl ether (Note 3)  is then 
added dropwise through the addition funnel over a 1-2 hour 
period such that the temperature of the mixture remains below 
+5". During the course of the reaction, the color of the 
mixture changes from light green to  brick-red and a reddish- 
brown crystalline solid forms. When the addition is completed, 
the mixture is stirred for half an hour at 5-10' and then at 25" 
for 1-2 hour. The precipitate is collected (Note 4) and washed 
with several 50-ml. portions of diethyl ether (Note 5). The 
crude product is purified by extraction at 60" with 400-500 ml. 
of benzene containing 40 g. of triphenylphosphine. To  the dark 
red, filtered extract is added 200 ml. of n-heptane, and the 
solution is concentrated to ca. 300 ml. on a rotary evaporator. 
An additional 200 ml. of n-heptane is added, and the precipitated 
product is collected and washed with 200 ml. of n-heptane and 
two 80-ml. portions of diethyl ether. This purification is 
repeated (Note 6) , and the reddish-brown crystalline solid 
dried at 90"/0.1 p/16 hours to give about 50 g. (5501,) of 
[ {  (CsH6),P) 4Ni], m.p. 123-128". Anal. Calcd. for C72HSONiP4: 
C, 78.3; H, 5.4; Ni, 5.3; P, 11.1. Found: C, 78.7; H, 5.6; 
Ni, 5.5; P, 10.7. 

The complex rapidly decomposes upon exposure t o  air either 
as a solid or in solution. It is very soluble in benzene, toluene, 
and tetrahydrofuran, slightly soluble in diethyl ether, and only 
very slightly soluble in n-heptane and ethanol. 

Notes 

1. For discussion of general manipulative techniques useful 
in this work, see D. F. Shriver, "The Manipulation of Air- 
sensitive chap. 7, McGraw-Hill Book Company, 
New York, 1969. 

2. The usc of hydrated bis(2,4-pentanedionato)nickel de- 
creases tho yicld to  ( X I , .  25%. Ni(C5H702)2*xH20 was dehy- 
tlratod hy IwntinK at, 100"/0.1 inm./2 hours followcd by recrys- 
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tallization from toluene-heptane and drying at SSo/0.l p/16 
hours. 

3. Triethylaluminum reacts violently with water and inflames 
in air. Care must also be taken in preparing the diethyl ether 
solution since an exothermic reaction occurs ; the ether solution 
is conveniently transferred to the addition funnel via a hypo- 
dermic syringe. 
4. The filtration is most conveniently performed in a glove 

box, but various types of glass apparatus designed for the pur- 
pose of filtering in an inert a t r n o ~ p h e r e ~ , ~  may also be used. 

5. The filtrate obtained after collecting the crude product con- 
tains highly reactive alkyl aluminum compounds, and contact 
with water should be avoided. The alkyl aluminum compounds 
may be decomposed by the dropwise addition of 200 ml. of 
ethanol to the cooled solution followed by the cautious addition 
of water. 

6. The second recrystallization ensures the removal of a 
bright orange-red impurity which is formed in low yield. 
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25. CARBON YLH YDRID 0 TRIS (TRIPHEN YL- 
P H  0 SPHINE) IRIDIUM (I) 

Carbonylhydridotris(triphenylphosphine)iridium(I) has been 
prepared by the reaction of [Ir (P(C6H5)3 1 2(CO)C1] with N2H4I 

or NaBH42,3 in the presence of excess triphenylphosphine, by 
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treating an alkaline ethanolic suspension of iridium tetraiodide3 
and the phosphine with carbon monoxide, or by the addition 
of triphenylphosphine to [Ir(P(C6Hb)3)2(CO)H].4 The first 
procedure described here is a relatively small-scale one (which 
can, however, be scaled up by a factor of as much as 4) which 
begins with [Ir {P(CBHB)I ] 2(CO)C1]. The second procedure, 
which is presented for a larger scale (but can be scaled down), 
uses commonly available reactants, and although [Ir { P- 
(C6H5)3],(CO)C1] is prepared as an intermediate, i t  is not iso- 
lated. The reaction sequence includes the reaction of hydrated 
iridium trichloride, lithium chloride, and carbon monoxide to 
form an intermediate carbonylchloroiridate(1) salt, * reaction of 
this solution with triphenylphosphine to  form [Ir { P(CsH5)3}2- 
(CO)C1],7 and treatment of the mixture with sodium tetra- 
hydroborate to produce [ (  (C6H5)3P) Jr(CO)H]. The procedure 
may be completed in a 24-hour period. 

METHOD A 

Submitted by G. WILKINSONt 
Checliedby R. A. SCHUNNI and G. L. HENRYS 

Procedure 

Absolute ethanol (250 ml.) in a 500-ml. conical flask is 
deaerated by a stream of nitrogen. Triphenylphosphine (4.5 g.) 
and trans-[IrCl(CO) (PPh3) 2] (3.24 g.) are added and the solution 
heated to  boiling on a hot plate with stirring by magnetic stirrer. 
A filtered solution of sodium tetrahydroborate (3 g.) in ethanol 

* T h e  precise nature of this intermediate is unknown but is most likely 
Li[Ir(C0)&I2] by analogy with K[Ir(C0)2Brz]b and [ (CsH5)aAs][Ir(C0)~I~].6 

t Imperial College of Science and Technology, London, S. W.7, England. 
1 Central Itcsearch I)cpart~rior~t, Expcrimental Station, E. I. du Pont de 

Nemours & Company, Wili~iiri~ton, Ikd. 11)808. 
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(50 ml.) is added slowly and the solution boiled for about 
15 minutes. The product, which is insoluble in ethanol, is 
collected by filtration of the hot solution through a sintered- 
glass funnel under nitrogen. The crystals are washed with 
five portions each of 20 ml. ethanol and dried in vacuum. 
Yield is 3.4 g. (80%). The compound can be recrystallized 
from hot toluene as the toluene adduct or from hot benzene by 
addition of ethanol. 

METHOD B 

IrC13.3H20 3CO + LiCl+ 

Li[Ir(CO)zC1z] + 2(C6H5)3P --f 

[Ir ( (C6H5) d? 1 ~ ( c o )  c1] + (C6H5) 3P + NaBH4 

Li[Ir(CO)zC12] + 2HC1 + COz + 2H20 

[Ir{ (CsHd3P) z(CO)C1] + CO + LiCl 

+ NaCl + B(OCHzCHzOCH3)3 + 3Hz 
+ 3CH30CHzCHzOH + [Ir( (C6H5)3P)3(CO)H] 

Submitted by R.  A,  SCHUNN* and W. G. PEET* 
Checked by H. SMITH1 and G. WILKINSONt 

Procedure 

Caution. Carbon monoxide i s  a highly toxic, colorless, and 
odorless gas and the reaction should be performed only in an 
eficient f u m e  hood. 

The reaction is performed in a dry nitrogen atmosphere, but 
no precautions need be taken during the purification steps. A 
1-l., three-necked flask is equipped with a magnetic stirrer and 
a Glass Col heating mantle. One neck of the flask is fitted with 
a gas inlet tube which will protrude beneath the surface of the 
300 ml. of solvent to be used and is attached to  a source of car- 
bon monoxide. The second neck of the flask is fitted with an 
efficient reflux condenser topped with a T tube, one side of 

*Central Research Department, Experimental Station, E. I. du Pont de 

t Imperial College of Science and Tcchnology, TJondon, 8.W.7, England. 
Nemours & Company, Wilmington, Del. 19898. 
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which is attached to a source of dry nitrogen and the other side 
to  a silicon oil bubbler. The flask is purged thoroughly with 
nitrogen and charged with 14.1 g. (0.04 mole) of iridium tri- 
chloride trihydrate, 7.6 g. (0.18 mole) of lithium chloride, and 
300 ml. of 2-methoxyethanol. The final neck of the flask is 
stoppered, and the mixture is heated to the boiling point. 
Stirring will not be efficient until the mixture becomes hot. 
When the mixture is refluxing, a slow stream of carbon monoxide 
is passed through the solution for 16 hours (overnight) to pro- 
duce a clear, brown-yellow solution. * 

The solution is cooled to 25", the gas inlet tube is removed, 
and 31.5 g. (0.12 mole) of triphenylphosphine is added in por- 
tions while maintaining a flow of nitrogen through the flask. Gas 
(CO) is vigorously evolved and a yellow, crystalline precipitate 
of [ {  (C6H5)3P)21r(CO)C1] is formed.? The flask is stoppered, 
and the mixture is refluxed for half an hour to ensure complete 
reaction. The yellow slurry is cooled to 25", and an additional 
31.5 g. (0.12 mole) of the phosphine is added. With the nitrogen 
flow maintained, 4.5 g. (0.12 mole) of sodium tetrahydroborate 
is added in small portions through one neck of the flask, where- 
upon gas (Hz) is vigorously evolved. The resulting yellow 
slurry is stirred at 25" for 0.5 hour and then refluxed gently for 
0.5 hour. 

The hot mixture is filtered in air, and the yellow solid is 
washed well with 2-methoxyethanol. The crude product 
(which may contain some grey contaminant, presumably iridium 
metal) is extracted with 400 ml. of hot toluene, and the filtered 
yellow extract is concentrated under vacuum on a rotary evap- 
orator to  about 100 ml. The resulting yellow, crystalline solid 

* If a portion of the reaction mixture is withdrawn after 5 hours and treated 
with excess triphenylphosphine, impure [ { (C,H,),P) Jr(CO)Cl] is produced 
(as judged by infrarcd spectra); a similar test after 16 hours indicated the forma- 
tion of pure [ { (C&)J'] zIr(C0)Clj. 

t This proceduro miiy I)c utilized for the synthesis of various L21r(CO)C1 
c:oniplcxos7 nlthouK1i tho produc:ta muy bc contaminated with LJrHClz(CO) 
tl(!l'lVILtiVCE.'8 i l l  SO1110 l!lLHl'H. 



is c . o l l t v ~ l j r ~ t l ,  w:islted with a little cold toluene, and dried at 
75"/0.01 p for 4 hours to give 35 g. (8001,) of [ {  (C6H5)3P)3- 
I I - ( ( ! (  )) lI].CGH5CH3. Anal. Calcd. for C62H541rOP3: C, 67.8; 
I I ,  5.0; P, 8.4. Found: C, 68.1; H, 5.4; P, 8.1. 

Properties 

The complex [ { (C6H5)3P ] 31r(CO)H]C6H5CH3, is a yellow, 
crystalline solid; m.p. (open capillary) darkens at 165-170", 
decomp. >185". It is stable to storage in air over a period 
of several months. It is soluble in benzene, toluene, tetra- 
hydrofuran, chloroform, and dichloromethane and insoluble in 
alcohols, water, and aliphatic hydrocarbons. The unsolvated 
complex may be obtained in a low-melting form by crystalliza- 
tion from chloroform-hexane (m.p. 145°)4 and in a high-melting 
form (m.p. 161") by recrystallization from benzene-ethan01.~ 

The infrared spectrum (C&& solution) shows V I ~ - - H  at 2070 
cm.-l and vco at 1930 cm.-l. The lH n.m.r. spectrum in 
CDC1, shows the aromatic protons at 3.07 and the CH3 protons 
at 7.667 in the ratio of 50:3 as calculated for 1 mole of toluene 
in the complex; the Ir-H resonance is observed at 20.77 as a 
quartet, J P - - H  = 22 Hz. The unsolvated complex has been 
shown to be isomorphous with the rhodium analog which has a 
trigonal bipyramidal structure with the phosphine ligands at  
equatorial positions.8 

The complex is active as a hydrogenation catalyst for eth- 
ylene and acetyleneg and as an isomerization catalyst for 
1-butene.l0 It reacts with CO to produce [{(CsH5)3P]z- 
Ir(CO),H],3 with triphenyl phosphite to give [ { (CsHso)sP],- 
Ir(CO)H],ll and with (C6H5)2PCH2CHzP(CsH5)2 to  give 
[ { (C6H5)zPCHzCH2P(CsH5)2 )21rH].10 Reaction with strong 
acids produces the [ { ( C G H ~ ) ~ P )  JrH2(CO)]+ c a t i ~ n , ~ ' ~ ~  whereas 
the deuteride [ {  (C6H6)3P] Jr(CO)D] is formcd by reaction 
with D2.9 
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26. CHLOROHYDRIDOTRIS(TRIPHENYLPHOSPH1NE)- 
RUTHENIUM (11) 

Submitted by R. A. SCIIUNN* and E. R.  WONCHORh* 
Checked by 6. WILKINSONt 

Chlorohydridotris(triphenylphosphine)ruthenium(II) has been 
prepared by the reaction of [ { (C6Hs)3P) 3RuC12] with triethyl- 
amine and hydrogen at  25" for 16 hours and pressures of 1 or 
120 atmospheres1 or by reaction of [ (  (CgH5)3P)3RuC1z] with 
sodium tetrahydroborate in a refluxing benzene-HzO mix- 
ture.l The procedure described here involves the reaction of 
[ { (CsH5)SP 1 4RuC12], triethylamine, and hydrogen, but may be 
completed within 2-3 hours. 

* Central Research Department, Experimental Station, E.  I. du Pont de Ne- 

t Imperial Collcgo of Science and Tcchnology, London, S.W. 7, England. 
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Procedure 

rn Caution. Hydrogen  i s  a h ighly  j lammable ,  explosive gas 
and the reaction should be conducted in an eficient f u m e  hood. 

The entire procedure is performed in a dry nitrogen atmos- 
phere. A 500-ml., three-necked flask is equipped with a mag- 
netic stirrer and Glass Col heating mantle. One neck of the 
flask is fitted with a gas inlet tube which will protrude beneath 
the surface of the 150 ml. of solvent to be used and is attached 
to  a source of dry hydrogen. The second neck of the flask is 
fitted with an efficient reflux condenser topped with a T tube, 
one side of which is attached to a source of dry nitrogen and 
the other t o  a silicon oil bubbler. The flask is purged thor- 
oughly with nitrogen and charged with 9.5 g. (0.0078 mole) of 
[ {  (CsHs)3P) 4R~C12],2 2.4 g. (0.024 mole) of triethylamine, and 
150 ml. of deoxygenated toluene. The third neck of the flask 
is stoppered, and the mixture is stirred and heated to  reflux while 
a slow stream of Hz is passed through the brown mixture. 
Hydrogen is passed through the refluxing solution for one hour 
during which the color changes from brown to  purple, and a 
purple, crystalline solid is formed. The hydrogen flow is 
stopped, and the mixture is cooled in ice-water for one hour to 
ensure complete crystallization. The mixture is then filtered 
in an inert atmosphere (see Note) and the purple, crystalline 
solid is washed with five 50-ml. portions of deoxygenated ethanol 
and two 25-ml. portions of deoxygenated toluene. The solid 
is dried at 25"/0.01 p for one hour to give 7.23 g. (90%) 
of [ {  (C6H5)3P)3RuHCI].C6H5CH3 m.p. decomp. > 150". The 
product obtained in this manner is sufficiently pure for most 
uses but may be recrystallized from hot toluene (-1 g./160 ml.). 
A n d  Calcd. for CslH5&1P3Ru: C, 72.2; H, 5.4; C1, 3.5; P, 9.1. 
Found: C, 72.0; H, 5.6; C1, 3.7; P, 9.4. 
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crystalline solid that decomposes after several hours of exposure 
to  air; solutions of the complex rapidly turn green upon air 
exposure. It is moderately soluble in chloroform (ca. M 
when saturated1) and methylene chloride (ca. 10-1 M when 
saturated'), slightly soluble in benzene, toluene, and tetrahydro- 
furan, and insoluble in diethyl ether, ethanol, and saturated 
hydrocarbons. 

The infrared spectrum (Nujol mull) shows vRuH at 2020 cm.-l. 
The IH n.m.r. spectrum in CDzCIz shows the aromatic protons 
at 2.907 and the CH3 protons at  7.667 in the ratio of 51:3 in 
accord with the presence of 1 mole of toluene in the complex; 
the Ru-H resonance is observed at  27.757 as a quartet, JP-H = 
26 Hz. The benzene solvate has been shown by x-ray crystal- 
lography3 t o  have a severely distorted trigonal bipyramidal 
structure with the triphenylphosphine ligands in equatorial 
positions. 

The complex is an extremely active hydrogenation catalyst 
for terminal o1efins;l it is much less effective for the isomeriza- 
tion of o1efins.l Treatment of the complex with Dz results in 
the deuteration of the ortho-phenyl positions of the phosphine 
ligands114 as well as the Ru-D b ~ n d . ~ ? ~  It also serves as a 
catalyst for the preparation of selectively ortho-phenyl-deuter- 
ated triphenylph~sphine.~ 

The complex reacts with triethylaluminum and nitrogen to 
give [ (  (CsH5)3Pl 3R~(N2)H2]5  and with triphenyl phosphite to 
give the ortko-phenyl-bonded phosphite complex [ { (C6H50)3P) 3- 

{ (C6H50)2(C6H40)PfR~C1]4,7. It also reacts with 2,5-norborn- 
adiene and bipyridyl (2,2'-bipyridine) to give [ { (C&),P) 2- 

RuHCl(C7Hs)] and [ {  (CsH,)gP[ 2RuHCl(bipy)]z,1 respectively. 

m 

Note 

The filtration is most convcniently performed in a glove box, 
hit various typos of ~ I L L S R  apparatus (lasignad for thc purpose of 
filtoring in nil iriort, nl,rno~pliot.c!~~~ inuy also lw iiwd. 
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Chapter Fivc 

BINARY COMPOUNDS O F  
THE TRANSITION METALS 

27. SINGLE CRYSTALS OF 
TRAN SIT1 0 N -METAL D I 0  XID E S 

Submitted by D. B. ROGERS,* S. R .  BUTLER,*t and R. D. SHANNON* 
Checked by A. WOLD$ and R. KERSHAW$ 

Most of the dioxides of the transition metals crystallizv i t i  st riiv- 

tural types that are closely related to  that of the rutilv Torn1 of 

titanium dioxide. The series is notable for the wid(> v:irioI,,y ol' 
physical properties and modifications in structure that o w u r  I I H  

functions of d-electron number. Electrical transport proporliw 
range from insulating to metallic; magnetic propcirlicls Trotn 
Pauli paramagnetic to ferromagnetic. Titanium clioxitlv lttts I I  

high index of refraction and is useful as a whitc pigrnciril ~ i c I  ILH 

a dielectric; chromium dioxide is ferromagnctiv ant1 1t:is f'orii i( l  

application in magnetic recording tapcs ; vanadium tliosi(lv 
exhibits electrical switching a t  68" as conductivity tjypo vlit~iig~~s 

reversibly from semiconduc4ing to metallic.. X I  :iriy of Lltv 

* Central Ilescarcli J)q)wtiii(~tit,  Il:sl)c,rittic,rituI Stni  ion, 15. I. t l u  I'orit (lo 

t Prosorit nddrcss: I )cp~Lrt,inoiil of Mtdiillurgy uiitl R l i t t ( ~ r i i h  Sricww, I r i h i ~ I i  

1 Brown IJnivornily, I'r.ovitlriic*o, 11.1. 02!)l2, 

Ncrnours & Coiripuny, Wilrriiiigtoii, I ) ( , I .  l!)H!)H. 

University, 13cthlotictn, ]'it. I SO 15. 

136 

Inorganic Syntheses, Volume XIII 
Edited by F. A. Cotton 

Copyright © 1972 by McGraw-Hill, Inc.



136 Inorganic Syntheses 

heavier dioxides are remarkably good electrical conductors. 
De Haas-Van Alphen oscillations recently observed2 in crystals 
of the dioxides, Ru02,  IrOz, and Os02 were the first such observa- 
tions on oxidic compounds and provide strong evidence for tho 
formation in these oxides of a primarily d-character conduction 
band that possesses a discrete Fermi surface. 

Several high-temperature procedures have been described in 
the literature for the preparation of the transition-metal dioxides. 
Direct oxidation of the metals, lower oxides, chlorides, or 
nitrate precursors provides a convenient route to the dioxidw 
of several metals: Ti, Mn, Ru, Rh, Os, Ir, and Pt.193-5 (Syrr- 
theses of the rutile forms of rhodium and platinum dioxidw 
by direct oxidation requires application of high pressures.&) 
Reduction of higher oxides is the most common method or 
synthesis for these dioxides: VOz, NbOz, MoOz, W02,  awl 
P-Re02.4v6-8 Stoichiometry in these reactions is most readily 
controlled by use of the respective metal or a lower oxido LLH 

reductant. Chromium dioxide is normally synthesized I)y 
hydrothermal reduction of the t r i o x i d ~ . ~  

Except for platinum and rhodium, which have low therrrrnl 
stabilities, and for technetium, single-crystal growth has l w t i  

achieved for all the transition-metal dioxides with rutile-rcl:itd 
structures. Techniques include flame fusion, lo electrolytic or 
thermal reduction from fused salts,11,12 chemical transport, la  

and extremely high-pressure or hydrothermal recrystalliaa. 
t i o n . l ~ ~ ~ > l ~  Of these, chemical transport and hydrothermal pro- 
cedures have most general applicability and appear to lcad to 
products of highest purity. Chemical transport is proforrad 
because i t  is convenient and utilizes relatively simple laborulmy 
equipment. This technique has been found to bc appli(:o,I)la 
for the crystal growth of titanium dioxide using Iiytlrogat~ 
chloride13*16 or titanium tetra~hlor idel~ as transporting :tg(:iit,H uf 
ruthenium, osmium, and iridium using oxygen,13 arid of iliobium, 
tungsten, and rhenium dioxides using iodincl.’, l 7  ‘I’lllIgHtO~ 

dioxide has also been grown by 1 1 ~  v l i c ~ i n i c v a l  transport. of t u n p  
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sten trioxide in a reducing hydrogen-water stream.l* It seemH 
likely that this rather general technique would also be useful in 
the growth of crystals of molybdenum and technetium dioxidcs, 
perhaps using iodine as the transporting agent, in view of tlic~ 
similar chemistries of these entities to those of tungsten and 
rhenium, respectively. 

Procedures are given here for the crystal growth of the fol- 
lowing dioxides: RuOa, IrOs, OsOz, P-Re02, and WOz, usi~iys 
chemical transport techniques. The procedures described for  
the dioxides of ruthenium, iridium, and osmium are elaboratiotis 
of those previously given by Schafer et al.13119~20 

Procedure 

rn Caution. T h e  volatile higher oxides of ruthenirrtrr ( { I I ( /  

i r i d i u m  are highly toxic. T h e  gas t ra ins  used zn th is  prordrrw 
should be vented in to  a n  eficzent f u m e  hood. Ruthtiiurri u r i c 1  

i I-itlium dioxides can be grown by essentially idcnticd prow- 
i I 1 t r . c ~ .  These procedures take advantage of chcmical trurisporl, 
I‘rotn a hotter temperature ( T 2 )  to a cooler onc ( ? I I )  via volLiIi1o 
Iiiglic~ oxides. Starting reagents are the polycrystalliriv tlioxi(lcw 
1 )tq)arcd by direct oxidation of ruthenium* and iritliiim./ 111(4d 

sl)otig~s. il silica boat containing about 5 g .  of thc: rclspc4vtr 
I i t t b l , a l $  is p1acc.d in a silica combustion tub(. that is fitted v i rb  

I ~ i l ~ t i c ~ ~ t d  standard-tapcr joints to  an inlet tub(. for dry o x y g ~ ~  
r i t i c l  m i  clxit lut)ch kacliiig to a watcr bubbler at tlic oppositct c h t i c l .  

‘ l ’ l i ( ~  t ~ i l ) ( b  is tIt(~t1 p l a c ~ ~ l  in n liorixontal tub(. furnaco arid I t o n t d  
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$ joint 

in a slow stream of dry oxygen at 1000" for 24 hours. During 
this process, partial volatilization of the metal oxides will occur 
as evidenced by the formation of small (ca. 4-l-mm.) crystals 
on the downstream end of the silica boat and inner wall of the 
combustion tube. However, maximum crystal size and quality 
require more careful control of transport conditions. The 
yield of polycrystalline dioxide remaining in the boat is about 
90-95%. In  the case of iridium, oxygen diffusion in the solid 
is slow, and the process does not give the dioxide quantitatively. 
This fact is not important for the subsequent conversion of 
the nonstoichiometric, polycrystalline product to stoichiometric 
crystals. 

I 

I / D I D  
I 1 
______________- 
I I 
I I I 
I 

_. - 
\ '.\ 

I =- 

Single-crystal Growth 

Water 
bubbler Split inner -. 

The apparatus used for crystal growth is shown in Fig. 4 and 
essentially consists of an oxygen flow system that permits moni- 
toring of flow rate alnd a gradient furnace that permits careful 
control of temperature gradients in the region of growth. The 
growth portion of the flow system is fabricated of fused silica 
and consists of an outer combustion tube (130 em. in length 
and 18 mm. i d . )  and an inner tube (60 em. in length and 
15 mm. i.d.) that  is split into two semicylindrical halves along 
its length. The function of the split inner tube is to facilitate 
removal of the product crystals, which grow on the inner wall 

EXlt 
t o  

,L hood 
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of this tube. The outer combustion tube is equipped at both 
ends with standard-taper joints that  connect on the inlet end 
to  a monitored source of dry oxygen and on the exit end to a 
water bubbler and final ventilation in a fume hood. The 
gradient furnace can be of variable design, but should provide 
a source region at a temperature of 1190" and a growth region 
a t  1090", with a gradient decreasing from about 8"/cm. in the 
source region to about l"/cm. in the growth region. In  the 
apparatus of Fig. 4, these conditions are achieved using a three- 
zone furnace. Zone I is the sourcc region of highest temperature 
(1190"). Crystals of maximum quality grow in zone 11, where 
a shallow gradient (ca. lo/cm.) can bc maintained over several 
centimeters at 1090" using a buffer zone (111) set at a slightly 
higher temperature (ca. 11 10"). 

The combustion tubes are thoroughly washed in distilled 
water and dried before use. About 2 g." of ruthenium or 
iridium dioxide is placed in a 2S-in. boat of recrystallized 
alumina, and the sample is positioned in zone I of the apparatus, 
as shown in Fig. 4. Transport is then accomplished with a 
source-region temperature ( T z )  of 1190" and a growth-region 
temperature ( T I )  of 1090" under a stream of oxygen flowing a t  a 
rate of about 15-20 cc./minute. Transport is complete in 
about 15 days, and the operation is terminated by decreasing 
the flow rate of oxygen to about 2 cc./minute and turning off 
all furnace power. When the furnace has cooled to room tem- 
perature (usually overnight), the split, inner combustion tube 
is removed and the semicylindrical halves are separated. 
Crystals will be found all along the downstream length of the 
tube; however, those of maximum size and quality occur in that 
portion of the tube exposed to the shallow gradient at 1090". 
Generally, these crystals can be removed by gentle tapping of 
the tube walls. 

* The chcckcrs used about 1 g. of the dioxide and carried out the transport for 
The rcsulting crystals wcrc smaller than those reported by the authors, 4 days. 

but hud tlio i i i i i i c  propcrtica. 
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Properties 

Ruthenium dioxide is blue-black, and crystals formed in the 
growth region of the apparatus described above are tabular and 
about 3-4 mm. in length. Iridium dioxide is somewhat darker 
(almost black), the normal crystal habit is needlelike, and the 
crystals are smaller than those of ruthenium dioxide. X-ray 
powder diffraction patterns taken on ground samples of the 
crystals can be indexed on the basis of tetragonal unit cells for 
both dioxides with a. = 4.4906 A., co = 3.1064 A. for RuOz, 
and a. = 4.4990 A., co = 3.1546 A. for IrOz. Both dioxides 
are Pauli paramagnetic and exhibit metallic conductivity 
(p3000K = 4 X Q-cm.). Anal .  Weight percent oxygen 
calcd. for RuOz: 24.05. Found: 24.24. Calcd. for IrOz: 14.27. 
Found: 14.40. 

B. OSMIUM DIOXIDE 

Procedure 

Caution. The tetraoxide of osmium, which i s  involved in 
the transport process, i s  more stable, volatile, and toxic than that 
of ruthenium. I t  i s  recommended that the operations described 
here, which involve the handling of the metal and the oxide at ele- 
vated temperatures, be carried out in an eficient fume hood. Both 
the preparation of polycrystalline osmium dioxide reagent and 
its subsequent growth into single-crystal form are conveniently 
carried out in a single reaction ampul. The ampul is fabri- 
cated from a 25-cm. length of 13-mm.-i.d. silica tubing that has 
been closed at one end. After the tube has been thoroughly 
washed in distilled water and dried, 0.15 g. of osmium metal 
powder" and 0.065 g. of sodium chloratc: (about 10% cxccss 

* Electronic Space Products, Inc., Los A n g c h ,  ( h l i f .  !)00:%5. 



Single Crystals of Transition-metal Dioxides 141 

over the amount needed for complete conversion of the osmium 
to  the dioxide) are added through a long-stemmed funnel and 
the tube is connected via rubber tubing to any common vacuum 
system. When the pressure in the system has been reduced to  
about mm., the transport tube is sealed at a length of 
15 em. with an oxy-hydrogen flame. T h e  end  of 
the tube containing sod ium chlorate and o s m i u m  m u s t  not be heated 
during the sealing procedure. T h i s  can  be prevented by immersing 
the lower 5 cm. of the tube in a bealter of water or by  wrapping such 
a length in wet asbestos. The sealed ampul is then slowly heated 
(at a rate of about 50"/hour) in a muffle furnace to  300" and 
left overnight. rn Caution. R a p i d  healing at this point  m u s t  be 
avoided. The temperature is then raised to  650" for an addi- 
tional 3 hours. This treatment results in complete decomposi- 
tion of the chlorate and formation of golden osmium dioxide 
powder in one end of the tube. An oxygen pressure of about 
0.2 atmosphere results from the excess of sodium chlorate, and 
about 0.036 g. of sodium chloride is present as the by-product 
of chlorate decomposition. The oxygen is useful as the trans- 
porting agent during subsequent crystal growth; sodium chloride 
serves no useful function in the reaction, but is not detrimental. 

rn Caution. 

Single-crystal Growth 

Chemical transport of osmium dioxide is carried out in a 
transport furnace wired to provide two independently controlla- 
ble zones. The transport tube containing oxide, oxygen, and 
by-product sodium chloride is centered in the two-zone furnace 
with half of the tube in each of the separate zones. Thermo- 
couples for temperature control are placed a t  the ends of the 
tube. It is important for optimum quality and size of product 
crystals that  the growth (empty) zone of the transport tube be 
frce of nucleation sites. To ensure that no microscopic seeds of 
osmium dioxidc arc in thct growth zone, reverse transport con- 
tliliotis :LIT iinposcd h y  h(ltit,itig lJic growth zonc: to 960", while 
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holding the charge at a lower temperature (900"). After several 
hours of back-transport, the temperatures of the zones are 
reversed and growth is allowed to proceed with the charge 
maintained at 960" ( T z )  and the growth zone at 900" (TI ) .  
After two days of growth, the furnace is turned off and allowed 
to cool to  room temperature (overnight), and the transport tube 
is removed and opened. 

Properties 

Osmium dioxide is golden and crystals formed in the growth 
zone have an equidimensional habit and are about 2 mm. across 
a polyhedral face. X-ray powder diffraction patterns taken on 
powdered crystals can be indexed on the basis of a tetragonal 
unit cell with a. = 4.4968 A. and co = 3.1820 A. The oxide 
exhibits metallic conductivity ( p 3 0 0 0 K  = 6 X Q-cm.) and is 
Pauli paramagnetic. Resistivity ratios ( P ~ O O ~ K / P ~ . Z O K )  on typical 
crystals are about 200-300. Anal .  Weight percent oxygen 
calcd. for 0 ~ 0 ~ :  14.40. Found: 14.49. 

C. TUNGSTEN DIOXIDE AND &RHENIUM DIOXIDE 

W f 2wo3 -+ 3W02 
Re + 2ReO3 -+ 3Re02 

Procedure 

The dioxides of tungsten and rhenium are conveniently pre- 
pared in powder form for subsequent conversion to  single 
crystals by direct reactions between their respective metal 
powders and trioxides in a sealed, evacuated system. Both of 
the metal powders should be freshly reduced in a stream of 
hydrogen for 3 hours at 1000". Caution. Hydrogen forms 
explosive mixtures with air. The  combustion system used for 
reduction should be thoroughly flushed wilh nl'trogcn bcfore admit- 
ting hydrogen, and provision for venting thc w i t  ~ J ~ I L S  rrrtnst be made. 
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Tungsten trioxide is predried at 550" for about 2 hours prior to 
use; rhenium trioxide*t can be used without pretreatment. 
For the preparation of rhenium dioxide, 2.0 g. of rhenium 
trioxide and 0.7942 g. of rhenium1 are added by means of a 
long-stemmed funnel t o  a precleaned ampul fabricated by 
closing one end of a 25-em. length of 13-mm. i.d. silica tubing. 
The ampul is then attached oia rubber tubing to  a common 
vacuum system, the pressure is reduced to about mm., and 
finally, the tube is sealed at a length of about 10 em. using an  
oxy-hydrogen flame. Reaction inside the sealed ampul to form 
the dioxide is then accomplished by heating$ the ampul in a 
muffle furnace at 500" for about 24 hours. The general proce- 
dure for the preparation of tungsten dioxide is the same as for 
rhenium dioxide. However, in this case, 2.0 g. of trioxide is 
reacted with 0.7932 g. of tungsten at 1100" for 24 hours. Reac- 
tion rate is improved by adding 1 or 2 mg. of iodine as a min- 
eralizer to the tungsten reagents prior to evacuation and sealing 
of the reaction ampul. The products of these reactions are a 
gray-black powder in the case of rhenium and a golden-brown 
powder in the case of tungsten. 

Single-crystal Growth 

Single crystals of tungsten and rhenium dioxides are grown 
by a procedure that is analogous to that previously described for 
osmium dioxide, except that  iodine is used as the transport 
agent. The reaction is presumed to involve an oxyiodide and 
to  be of the type: 

MOz(s) + Iz(g) e MO2I2(g) (M = W or Re) 

However, the vapor species involved have not been identified. 

* Alfa Inorganics, Inc., Beverly, Mass. 01915. 
f The checker redried the ReOs for 12 hours at 110". 
$ Electronic Space Products, Inc., Los Angeles, Calif. 90035. 
5 The tube was slowly hcatcd to 500" a t  the rate of 15"/hour in order to prevent 

cxplosions. 
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About 0.5 g. of powdered dioxide and 0.003 g. of iodine are 
added by means of a long-stemmed funnel to a precleaned, silica 
ampul fabricated by closing one end of a 25-em. length of 
13-mm.-i.d. tubing. The ampul is evacuated to  a pressure of 
about lov3 mm., sealed at a length of 15 cm., and centered in a 
two-zone furnace as described in the procedure for growth of 
OsOz crystals. In  the case of rhenium dioxide, back-transport 
to  remove stray nuclei is accomplished by heating the growth 
end of the ampul to 850" while maintaining the charge a t  825"; 
for tungsten dioxide, this is done a t  temperatures of 1000 and 
960" for growth and charge ends, respectively. After back- 
transport for several hours, the temperatures of the zones are 
reversed and growth is allowed to  proceed. After 3 days of 
growth, the furnace is turned off, allowed to cool to room tem- 
perature, and the transport ampul is removed and opened. 
Rhenium dioxide crystals should be black; however, the crystals 
as recovered occasionally have a red-black mottled appearance. 
This is due to slight surface oxidation with the formation of red 
trioxide during the cooling procedure. This surface impurity 
is readily removed by etching the crystals in cold, dilute nitric 
acid. 

Proper t ies  

Crystals of tungsten dioxide are golden, and when grown by 
the procedure described above, they are equidimensional with 
approximately 2-mm. polyhedral faces. The crystallographic 
symmetry is monoclinic with unit cell parameters a. = 5.5607 
A., bo = 4.9006 A., co = 5.6631 A., and ,8 = 120.44". 
Tungsten dioxide exhibits metallic conductivity (p3000K = 
3 X low3 Q-em.). The resistivity ratio ( p 3 0 0 0 K / p ~ . ~ o K )  mea- 
sured for a typical crystal is about 20. Anal. Weight percent 
oxygen calcd. for WOz: 14.81. 

Two crystallographic forms of rhenium dioxidv are known. 
When synthesized below 300", tho struc~tiirnl tiiodili(dioii (a) is 

Found: 14.89. 
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isostructural with tungsten dioxide. Above about 300°, this 
modification transforms irreversibly to an orthorhombic form 
(@), and when initial synthesis is carried out a t  temperatures 
greater than 300°, the &modification is invariably recovered. 
Therefore, the crystals grown by the process described above 
are @-rhenium dioxide and have an orthorhombic unit cell with 
a. = 4.809 A., bo = 5.643 A., and c o  = 4.601 A. The 
crystals are black, possess a columnar habit, are about 2-3 mm. 
in length, and usually are twinned. They exhibit metallic: 
conductivity with p 3 0 0 0 K  =: Q-cm. ; however, crystals grown 
by this process have a relatively low resistivity ratio ( 5  10). 
Anal. Weight percent oxygen calcd. for ReOz: 14.67. Found: 
14.73. 

References 

1. D. B. Rogers, R. D. Shannon, A. W. Sleight, and J. L. Gillson, Inorg. C h u / . ,  

2. S. M. Marcus, S. R. Butler, Phys. Letters, 26A, 518 (1968); S. M. Mitwit+ 

3. H. Remy and M. Kohn, 2. Anorg. AZlgem. Chem., 137, 381 (1924). 
4. G. Brauer, “Handbook of Preparative Inorganic Chemistry,” Vol. 2, A(xt(I(wiic 

5. R. D. Shannon, Solid State Commun., 6, 139 (1968). 
6. C. Friedheim and M. K. Hoffman, Be?. Deut. Chem. Ges., 36, 7!)2 (1!)02). 
7. 0. Glemser and H. Sauer, 2. Anorg. Allgem. Chem., 262, 151 (1943). 
8. P. Gibart, Compt. Rend., 261, 1525 (1965). 
9. P. Arthur, Jr., U.S. Patent 2,956,955 (1960). 

8, 841 (1969). 

paper presented a t  Am. Phys. SOC. Meeting, Philadelphia, March, l!)(j!). 

Press Inc., New York, 1965. 

10. J. B. MacChesney and H. J. Guggenheim, J .  Phys. Chem. Solids, 30,225 ( I  Mil)) .  
11. D. S. Perloff and A. Wold, “Crystal Growth,” p. 361, 13. S. h i s o r  ((d.), 

12. A. M. Vernoux, J. Giordano, and M. Foex, ibid., p. 67. 
13. H. Schafer, “Chemical Transport Reactions,’, Academic Press Inc., Now Y o ~ c ,  

14. B. L. Chamberland, Mat. Res. Bull., 2, 827 (1967). 
15. M. L. Harvill and R. Roy, “Crystal Growth,” p. 563, IT. S. Poisor (od.), 

16. H. Sainte-Claire Devillc, Ann. Chem., 120, 176 (1861). 
17. 1%. Schiifer and M. ITiicslcer, Z. Anorg. AIlgem. Chem., 317, 321 (J!)G2). 
18. T. Millner and ,J. Ncugobauc!r, Naturc, 163, GO1 (1!14!)). 
10. IT. Schiifcr itnd TI. J .  Iloitlitnd, %. Anor(/ .  A / / g ( m .  Chcm., 304, 24!) ( l ! ) O O ) .  
20. 11. Scliiifer, (1. S(:linoid(!roit, iind W. Ocrhiirdt, ,ihid., 819, 327 ( lO( i3 ) .  

Pergamon Press, Ltd., London, 1967. 

1964. 

Pergamon Press, Ltd., London, 1967. 



146 Inorganic Syntheses 

28. MOLYBDENUM(V) FLUORIDE 

Mo + 5MoFs 2 6MoF5 

(Molybdenum Pentufluoride) 

Submitted by T. J. OUELLETTE,* C. T. RATCLIFFE,* D. W. A. SHARP,* 
a n d A .  M. STEVEN* 
Cheeked by F. SCHREINERt 

The reaction between molybdenum hcxacarbonyl and elemental 
fluorine at - 65" results in the formation of 1C'lo2F9, which upon 
thermal degradation produces molybdenum pentafluoride as one 
of the products. Other syntheses of molybdenum pentafluoride 
include the reduction of molybdenum hexafluoridc with phos- 
phorus trifluoride, tungsten hexacarbonyl, or molybdenum 
metal at high temperatures3 and the oxidation of powdered 
molybdenum metal with elemental fluorine at The 
present method consists in the reaction of molybdenum hexa- 
fluoride with powdered molybdenum metal at 60" and results in 
the formation of pure molybdenum pentafluoride in yields of 
80% and greater. 

Procedure 

Caution. M o l y b d e n u m  hexaJEuoride i s  a toxic, highly 
hygroscopic material, which  m u s t  be handled in a clean, dry, high- 
vacuum system. M o l y b d e n u m  pentaJEuoride i s  also a very hygro- 
scopic compound,  which  m u s t  be handled either in a vacuum l ine  
or in an anhydrous,  oxygen-free atmosphere. 

A 75-ml. stainless-steel Hoke vessel, which is equipped with a 
stainless-steel Hoke needle valve (3232 M4S) and a B-10 Monel 

* Chemistry Department, University of Glasgow, Glasgow, W.2., Scotland. 
t Chemistry Division, Argonne National Laboratory, 9700 South Cass Avenue, 

Argonne, Ill. 60439. 

Inorganic Syntheses, Volume XIII 
Edited by F. A. Cotton 

Copyright © 1972 by McGraw-Hill, Inc.
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cone, is attached to  a high-vacuum line. The needle valve is 
opened, and the reaction vessel is degassed several times ovor 
a period of 24 hours, using a medium flame with a gas-oxygcn 
torch. The reaction vessel is closed at the needle valve and 
transferred to a dry-box (P205). The needle valve is removod 
and 3.00 g. (0.0313 mole) of high-purity molybdenum powd~r  
(Koch-Light Laboratories, Ltd., or Spex Industries Inc., Scotc*li 
Plains, N.J. 07076) is added to the reaction vessel. The nectil(~ 
valve is replaced, and the reaction-vessel is attached to the high- 
vacuum line using Kel-F (H200) wax (3M Company), Fig. 5 .  
The molybdenum hexafluoride cylinder (Allied Chemical, Balwr- 
Adamson) is attached to the line with Kel-F (H200) wax via ti 
B-10 cone. Stopcocks (A-D) are greased with Kel-F grcwci. 
However, Teflon stopcocks (Quickfit, Rotoflo) may also Iw 
employed and offer the added advantage of being far mow iiwrl, 
to molybdenum hexafluoride. 

The reaction vessel is once again degassed in the manrwr pro- 
viously described; the glass sections of the line are ~ c ~ I L ~ . ~ H ( v I  
with a gas-oxygen torch until the glass just glows orangy. ‘ I ’ h  

Liquid - 
nitrogen 
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lower section of the reaction vessel (6 em.) is cooled to -196" 
and 0.17 mole of molybdenum hexafluoride condensed. * 

The needle valve is closed and the mixture is heated with an 
oil bath at 60" for 24 hours. 

The first portion of molybdenum pentafluoride removed from 
the reaction vessel will contain as impurities the excess hexa- 
fluoride and possibly a small quantity of molybdenum oxy- 
fluoride, MoOF4. The first portion of pentafluoride is sepa- 
rated from the impurities using the apparatus shown in Fig. 6, 
with all joints sealed using Kel-F wax or using Teflon stopcocks.? 
The glass collection vessel is carefully degassed as previously 
described, and then the lower 6 cm. of the reaction vessel is 
cooled to  - 196". The molybdenum pentafluoridc is removed 

* The quantity of molybdenum hexafluoridc may be measured either in a pre- 
weighed vessel or by vapor-pressure measurements in a previously calibrated 
volume on the line. It was pointed out by the checkcr that while molybdenum 
hexafluoride is being handled in the line the stopcock D should normally be kept 
closed. 

t The checker used a copper-to-glass seal to connect the reaction vessel to the 
glass line in his apparatus for the purification of molybdenum pentafluoride and 
recommends that the glass line have a downward slope to facilitate the flow of 
product which was collected in a U-tube cooled in ice-water. A U-tube was not 
used in the original preparations. 

MO F5 

Fig. 6 .  
pentajzuoride. 

Apparatus for the puri$cation of molybdenum 



Molybdenum( V )  Fluoride 149 

from the reaction vessel under dynamic vacuum. The reaction 
vessel is opened at  the needle valve, and the vessel is slowly 
warmed to room temperature, which expels all excess hexa- 
fluoride. Once all of the hexafluoride has been collected in the 
- 196" trap, the vessel is wrapped with a heating tape, and the 
temperature is slowly raised to 90-100". Section A of the col- 
lection vessel is wrapped with cotton and kept at -196" by 
pouring liquid nitrogen over the cotton. The pentafluoride 
and the more volatile oxyfluoride collects at the -196" section 
of the vessel as a bright ycllow solid with small traces of white 
oxyfluoride. The withdrawal is continued for a period of 1-2 
hours, which results in the collection of 1-1.5 g. of pentafluoridc. 
Care must be employed in heating the reaction vessel for if thc 
temperature exceeds 140", disproportionation of the pen ta- 
fluoride takes 

2MoF5+ M o F ~  + M o F ~  

The reaction vessel is thcn closed and the cotton removed from 
the collection vessel. A heating tape is wrapped around t 81 i (~  
collection vessel to point B (Fig. S), and the vessel is warmcd 1 ~ )  
65". Because of the difference in vapor pressure (at 65", 4 r n l t l .  

for the oxytetrafluoride and 2 mm. for the pentafl~oride~) 1,110 
oxytetrafluoride will sublime more quickly through the vossol 
and collect in the trap, while the pure pentafluoride will collort, 
just beyond point B (Fig. 6) as a bright yellow viscous oil. Thc5 
heating tape is removed and the collection vessel sealed at con- 
strictions C and D. 

The pentafluoride collected in the manner described hcrci 
remains as a viscous oil for a period of 48-72 hours beforc 
crystallizing as a bright yellow solid. The remaining product 
contained in the reaction vessel is of high purity and can either 
be removed under dynamic vacuum into a vessel similar to 
that shown in Fig. 6, or storod in the reaction vessel for several 
wccks witliout clc.(:ompositior~. Y ivltl is 80% (found by checker, 

75%). Ipoiintl: Mo, 50.19. A I ~ U L  (Inl(d. for MoICr,: Rilo, 50.25. 
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Properties 

Molybdenum pentafluoride is a bright yellow solid with a 
melting point of 67" and an extrapolated boiling point of 211°.2 
It is very susceptible to hydrolysis; however, it appears quite 
stable in a dry, stainless-steel vessel and can be handled for 
short periods in a dry-box (P,O,). It is insoluble in most 
organic solvents but dissolves in dimethyl ether and acetonitrile, 
giving pale yellow solutions from which addition complexes are 
~ b t a i n e d . ~  The solid contains a tetramer, Mo4Ft0. 

References 

1. R. D. Peacock, P ~ o c .  Chem. SOC., 1967, 59. 
2. T. A. O'Donnell and I). F. Stewart, J .  Inorg. Nucl. Chem., 24, 309 (1962). 
3. A. J. Edwards, It. D. Peacock, and R. W. H. Small, J. Chem. Soc., 1962, 4486. 
4. M. Mercer, T. J. Ouellette, C. T. Ratcliffe, and I). W. A. Sharp, J .  Chenz. Soc. 

(A), 1969, 2532. 

29. TUNGSTEN(V) CHLORIDE 
( Trcngsten Pentachloride) 

2WCls + czc14 2 2WC15 3- CZClS 

Submitted by E. L. McCANN, III,* and T. M. BROWN* 
Checked by C. DJORDJEVlCt and R. E. MORRIS1 

Formerly, the preparation of tungsten(V) chloride was accom- 
plished by a hydrogen reduction of tungsten(V1) chloride1 or 
more readily by using red phosphorus as the reducing agent.2 
Very pure tungsten(V) chloride can be prepared by dispropor- 
tionating tungsten(1V) chloride a t  high temperatures. It has 
also been shown that tungsten(V1) chloride decomposes at its 
boiling point to give tungsten(V) ~ h l o r i d e , ~  and there is evidence 

* Arizona State University, Tempe, Ariz. 85281. 
t The College of William and Mary, Williamsburg, VIL. 23 1x5. 
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that  solutions of tungsten(V1) chloride in nonaqueous, nonpolar 
solvents are unstable, undergoing reduction. 

The following procedure6 takes advantage of the ability of 
tetrachloroethylene to remove chlorine from solutions of tung- 
sten(V1) chloride and in this manner to bring about a con- 
venient photochemical synthesis of tungsten(V) chloride. 

Procedure 

The apparatus used for thc preparation of tungsten(V) 
chloride consists of an all-Pyrexglass vessel 
which can be attached to a standard 
vacuum line for easy manipulation of the 
reactants and products. This is shown in 
Fig. 7 .  

The reaction vessel consists of a 22-mm. 
Pyrex tube (closed a t  one end) with side- 
arm B terminating in an 12- inner ball joint 
for loading the vessel. A 13-mm. break 
seal, C, and an +f- inner ball joint are used 
for removal of the organic materials after 
reaction. A small Teflon-coated magnetic 
stirring bar is placed inside the vessel to 
aid in thorough mixing of the reactants. 

After evacuating and flame-drying the 
vessel, 4-7 g. of freshly sublimed and 
powdered tungsten(V1) chloride [cf. : 
Inorganic Syntheses, 9, 135-136 (1967)] 
is placed in chamber A of the vessel. This 
operation is carried out in an inert atmos- 
phere to avoid contamination by oxyhal- 
ides. The vesscl is thcn evacuated on the 
vacuum line, and 25 ml. of prcviously 
dricd and dcgasscd tc!trucIilorocthylc!no is 
vacuum clistillod onto tho turiptori(V€) 
ahlorido. 'l'110 solrit,ion iH froxori, u ~ i t l  1,110 
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vessel is then carefully sealed off a t  B.  The mixture is then 
warmed to room temperature, and the sealed vessel is placed in 
an oil bath at 100". The reactants are stirred for 24 hours in the 
presence of a 100-watt light bulb. If the light is too intense, 
proportionately larger amounts of tungsten (IV) chloride are 
obtained. The apparatus should be placed behind a safety 
shield. 

During the reaction the solution color changes from a red- 
brown to a brownish blue-green, and a fine powder appears 
upon completion of the reaction. The products are then cooled, 
the apparatus is attached to the vacuum line, and the break 
seal C is broken. The volatile organic materials are then 
removed by distillation under vacuum, and the vessel is sealed 
at D. 

To purify the tungsten(V) chloride, the tube is placed part 
way in a tube furnace such that a 180"/room-temperature 
gradient is maintained. The volatile tungsten(V) chloride will 
then sublime to chamber E leaving behind a small amount of 
nonvolatile, black tungsten(1V) chloride powder. The tube 
can then be broken at F within a dry-box and the product 
placed in an airtight container for storage. 

Yields greater than 90% based on the weight of tungstcn(V1) 
chloride used are obtained depending upon the amount of 
tungsten(1V) chloride formed. Anal. Calcd. for WC15: W, 
50.91; Cl, 49.09. Found: W, 50.2; C1, 48.8. 

The amount of hcxachloroethane formed can be easily deter- 
mined by gas chromatographic analysis of the organic distillate. 

The purity of the tungsten(V) chloridc can be determined 
through inspection of its infrared spectrum. Tungsten oxy- 
halides and chlorocarbon impurities can be easily identified by 
their characteristic absorption. An examination of tlie far- 
infrared spectrum should show only the characteristic bands of 
tungsten(V) chloride7 which can be distinguished from those of 
other tungsten halide species, although small amounts of such 
impurities cannot readily bc detcctcd in this way. 
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Properties 

The chemical and physical propcrties of tungsten(V) chloride 
are well-established.8-11 It melts at 248", boils a t  275.6", and 
crystallizes in very dark blue-green needles which decompose 
quickly when exposed to moist air. The very faint blue-green 
vapor of tungsten(V) chloride is in contrast to the yellowish-red 
vapor of tungsten(V1) chloride. It is only very slightly solublc 
in nonpolar organic solvents and reacts with most of the polar 
solvents. 

Discussion 

With relatively little attention high yields of very purv 
tungsten(V) chloride can be obtained. The use of the totally 
organic reducing mcdium avoids contamination by species sucali 
as phosphorus, and due to the completeness of the reaction, I I O  

tungsten(V1) chloride will be found in the product. 
Application of this method to other transition-metal systcbins 

has been examined with only minor procedural changes. 
The quantitative synthesis of molybdenum(1V) chloritlv liris 

been similarly accomplished in a two-day reaction at 150" i n  
the presence of a 100-watt light bulb. However, purificnatioti 
cannot be done by sublimation due to the thermal instability 
of the product. Thus it is necessary to extract the protliic4 
with the excess tetrachloroethylene to remove excess molyl)tl(~- 
num(V) chloride and hexachloroethane. Thc reaction nntl 
extraction of the product can be conveniently donr in a singI(l 
vessel as described elsewhere.12 This is not as c~onvrnic~nt ~ L S  

the method of Larson and 1Cl0orc~~ but it dovs avoid contaniitia- 
tion by (~arhoria(~rous impuriticxs which rcsult in tho 1) (~nzot i (~  
rduct ion of molybdcnum(V) cbhloridc. 

1 lio rncthod has also h i 1  oxntni ncd for thct production of' 
otlwr nonvolatile cwrnpoiiiitls. 1 1 1  t J I i c w  (ww,  1,110 puiuilicbatioti 
procws irivolvos sul)limiir~ ( W Y W  stmkitig nislc~riiLls t~,\vny froni 

r 7  
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the product. For example, greater than 95% yields of tung- 
sten(1V) chloride from tungsten(V1) chloride and 85 yo yields 
of niobium(1V) chloride from niobium(V) chloride can be 
obtained by using a 500-watt light bulb a t  150” and a reaction 
period of 3 days. 
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30. ANHYDROUS NICKEL(I1) HALIDES AND THEIR 

COMPLEXES 
TETRAKIS(ETHAN0L) AND 1,Z-DIMETHOXYETHANE 

Submitted by LAIRD G. L. WARD” 
Cheeked by J. R. PIPALt 

The synthesis of nickel organic compounds often requires a 
source of organic-solvent-soluble anhydrous nickel halide. 

tory, Sterling Forest, Suffern, N.Y. 10901. 
* The International Nickel Company, Inc., Paul D. Merica Research Labora- 

t Massachusetts Institute of Technology, Cambridgc, Mass. 02 139. 
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Upon total dehydration, * octahedrally coordinated nickel 
chloride dihydrate changes t o  a close-packed cubic structure, 
or, in the case of hydrated nickel bromide, to a close-packed 
hexagonal structure. Both of these anhydrous forms dissolve 
slowly or incompletely in donor solvents. Consequently they 
have not enjoyed great synthetic utility. Water is consumed 
but not eliminated during the dehydration of transition-metal 
halides with 2,2-dimethoxypropane (acetonedimethylacetal), 
which leaves the transition-metal salt in a mixture of methanol, 
acetone, and unreacted 2,2-dimcthoxypropane. The recent 
utilization of a complex metal salt, such as tetraalkylammonium 
tetrahalometallate, as a convenient source of the metal ion in 
an anhydrous, but hygroscopic, rcactive and organic-solvent- 
soluble form, rccognixes this p r o b l ~ r n . ~  The tris(tetrahydr0- 
furan) complex of chromium(II1) chloride5 affords a useful 
organic-solvent-soluble anhydrous source of chromium(II1). 
The irreversible, rapid, quantitative hydrolysis of orthoestcw " 
and relatively innocuous products has prompted utilization of' 
this reaction as a water-scavenging procedure for nonaquwris 
solvents. 

Crystalline hexakis(ethano1) complexes of perchloratcs, tc4nc- 
fluoroborates, and nitrates of several metals, Zn, Mg, Mri, I+, 
Co, and Ni, have been prepared from the hydrated salts by 
dehydration with triethyl orthoformate. * 

Procedures for the preparation of nickel(I1) chloride dihy- 
drate and nickel(I1) bromide dihydrate follow. From thcw, 
the preparation via the orthoformate ester dehydration rout(% 
of the anhydrous tetrakis(ethano1) and 1,2-dimethoxyc~thur1c 
caomplexes is described. The preparation of nickel(I1) iodidcl- 
his( 1,2-dimethoxyethane) from nickel(I1) iodide pentaliydritt,ch 
is also given. 

Synthetic applications rcquiring water-free conditions, swli 
as rcartioris with (:rignard rciagents, aryl and alkyl aluminiitn 

* Otlirr ( ~ O I D I I I U I ~ ~ ~ ~ L L ~ . I O I I H  on t h  prc~pnratioii of anhydrous nictal halidcs nro 
clrscribctl in rrlorcnc~o 1 . 
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compounds, Group I alkyl and aryl compounds, phosphines 
and chlorophosphines, alkynes, and weak organic acids render 
these complexes singularly useful as sources of nickel(I1) ion. 

A. NICKEL(I1) CHLORIDE DIHYDRATE 

NiClz.6Ha0 IViCl2.2H20 + 4Hz0 

Procedure 

One-inch-thick layers of hydrated nickel chloride are arranged 
in open Pyrex ovenware dishes which are then stored for 17 
hours a t  80" in a circulating air oven, continuously purged with 
dry air. The resultant ycllow hygroscopic nickcl(I1) chloride 
dihydrate is pulverized in a Waring Blendor and then trans- 
ferred promptly to securely capped jars. The water content 
(Karl Fischer titration) varies from 1.88 to 2.2 hydrate. 

Proper ties 

Thermogravimetric analysis* of nickcl(I1) chloride hexa- 
hydrate shows that water evolution occurs from ambient tem- 
peratures (25") to 66.6". The resulting dihydrate is stable up 
to 133.3", beyond which temperature further water loss occurs. 
Differential thermal analysis" shows an endotherm a t  53.9" 
related to the first dehydration step, and a second, strong 
endotherm at 118.9", not accompanied by any weight loss, 
indicates the transformation of an octahedrally coordinated to  
a close-packed cubic structure. 

B. NICKEL(I1) BROMIDE DIHYDRATE 

800 
N O  4- 2HBr + HzO -+ NiBrz2Hz0 

* At a heating rate of 2.5"/minute. 
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Procedure* 

Aqueous hydrobromic acid? (760 g., 4.41 moles, ca. 550 ml.) 
is added to an agitated slurry of black nickel oxide$ (165 g.) 
and water (130 ml.) contained in a 2-1. flask, a t  a rate which 
maintains the spontaneous exothermic reaction temperature at 
80-95". When the addition of acid is complete, nickel powders 
(3-4 g.) is added to react with the free bromine. The mixture is 
then boiled briefly, cooled to 26", and then gravity filtered 
through a double thickness of fluted filter paper7 into a 2-1. 
beaker. The filtrate is vigorously evaporated (1500-watt hot 
plate) with stirring11 and an impinging stream of compressed air 
to a slurry volume of ca. 300 ml. and temperature of 130-131". 
The product is collected by suction filtration under a covering 
of rubber dam on a hot (115"), medium-porosity 600-ml. frit. 
While still hot, the product is promptly transferred to a desic- 
cator where it is cooled in 'uacuo with continued pumping 
(2 hours/l mm.) .** The product, matted, yellow-brown needles, 
240 g. (42%, with 16.9% water of crystallization, Karl Fischer 
titration), analyzed as a 2.47 hydrate. The water content of 

* The procedure may be performed in a 12-1. flask using 15 times the quantities 
indicated here. On a 15X scale, the hydrobromic acid (11,650 g., 67.6 moles, 
ca. 8.4 1.) is added in 500-ml. portions during 4 hours. 

t This is 47% w/w 8.56 M . ;  d, 1.38 g./ml., Michigan Chemical Corporation, 
Box 12, Union, N.J. 07083. 

3 Acid-soluble black nickel oxide, 75.3 % nickel, a product of The International 
Nickel Company, Inc., was used. 

$ Nickel powder type 287, particle size 2.9-3.6 fi; C, 0.05-0.15%; 0, 0.276, a 
product of The International Nickel Company, Inc., was used. 

7 The hot mixture disintegrates filter paper; the nickel oxide, nickel powder, 
and fine carbon residues rapidly block a sintered-glass frit or Celite filter bed. 

/ I  Ace Glass Inc., catalog no. 8256-G, stirring rod; 8258-A 2&-in., paddle-type 
Teffon agitator blade. 

* *  Needles of the dihydrate form in boiling concentrated aqueous solutions. As 
the temperature falls during thoir isolnt,ion, tho water content increases and can 
vary from 2.14-2.85 or inoro niolos por inoltr ( i f  nickel bromide. 

Properties are described in Ref. 11. 



158 Znorganic Syntheses 

i t  was reduced to 14.7% or 2.09 hydrate by drying &in.-thick 
layers at 95" for one hour in a circulating air oven.* 

Properties 

Thermogravimetric analysist of a sample of the 5 hydrate 
shows that water evolution occurs between 34.1" and 89.6", at 
which latter temperature a dihydrate has formed. This is 
stable up to  107", beyond which temperature the remaining two 
water molecules are slowly lost. Differential thermal analysis t 
shows two dehydration endotherms at 36.4 and 132.8' and a 
structure transformation (octahedrally coordinated to close- 
packed hexagonal) endotherm at 151.8'. 

C. DICHLOROTETRAKI S (ETHAN0L)NICKE L(I1) 

NiCl2*2H2O + 2HC(OCzH~)3 - CzHsOH 

reflux 

NiCI2.4CzH5OH + zsC2H50H + 2HCOOC2H5 

Procedure 5 

A three-necked, 3-1. flask fitted with a reflux condenser and 
mechanical stirrer is charged with 327 g. (2.0 moles) of nickel(I1) 
chloride 1.88 hydrate, 550 ml. of absolute ethanol, and 558 g. 
(4.14 moles) of triethyl orthoformate. 0 The cream-colored slurry 
is stirred a t  the reflux under an  atmosphere of nitrogen for 
2 hours, after which time the water content of a 1-ml. sample 
of the now homogeneous reaction mixture is checked with a 

* Prolonged drying (65 hours) at this temperature will yield a powdery brown 
hydrated product (2% HtO) which is insoluble, or only extremely slowly soluble, 
in donor solvents. 

t At a heating rate of 2.5"/minute. 
$ The technique of chemical manipulation under a nitrogen atmosphere, using a 

Schlenk frit apparatus like that described in Fig. 6 of Inorganic Syntheses, 11, 78 
(1968), is further outlined in reference 9. Teflon plug stopcocks, which do not 
require lubrication, are preferred. 

5 Kay-Fries Chemicals, Inc., 360 Lexington Ave., New York, N.Y. 10017. 



Anhydrous Nickel(ZZ) Halides 159 

Karl Fischer titration. * The Karl Fischer analysis should 
indicate that the solution is completely water-free. If water is 
present the mixture should be refluxed for an additional hour. 

Another Karl Fischer analysis should then be performed, and 
if water continues to persist, an additional 0.1-0.2 mole of tri- 
ethyl orthoformate should be added and the refluxing continued 
for an additional hour. Upon concentration of the solution to a 
volume of 1 l., and then cooling it to 0" under nitrogen to  exclude 
moisture, pastel-green hygroscopic needles of the tetrakis- 
(ethanol) complex (140 g., 22%t) form. These are collected 
and carefully dried under nitrogen on a Schlenk frit a t  23O.t 
Anal. Calcd. for CsHZ4C1O4Ni: C, 30.61; H, 7.71; C1, 22.59; 
0, 20.39; Ni, 18.70. Found: C, 27.71; €1, 6.95; C1, 22.97; 
0, 20.82; Ni, 19.09. 

Properties 

The bis(ethano1) complex described by Ostoff and West lo is 
not isolated by this procedure, but evidence for its presence is 
apparent on thermogravimetric analysis. When heated slowly, $ 
the tetrakis(ethano1) complex gradually loses ethanol up to 54". 
The resulting bis(ethano1) complex then continues to gradually 
lose ethanol, and the material a t  68" has an estimated composi- 
tion NiC12.1.8CzH,0H. At 90", a monocthanol complcx forms. 
Differential thermal analysis $ shows three endotherms, all 
related to volatilization of the ligand : 38.4", associated with 
the formation of NiCl2.2CZH5OH; 80.9", associatcd with the 
formation of NiC12.C2H50H; and 89.9", related to the loss of 
the remaining ethanol. The tetrakis(ethano1) complex is very 
soluble in the lower alcohols, esters, and monoethers of eth- 

* A 2-ml. Insulin B-D Yale Luer-lok multifit hypodermic syringe with a &in. 
18G needle is used to conveniently transfer the analytical sample. 

t The checker obtained a 65% yield working on 6 this scale. 
3 IGxccssive drying will produce a yellow-orange-colored product with approxi- 

4 At a Iiostiiig ,atv of 2.5"/ininutc. 
rnatoly 3 moles of ethanol of crystallization pcr mole of nickel chloride. 
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yleneglycol (Cellosolves) and soluble in tetrahydrofuran. It 
is not soluble in hydrocarbons, diethyl ether, or methylene 
chloride. 

D. DIBROMOTETRAKIS(ETHANOL)NICKEL(II) 

Procedure 

Following the procedure described under C, a slurry of 526 g. 
(2.0 moles) of nickel(I1) bromide 2.47 hydrate and 800 g. 
(5.4 moles) of triethyl orthoformate is stirred at  the reflux for 
2 hours under 1 atmosphere of nitrogen. The resulting homo- 
geneous solution should a t  this stage be water-free (Karl 
Fischer titration of a 1-ml. sample). It is concentrated to a 
volume of 1 1. and the dull-yellow chunky hygroscopic needles 
(210 g., 26%") which slowly form are collected and carefully 
dried under nitrogen on a Schlenk frit a t  23O.Y Anal. Calcd. 
for C8H24Br04Ni: C, 23.85; H, 6.00; Br, 39.68; 0, 15.89; Ni, 
14.57. Found: C, 21.22; H, 5.45; Br, 39.95; 0, 15.42; Ni, 14.59. 

Properties 

The tetrakis(ethano1) complex readily changes to a brown 
tris(ethano1) complex when it is dried a t  reduced pressure. 
Thermogravimetric analysis 1 shows ethanol is evolved from the 
tetrakis(ethano1) complex below 26" and this loss is complete a t  
113". Two endotherms are observed on differential thermal 
analysis$ during the final 4% loss in weight, a t  80 and at  89". 

E. DICHLOR0(1,2-DIMETHOXYETHANE)NICKEL(II) 
reflux 

NiC12.2H20 f ~ H C ( O C Z H J ~  + CH30CH2CH20CH3 - 
NiC12C4Hl0O2 + 4C2H50H + 2HCOOC2H5 

* The checker obtained a 50 % yield working on + this scale. 
t Excessive drying will result in the loss of some of the bound ethanol. 
$ At a heating rate of 2.5"/minute. 
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Procedure 

A three-necked, 3-1. flask fitted with a reflux condenser and 
mechanical stirrer is charged with 331 g. (2.0 moles) of pul- 
verized nickel(I1) chloride 1.88 hydrate, l l. of 1,2-dimethoxy- 
ethane,* and 651 g. (4.4 moles) of triethyl orthoformate. The 
slurry is stirred rapidly and heated at the reflux under nitrogen 
for 2 hours, after which time a Karl Fischer water analysis of 
the supernatant green liquid should show less than 0.04 mg. 
H20/ml. The completed reaction slurry is cooled, and the 
orange granular solids are collected under nitrogen on a Schlenk 
frit of 1-1. capacity, rinsed successively with anhydrous 1,2- 
dimethoxyethane and then pentane, and dried in a nitrogen 
atmosphere at 26" and 20 cm. Hg. The yield is nearly quantita- 
tive. A n a l .  Calcd. for C4HloC1,02Ni: C, 21.86; H, 4.59; 
Cl, 32.27; Ni, 26.72. Found: C, 21.59; H, 4.72; C1, 31.98; 
Ni, 26.54. 

The addition of diglyme 
or of triglymet to  concentrated anhydrous ethanol solutions of 
nickel(I1) chloride afforded NiClz*diglyme and NiCL.(tri- 
glyme) 5, respectively. 

Preparation of Related Compounds.  

Proper ties 

Whether prepared fram a homogeneous (excess ethanol is 
required) or a nonhomogeneous medium, the orthoformate 
derived dichloro( 1,2-dimethoxyethane)nickel(II), on thermo- 
gravimetric analysis (heating a t  10°C. min-l) begins to lose its 
ligand a t  91". The loss proceeds in two stages: the first, 28% 

* 1,2-Dimethoxyethane (monoglgme) was refluxed over sodium metal until no 
further reaction occurred with a clean sodium surface. It was distilled from clean 
sodium; b.p. 33"/775 mm. 

t Diglyme, [bis(2-methoxyethyl)ether], and triglyme, [1,2-bis (methoxyethoxy)- 
ethane; 2,5,8,1 l-tetraoxydodecane], were each refluxed 4 hours over calcium 
hydride granules, then distilled from calcium hydride at atmospheric pressure; 
fractions b.p. 161-162O/750 mm. and 222-224"/750 mm., respectively, were 
collcctcd. 
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loss, corresponding to 0.7 172-dimethoxyethane is complete a t  
155" and is accompanied by a large endotherm a t  152". The 
second 12% loss (0.3 1,2-dimethoxyethane) is complete a t  287" 
but without an accompanying endo- or exothermal process. 

F. DIBROMO( 1,2-DIMETHOXY ETHANE) NICKE L(I1) 

Procedure 

The procedure described in See. D for the preparation of 
dibromotetrakis(ethanol)nickel(II) is followed. The anhydrous 
ethanol solution is evaporated to  the stage of incipient crystal- 
lization a t  the boiling point* and then diluted with 1 1. of 
peroxide-free anhydrous 1,2-dimethoxyethane. The resulting 
salmon-pink complex is collected under nitrogen in a Schlenk 
frit of 1-1. capacity, rinsed successively with anhydrous 1,2- 
dimethoxyethane and then pentane and dried in a current of 
nitrogen at 23" and 20 em. Hg. The yield is nearly quantita- 
tive.? Anal .  Calcd. for C4HI0Br2O2Ni: C, 15.57; H, 3.27; Br, 
51.78; Ni, 19.02. Found: C, 15.01; H, 3.43; Br, 52.15; Ni, 
18.80. 

The addition of diglyme 
or of triglyme to concentrated anhydrous ethanol solutions of 
nickel bromide afforded NiBrz.diglyme and NiBrz%riglyme, 
respectively . 

Preparation of Related Compounds. 

Properties 

The loss of the one ligand molecule from dibromo(172-di- 
methoxyethane)nickel(II) commences a t  114" and is complete 

* Sufficient ethanol should be present to provide a homogeneous solution a t  the 
boiling point. Due to the appreciable solubility of the dibromo(l,2-dimethoxy- 
ethane)nickel in ethanol-1,Zdimethoxyethane mixtures, the yield of the salmon- 
pink complex will be lower if enough ethanol-ethyl formate is not volatilized. 

t The checker obtained a 70% yield working on + this scale. 
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at 275". 
at 164". 

This loss is accompanied by one endothermal process 

G. BI S (1,Z-DIMETHOXY ETHANE)DIIODONICICE L(I1) 

Procedure 

Crystalline nickel iodide pentahydrate (100.6 g., 0.25 mole) 
is added to stirred triethyl orthoformate (200 g., 1.35 moles). 
When the water content of the solution is less than 0.04 mg./ml. 
(3 hours), the volatiles are stripped at reduced pressure. The 
black residue is recrystallized from 200 ml. anhydrous, peroxide- 
free, hot 1,2-dimethoxyethane in which it is very soluble, 
forming a blood red solution. The solvent is evaporated 
slowly a t  approximately 23" and 20 em. Hg. The large (1 mm.) 
deep orange-red granular hygroscopic crystals (60 g., 0.12 mole, 
48%) are collected under nitrogen in a Schlenk frit, washed with 
pentane, and dried in nitrogen a t  23" and 20 em. Hg. Anal. 
Calcd. for CsH2,I,O4Ni: C, 19.50; H, 4.09; I, 51.51; Ni, 11.91. 
Found: C, 17.99; H, 4.02; I, 50.11; Ni, 11.62. 

Properties 

Bis( 1,2-dimethoxyethane)diiodonickel(II) begins to lose some 
of its dimethoxyethane in a nitrogen atmosphere even at ambient 
temperatures. This sample analyzed for 95% of the two 
liganded 1,2-dimethoxyethane molecules which were originally 
present. At 88", this loss amounted to  two more percent; then, 
further increasing the temperature, the remaining 1,2-dimeth- 
oxyethane is volatilized up to  133". The 34% loss (calcd. 
36.6%) is accompanied by an  intense endotherm at log", which 
is followed by a smaller endotherm at 135". 

The dogroo 
of solubility is grcatost for tho iodido complcx and lcast for tho 
chloriclo comploxoH. Tho ~ot i~ i t iv i ty  to moistura-that is, tho 

Properties of the 1 ,W-Dimethoxyethane Complexes. 
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relative ease with which the ligand is replaced by water- 
present as moisture in the atmosphere-is greatest for the iodide 
and least for the chloride. Consequently, i t  has been found 
possible, by working quickly, t o  weigh the chloride and bromide 
complexes in air and to transfer them to thc reaction vessel, 
without any appreciable contamination with water from the 
atmosphere. 

The complexes are very soluble in methanol, ethanol, butanol, 
methyl Cellosolve (2-methoxyethanol), and ethyl Cellosolve 
(2-cthoxyethanol), and to a fair degree, quite soluble in 1,2- 
dimethoxyethane and di- and triglyme. They are initially 
quite soluble in tetrahydrofuran, acetone, pyridine, nitro- 
methane, ace t oni trile, dime t hyl sulf oxide, and N, N-di me t hyl- 
formamide, but usually precipitation of the nickel halide-solvent 
complex occurs if attempts are made to prepare moderately 
concentrated solutions in these solvents. They are only very 
slightly soluble, or are quite insoluble in dioxane, ethyl ether, 
hexane, dichloromethane, ethyl acetate, and methyl- and butyl- 
cellosolve acetate (2-methoxyethyl and 2-butoxyethyl acetate). 
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Chapter Six 

HALO COMPLEXES OF SOME METALS 

31. TETRAPHENYLARSONIUM 
TETRACHLORO VAN AD ATE (111) 

VCI, + 3CH,CN + [VC1,.3CHaCN] 
[VC1,.3CH3CN] + [(C6H5)4AS]C1+ [ (C~H~) ,AS][VC~~.~CH,CN] 

f [(C~H~)~AS][VCLJ + 2CH,CN 
100°/10-2 mm. 

[ (C 6 H 5) ,AS J [ VC14.2 CH 3 CN] 

Submitted by A. T. CASEY,* R.  J. I€. CI,ARK,t R .  S. NYHOLM,? and  D. E. SCAIFES 
Cheeked by T. E. BOYD,O W. RHINE,§ and G. STUCKYB 

The great majority of compounds of vanadium(II1) have octa- 
hedral or quasioctahedral symmetry about the metal atom. 
Recently, the preparations of the first tetrahedral vanadium(II1) 
species have been described by the authors.1,2 The general 
method of their preparation is exemplified by that of tetra- 
phenylarsonium tetrachlorovanadate(II1) described here. 

Procedure 

Reagent-grade acetonitrile is dried over molecular sieves for 
48 hours and then fractionally distilled from tetraphosphorus 

* University of Melbourne, Australia. 
t University Collcge, Gowcr St., London, W.C.1, England. 
$ Ijivision of Mineral Chcinistry, C.S.1.R .O., Mclbourne, Australia. 
1 Univoraity of Illinoitl, UrbiLna, Ill. 0 180 I .  
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decaoxide three times. A unit similar to  that illustrated in 
Fig. 8 is flamed out under vacuum and charged with 6.1 g. 
anhydrous vanadium trichloride (0.039 mole) in an argon- 
filled dry-box. One-hundred twenty-five milliliters of the puri- 
fied acetonitrile is distilled from tetraphosphorus decaoxide in a 
stream of dry argon or nitrogen into the unit, using only the 
fraction boiling at 82.0-82.5'. The mixture of vanadium tri- 
chloride and acetonitrile is warmed at 60" until soIution is com- 

beods 

Fig. 8 .  Apparatus for preparing Fig. 9 .  Manifold for 
derivatives of vanadium trichloride. storing and taking sam- 

ples of salts of the tetra- 
halovanadate( IIZ) ion. 



Tetraphenylarsonium TetruchZorovan.adate( ZZZ) 167 

plete; the vanadium(II1) solvate has the formula [VC1,.3CH3CN] 
and is green. 

Tetraphenylarsonium chloride (19.0 g., 0.045 mole) is dried 
in vacuo at 100" for 6 hours. The salt is dissolved in 40 ml. dry 
acetonitrile in the dry-box, the atmosphere of which is kept 
reasonably free of acetonitrile vapor by using serum-capped 
containers and transferring the acetonitrile by hypodermic 
syringe. The solution of tetraphenylarsonium chloride is added 
to  the solution of vanadium trichloride in acetonitrile all a t  
once against a stream of dry argon, the mixture heated to 
boiling and allowed to  cool slowly. Bright yellow crystals of 
[ (C6H5)4A~][VC14.2CH3CN] precipitate as the solution cools. 
These are filtered at the sintered-glass disk by the application of 
gentle vacuum. Pumping the solid at 20" for 4 hours gives the 
pure solid. The compound is then transferred in a dry-box to a 
manifold of the type illustrated in Fig. 9 and pumped at 100" 
for 6 hours a t  0.01 mm. The two molecules of acetonitrile are 
removed easily under these conditions to  yield the bright blue 
compound [(C6H5)4As]VC14. Yield is 15.1 g. (59% based on 
VCl,). Anal. Calcd. for [(C6H5)4A~][VC14.2CH3CN] : C, 50.3; 
H, 3.55; C1, 21.9; N, 3.0; V, 8.25. Found: C, 51.1; H, 4.0; 

H, 3.5; C1, 24.6; V, 8.84. Found: C, 50.0; H, 3.0; C1, 23.9; 
V, 9.20. 

C1, 21.5; N, 4.25; V, 7.75. Calcd. for [(CgR5)4AS]VC14: C, 50.0; 

Properties 

I n  common with most other complexes of vanadium(III), 
these compounds are highly susceptible to hydrolysis and oxida- 
tion. The magnetic moment of [(c6H5)lA~][VC14] is independ- 
ent of temperature2 as one would expect for a complex with 3Az 
ground term. The intensities and spacings of the x-ray powder 
pattern1 are virtually identical with those of' [(C6H5)4As][FeC14], 
thc structure of which is known3 to  be a somewhat distorted 
tofrahedron. It has not been possible to obtain a solution 
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spectrum, since every solvent in which the compound is soluble 
appears to  increase the coordination number. The reflectance 
spectrum can be assigned on a tetrahedral model.2 

Using a similar procedure i t  is possible to prepare [(C6H5)4As]- 
[VBr4], [(CzH5)4N][VBrq], and [(CzH5)4N][VC14]. The first of 
these is probably tetrahedral as well, but i t  is so susceptible to  
solvation that it is difficult t o  work with even in a carefully dried 
dry-box. The second compound contains the tetrahedral 
VBr4- ion, but the last (which was mentioned in passing in 
Inorganic Syntheses, volume 11, page 79) is an octahedral poly- 
mer as indicated by both spectral and magnetic measurements. 
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32. TRIS(TETRAETHYLAMMON1UM) 
NONACHLORODIVANADATE (111) 

Submitted by A. T. CASEY* and R. J. H. CLARK? 
Checked by W. RHINE,S T. E. BOYD,$ and G. STUCKYS 

The hIzC193- ions where M = vanadium, chromium, or tungsten, 
are binuclear consisting of two octahedra with shared edges.' 
Corresponding ions in which M = Ti or Mo presumably have 
the same structure. The FeZClg3- ion is known2 only in associa- 

* University of Melbourne, Australia. 
t University College, Gower St., London, W.C.l, England. 
$ University of Illinois, Urbana, Ill. 61801. 
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tion with the cesium ion. Slight differences in the metal-metal 
distance in the binuclear anions cause profound changes in their 
magnetic susceptibilities ; for instance, the tungsten compound 
is diamagnetic while the chromium compound shows evidence 
of only a slight interaction between the metal  atom^,^ The 
vanadium compound is intermediate in this r e ~ p e c t . ~  The 
procedure used for the preparation of the vanadium compound 
was first described briefly in 19635 and involves the use of 
thionyl chloride as the solvent. 

Procedure 

The apparatus is the same as that used in the preparation of 
[(C6H5)4As]VCl, (page 166). After flaming undcr vacuum the 
unit is charged, in an argon- or nitrogen-filled dry-box, with 
5.2 g. (0.033 mole) of finely ground anhydrous vanadium tri- 
chloride. Thionyl chloride (125 ml.) is added against a stream 
of dry argon. Tetraethylammonium chloride (10.0 g., 0.060 
mole), dried under vacuum, is dissolved in 25 ml. of thionyl 
chloride and added to  the mixture of vanadium trichloride and 
thionyl chloride. The unit is shaken gently for 30 minutes and 
then allowed to stand for 24 hours with occasional agitation. 
The deep red solution is filtered through the sintered-glass disk 
by application of a slight vacuum and the thionyl chloride 
removed under vacuum (ca. 10 mm.) until crystallization begins. 
A 2: 1 mixture of diethyl ether-thionyl chloride (30 ml.) is then 
added to complete the crystallization. The sintered-glass filter 
is changed in the dry-box and the crystals collected by filtration 
using a slight vacuum. The crystals are washed with the ether- 
thionyl chloride mixture three times and then dried at about 
5Oo/0.l mm. Working 
on onc-fourth this scale the checkers obtained a 44% yield. 
Anal. Calcd. for [(C2II6),N],V2C1,: C, 35.51; H, 7.44; C1, 39.31; 
N, 5.18; V, 12.55. k'ound: C, 34.00; 13, 8.26; C1, 39.31; N, 5.67; 
v 12.86, 

Yield is 8.7 g. (65% based on VCl,). 
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Properties 

Tris(tetraethy1ammonium) nonachlorodivanadate(II1) forms 
red crystals which are very easily hydrolyzed and easily oxidized; 
thus they are most conveniently stored in a manifold such as 
that illustrated in Fig. 9. The solid is placed in the manifold 
in a dry-box and then sealed off in vacuo. The glass balls help 
to prevent the solid caking. When a sample is required i t  is 
tapped into one of the sidearms, which is then sealed off. The 
s p e ~ t r a l ~ ~ ~  and magnetic4z6 properties of the compound are con- 
sistent with some vanadium-vanadium interaction within the 
binuclear anion. 

References 

1. G. 3. Wessel and D. J. W. Ijdo, Beta Cryst., 10, 466 (1957). 
2. R. J. H. Clark and F. B. Taylor, J .  Chem. Soc. (A), 1967, 693. 
3. A. Earnshaw and J. Lewis, ibid., 1961, 396. 
4. A. T. Casey and R. J. H. Clark, Inorg. Chem., 7, 1598 (1968). 
5. D. M. Adams, J. Chatt, J. M. Davidson, and J. Gerratt, J .  Chem. SOC., 1963, 

6. R. Saillant and R. A. D. Wentworth, Inorg. Chem., 7, 1606 (1968). 
2189. 

33. AMMONIUM, RUBIDIUM, AND CESIUM SALTS 
OF THE AQUAPENTACHLOROMOLYBDATE(II1) 
AND HEXACHLOROMOLYBDATE(II1) ANIONS 

Moz(O2CCH,)4 + HCl(aq.) f OZ + [M0C15(H20)]~- + [MOC1sl3- 
mtd. aq. 

[MoCl,(HzO)]’- f CI- [MOC~G]~- + HzO 

[MoC1,(H20)lZ- + C1- 
6 M HC1 

[MoCls13- + HzO - 
Submitted by J. V. BRENCIC* and  F. A. COTTON* 
Checked by J. A. JAECKERt and R.  A. WALTONt 

The preparation of the compounds K3[MoC1J and K2[MoCl5- 
(H,O)] is described in an earlier volume in this series.l The 

* Massachusetts Institute of Technology, Cambridge, Mass. 02139. 
t Purdue University, Lafayette, Ind. 47!)07. 
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procedures are relatively arduous, for three reasons. (1) They 
begin with electrolytic reduction of Moo3 dissolved in hydro- 
chloric acid-a lengthy and tedious procedure. (2) The law of 
mass action is not employed efficiently to maximize the desired 
product. (3) The choice of potassium as the MI ion is unwise 
unless there is a special reason for wanting it, since potassium 
chloride is relatively insoluble in hydrochloric acid and therefore 
tends to contaminate the products. 

We describe here a procedure for preparing the ammonium, 
rubidium, and cesium salts of [MOC~, (H~O)]~-  and [MoC1J3- in 
good yields employing tetrakis(acetato)dimolybdenum, which 
is itself easily prepared2 from MO(CO)~.  The procedure takes 
deliberate advantage of the law of mass action, in that the 
[MOC~,(H,O)]~- compounds are precipitated from 6 M hydro- 
chloric acid, whereas the [MoC1J3- salts are obtained from satu- 
rated aqueous hydrogen chloride. Finally, the potassium cation 
is avoided. 

Proced w e  

A. AQUAPENTACHLOROMOLYBDATE(II1) SALTS 

Three grams (7.01 mmoles) of tetrakis(acetato)dimolybdenum 
and 2.0 g. ammonium chloride (or 5.0 g. RbCl or 6.5 g. CsC1; 
ca. 40 mmoles) are mixed with 50 ml. of 12 $1 aqueous hydro- 
chloric acid. The slurry is warmed to the boiling point and 
evaporated to about 10 ml., giving a clear, red solution. This 
solution is then placed in an ice bath and left for at least 6 hours, 
during which the M',[MoCl,(H,O)] precipitates as a brick-rcd, 
crystalline solid. This precipitate is collected by filtration, 
washed with two 20-ml. portions of absolute ethanol and driod 
in vacuum a t  25" for 10 hours. The yields are usually about 
75% fe.g., 3.4 g. of [NI-I,],[MoCIS(H,O)]). Anal. Calcd. for 
[NH4J2[MoClS(I-I20)] : N, 8.56; C1, 54.16; Mo, 29.38. Ii'ound: 
N, 8.57; C1, 54.3; Mo, 29.2. 

7'hc so l imt  f rom which thc product prccipitutes i s  rn Note. 



172 Inorganic Syntheses 

constant-boiling hydrochloric acid, which i s  20.9% HCI, by weight, 
ca. 6 M and boils at 108.6"/?'60 mm.3 

B. AMMONIUM HEXACHLOROMOLYBDATE(II1) 

Two and one-half grams of [NH4]2[MoC16(H20)] and 0.5 g. 
of ammonium chloride are added to 40 ml. of 12 M hydrochloric 
acid in a flask. The slurry is boiled gently until all solids have 
dissolved. This usually requires about 20 minutes. The flask 
is then removed from the source of heat and a slow stream of 
gaseous hydrogen chloride is bubbled through the solution until 
its temperature falls to about 50". Absolute ethanol (5 ml.) is 
then added, and the solution is placed in an ice bath while the 
passage of hydrogen chloride is continued. When the solution 
has cooled fully and is saturated with hydrogen chloride as 
indicated by the fumes emerging from it, the hydrogen chloride 
stream is stopped and the stoppered solution left in the ice bath 
for an hour. 

The pink crystals can now be collected by filtration in air. 
They are washed twice with 10-ml. portions of absolute ethanol, 
and placed in a desiccator over KOH pellets for 10 hours. Yield 
is 1.95 g. (ca. 70%). Anal .  Calcd. for [NH4],[MoC16]: N, 11.58; 
Mo, 26.44. Found: N, 11.5; Mo, 26.7. The same procedure 
may be followed for the rubidium and cesium compounds, 
using 1.0 g. rubidium chloride or 1.5 g. cesium chloride in place of 
0.5 g. ammonium chloride (see Note page 173). 

Total time to this point is about 2 hours. 

Properties 

The compounds are pink or red crystalline solids which are 
stable indefinitely in ordinary laboratory air at 25". Their 
chemical properties are like those of the potassium compounds, 
which have previously been described.' 
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Note 

The filtrate contains an appreciable quantity of Mo3+. For 
economy, these liquids from several preparations may be com- 
bined and evaporated to 40 ml. and the procedure repeated. 
The liquids should be kept in an atmosphere of nitrogen if they 
are to be kept longer than 1 day. 
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34. DISODIUM HEXACHLOROPLATINATE (IV) 

Submitted by LAWRENCE E. COX* and DENNIS G. PETERS* 
Checked by J. EIALPERNt and M. PRIBANICt 

None of the accepted preparative methods1!2 for disodium hexa- 
chloroplatinate(IV), Naz[PtC16], is entirely suitable for routine 
use, because these procedures require reaction of a mixture of 
solid sodium chloride and platinum metal with chlorine gas a t  
temperatures near 500". However, a preparation of the desired 
compound is described below which yields a product of very 
high purity and which is much more convenient than those pre- 
viously reported since only solution chemistry is involved. 
Unlike the corresponding ammonium and potassium salts, 
disodium hexachloroplatinate(1V) exhibits high solubility in 
water and in several nonaqueous solvents, including ethanol, 
methanol, and N,N-dimethylformamide-a fact which enables 
one t o  extend the range of studies of the chemistry of 
hexachloroplatinate( IV) . 

* Indiana University, Bloomington, Ind. 47401. 
t The Univorsity of Chicago, Chicago, Ill. 00637. 
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Procedure ' 

High-purity (99.99%) platinum in the form of either thin wire 
or foil is recommended as a starting material because of its ease 
of dissolution in aqua regia; all other chemicals should be of 
reagent-grade quality and are usable without additional 
purification. 

A solution of hexachloroplatinic(1V) acid, H2PtC16, is prepared 
by dissolving 4.5 g . t  of platinum metal in 50-100 ml. of a 1 : 1 
mixture of concentrated hydrochloric and nitric acids. The 
dissolution is carried out in a two-necked, round-bottomed, 
250-ml. Pyrex flask equipped with a reflux condenser. The 
aqua regia solution is evaporated almost to dryness four times 
with successive 50-ml. portions of concentrated hydrochloric 
acid. 

A vacuum pump, with an intervening trap, is connected to the 
flask, and the hydrochloric acid solution is evaporated to dryness 
by placing the flask in a pan of hot water. The product is a 
crude form of hydrated hexachloroplatinic(1V) acid; strong 
heating must be avoided to  prevent decomposition of the solid 
acid. The solid acid is redissolved in a minimal volume (approxi- 
mately 10 ml.) of distilled water, and disodium hexachloro- 
platinate(1V) is precipitated by adding a threefold excess (8.0 g.) 
of solid sodium chloride to the solution and cooling the mixture 
in an ice-water bath. f- 

* Hexachioroplatinate(1V) may undergo appreciable photoaquation in aqueous 
media of low acidity and low chloride concentration. Although special steps to 
prevent this reaction appear to be unnecessary in the procedure described here, it 
is suggested that, during the course of the preparation, solutions containing 
hexachloroplatinate(1V) not be unduly exposed to sunlight or intense laboratory 
light. Accordingly, if it is convenient, as many of the operations as possible 
should be performed in a darkened environment. 

t The checkers worked on one-third scale. 
1 The presence of excess chloride is apparently necessary for the precipitation 

of the sodium hexachloroplatinate(IV), since the precipitate does not form when a 
large excess of either sodium perchlorate or sodium nitrate is added. 
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The yellow-orange solid is collected on a fine-porosity sintered- 
glass funnel by means of suction filtration and is allowed to dry 
in air on the filter for a few minutes. Disodium hexachloro- 
platinate(1V) is separated from the excess sodium chloride by 
treating the solid with 50-75 ml. of hot (60") absolute ethanol to 
dissolve selectively the former compound and by suction filtering 
the hot mixture rapidly through a fine-porosity, sintered-glass 
funnel. The solid disodium hexachloroplatinate(1V) is recov- 
ered by adding 20 ml. of dioxane to the ethanol filtrate and 
cooling the solution in an ice-water bath.* 

Pure anhydrous disodium hexachloroplatinate( IV), NazPtC1,, 
is obtained by redissolving the solid from the dioxane reprecipita- 
tion in a minimal volume of distilled water and evaporating the 
solution to dryness in a vacuum desiccator a t  room temperature 
and a pressure of less than 0.5 torr. To prevent loss of disodium 
hexachloroplatinate(1V) crystals and solution by spattering 
during the evaporation, the vessel containing the solution is 
covered with a watchglass. The anhydrous salt should be 
stored in a vacuum desiccator at room temperature and a pres- 
sure of less than 0.5 torr. 

Analysis of the compound for platinum is accomplished 
gravimetrically by reduction of a known weight of the anhyarous 
salt to metallic platinum with formic acid.3 For the deter- 
mination of chloride, 0.3 g. of the anhydrous salt is dissolved in 
40 ml. of distilled water containing 250 mg. of hydrazine sulfate; 
the solution is boiled gently until platinum metal is formed and 
coagulated. Then, without removal of the platinum, the solution 
is made 1 F in nitric acid and is titrated potentiometrically 
with standard 0.2 F silver nitrate solution. And. Calcd. for 
Na2PtC16: Pt, 42.99; C1, 46.88. 

Yield is 4.5 g. (43%). 

Found: Pt, 42.78; C1, 46.73. 

* Infrared and proton n.m.r. spectra of the recovered solid indicate that it is 
not pure anhydrous sodium hcxachloroplatinate (IV), but that it apparently con- 
sists of a dioxanc solvatc; when this inutcrial is hcated a t  110", it undergoes 
extensivo dccorriposition. 
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Properties 

Yellow anhydrous disodium hexachloroplatinate(1V) is quite 
hygroscopic and readily gains six water molecules of hydration 
when stored at 25” and a relative humidity of 50% or greater. 
Orange disodium hexachloroplatinate(1V) hexahydrate, Na2- 
PtCls*6Hz0, is reconverted to  the anhydrous compound by 
heating at 110” for one hour. The ultraviolet spectrum of hexa- 
chloroplatinate(1V) is so distinctive that i t  serves as a valuable 
criterion for the sole presence of this ion in solution as well as 
for the purity of disodium hexachloroplatinate(1V). In  1 F 
hydrochloric acid medium the spectrum exhibits a maximum 
at 262 nm. and a minimum a t  232 nm. with molar absorptivities 
of 24,500 and 3080 l./mole-em., respe~t ively;~ the molar absorp- 
tivity is 5090 l./mole-em. at 300 nm. 
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Chapter Seven 

VARIOUS TRANSITION-METAL 
COMPOUNDS 

36. DICHLOROTETRAKIS(2-PROPAN0L)- 
VANADIUM (111) CHLORIDE 

VCI3 + 4i-C3HyOH -+ [V(i-C,H70H)4C12]CI 

Submitted by A. T. CASEY* and R. J. H. CLARK? 
Checked by T. E. BOYD,$ W. RHINE,S and G. STUCKYZ 

Many anhydrous metal halides will form alcoholates if the pros- 
ence of water is avoided during the preparations. The reactions 
of alcohols with vanadium trichloride were originally thought, ’ 
to produce hexaalcoholates, but subsequent work cast somo 
doubt on thk2s3 In a recent publication4 i t  was establish1 
that the species formed in solution by treating vanadium tri- 
chloride with methanol, ethanol, n- and i-propyl alcohol (1- and 
2-propanol), n-, i-, and s-butyl alcohol (1-butanol, 2-mcthyl-l- 
propanol, and 2-butanol), and cyclohexanol are of the typv 
[V(ROH),CI,]Cl’in each case. In  some cases the species prc- 
cipitated from thc abovc solutions have the same structural typo, 

* TJnivcrBity of Melbourne, Austmlia. 
t Univcrsity Collc~c~, (lowor St(,, I lo i idon,  W.C. 1 ,  15np;lnrid. 
1 UnivcrRit,y of I l l i i i ~ i ~ ,  U ~ ~ I I L I I I L ,  111, O I H O I .  
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but in other cases neutral monomers of the type [VC13.3ROH] 
can be precipitated. The adduct of isopropyl alcohol described 
here is probably the easiest alcoholate to prepare, as the com- 
pound is not particularly soluble in the parent alcohol. 

Procedure 

The isopropyl alcohol is purified by drying over molecular 
sieves, refluxing with aluminium isopropoxide, and then twice 
fractionally distilling from aluminium isopropoxide. The unit 
illustrated in Fig. 8, page 166, is used for the preparation. After 
flaming out under vacuum, i t  is charged with 7.6 g. (0.048 mole) 
anhydrous vanadium trichloride in a nitrogen-filled dry-box. 
The purified isopropyl alcohol (125 ml.) is distilled onto the 
trichloride in a stream of dry nitrogen. The mixture is then 
refluxed at  85" on an oil bath, under nitrogen, for an hour and 
then allowed to cool slowly. Bright green crystals are deposited 
from the green solution. The solid is filtered on the sintered- 
glass disk, using a slight vacuum. The crystals may be recrys- 
tallized from fresh isopropyl alcohol, although initial slow 
crystallization from the original mother liquor produces a pure 
product. After drying under vacuum a t  room temperature, the 
adduct is stored in an evacuated manifold of the type illustrated 
in Fig. 9, page 166. Yield is ca. 15 g. or 80% based on VC&. 
Anal. Calcd. for VC13.4C3H70H: C, 36.2; H, 8.1; C1, 26.7; 
V, 12.8. Found: C, 36.0; H, 7.8; C1, 26.0; V, 12.6. 

Properties 

Dichlorotetrakis(2-propanol)vanadium( 111) chloride forms 
bright green crystals which are readily hydrolyzed and oxidized. 
Indeed, the coordinated alcohol molecules are readiIy displaced 
by most other ligands. In solution the band reported a t  21,300 
cm.-l disappears after only a few hours even in a stoppered cell, 
and so all spectra must be taken in a scalcd ccL4 Conductivity 
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measurements4 on the compound in the parent alcohol show i t  
to  be a 1 : 1 electrolyte in solution. 

The two accessible spin-allowed ligand field bands occur at 
essentially the same frequency both in solution and for the solid 
complex (as determined from diffuse reflectance spectra1 meas- 
urements). Thus the solid complex is also correctly formulated 
as [V(i-PrOH) ,CI2]C1. The magnetic moment of the crystallinc 
material is 2.71 B.M. a t  300°K and falls to 2.50 B.M. a t  80”K, 
as expected, for an octahedrally coordinated vanadium(II1) 
species with nonequivalent ligands. 
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36. TR‘ICHLOROBIS (TRIMETHYLAMINE) VANADIUM (111) 

VCI, + 2(CH,),N lo0.C VC13.2N(CH3)3 

Submitted by A. T. CASEY,* R. J. H. CLARK,? and K. J. PIDGEON* 
Checked by W. RHINEf and G. STUCKYS 

The recent interest in five coordination’ has led to an intotisivc! 
study of a number of transition-metal complexes which appwr 
from their stoichiometry to contain a five-coordinatct mctal atom. 
Whereas most of this effort has been focused on thc lator tranni- 
tion elements, certain key complexes of titanium, vanacliurn, 

* University of Mclbournc, Australia. 
t Univcrsity Collago, Gowrr St., London, W.C. I ,  England. 
$ University of Illinois, TJrlmna, 111. 01801. 
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and chromium, for example, those of trimethylamine of the 
type MX3*2N(CH3)3 (X = C1 or Br) and of triethylphosphine 
of the type MC13*2P(C2H5), have also been studied. The fol- 
lowing synthesis of VC13-2N(CH,), is a modification of the one 
originally reported in 1957. 

Procedure 

Anhydrous trimethylamine was purified by trap-to-trap dis- 
tillation in vacuo. A Pyrex tube, 45 em. long, 26 mm. o.d., 
and 20 mm. i.d., is flamed out under vacuum, filled with nitrogen, 
and transferred to an argon- or nitrogen-filled dry-box. It is 
then charged with 3.0 g. (0.019 mole) anhydrous vanadium 
trichloride and trimethylamine (9 ml., 0.15 mole). The mixture 
is frozen in liquid nitrogen, and the tube sealed off under vacuum. 
The tube must be carefully annealed. The tube and contents 
are then heated in a Carius furnace for 9 hours at 100". After 
the tube has been cooled to room temperature i t  is opened under 
dry argon and sodium-dried benzene (70 ml.) is added. After 
filtration in the apparatus shown in Fig. 8, the solvent is removed 
under vacuum until crystallization begins (about 60 ml. is 
removed) and the solution set aside until precipitation is com- 
plete. The solid may be recrystallized from dry benzene if 
required. Yield is 3.9 g. (55% based on VCl,). AnaE. Calcd. 
for VC13.2N(CH3)3: C, 26.16; H, 6.58; C1, 38.61; N, 10.17; 
V, 18.48. Found: C, 27.3; H, 6.66; C1, 37.8; N, 10.0; V, 18.9. 

Properties 

Trichlorobis(trimethylamine)vanadium(III) is a light mauve 
solid which is extremely sensitive to both moisture and oxygen. 
It is isostructural with TiC1,-2N(CH3), and CrC13*2N(CHJ3; 
the latter has been shown3 by x-ray diffraction methods to be 
trigonal bipyramidal with the two trimethyIamine molecules 
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lying along the trigonal axis. Other stoichiometrically similar 
complexes which are likewise trigonal bipyramidal include 
TiBr3.2N(CH3)34 and VC13.2P(C2H5)3.5,6 Assignments for both 
the electronic and the V-N and V-Cl stretching 
f r e q u e n c i e ~ ~ , ~ ~  have been given. The magnetic moment of the 
complex is 2.69 B.M. at 291°K and is almost independent of 
temperature. The compound sublimes a t  100". 
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37. VANADYL(1V) ACETATE, VO(CH3COZ)z 
[sis(acetato)ozovanadium( ZV)] 

V205 + xs(CH3CO)zO --+ VO(CH3COz)z 

Submitted by RAM CHAND PAUL,* SAROJ BHATIA,* and ASHOK KUMAR* 
Checked by J. T. MAGUEt and C. W. WESTON? 

A method for the preparation of vanadyl(1V) acetate in non- 
aqueous media, as reported earlier, involves solvolysis of 
vanadyl(V) chloride in acetic anhydride. However, a quicker 

* Department of Chemistry, Punjab University, Chandigarh-14, India. 
t Department of Chemistry, Tulane University, New Orleans, La. 70118. 
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and more convenient method for its preparation has been devel- 
oped by using vanadium(V) oxide in place of vanadyl(V) chlor- 
ide. The simplicity of the procedure lies in the fact that  
vanadium(V) oxide need not first be converted to  vanadyl(V) 
chloride which is the starting material for the earlier method. 
The present method is, therefore, economical in respect to both 
time and cost and gives a quantitative yield of the product. 

The process whereby vanadium(V) is reduced to vana- 
dium(1V) has not been established with certainty, but it takes 
place spontaneously, without addition of a reducing agent. 
The following two postulates could be made3 to account for this: 

U. 

b. 
V205 + 2(CH3C0)20 + 2VO(CH,C00)2 + 402 
V205 + 3(CH,C0)20 --+ 2[VO(CH,C00)3] 

2[VO(CH,COO)3] --+ 2VO(CH,C00)2 + 2[CH,COO] 
B[CH,COO] + CH3.CHB + 2C02 

Postulate a may be ruled out since evolution of oxygen could 
not be detected while the reaction was in progress. Postulate 
b seems more likely since the evolution of carbon dioxide is 
indicated. 

Procedure 

Vanadium(V) oxide (18.2 g.) is added to acetic anhydride 
(50 ml.) in a round-bottomed flask fitted with a reflux condenser 
and a silica gel guard tube. The amount of acetic anhydride 
added should be in excess of that  required theoretically for the 
reaction. This prevents the solid fluffy product from charring 
during refluxing of the contents. The contents are heated under 
reflux using an oil bath or an electric mantle maintained at 
140 k 5". The start of the reaction is indicated by a change 
in the color from the reddish brown of vanadium(V) oxide to  
light gray. During the reaction, the contents may need to be 
shaken occasionally to prevent caking of vanadium(V) oxide. 
The reaction is complete in an hour as indicated by the separa- 
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tion of a product which does not change its gray color even on 
prolonged refluxing. The contents are cooled and filtered 
through a sintered-glass funnel. The solid product is then 
transferred to a 200-ml. round-bottomed flask containing car- 
bon tetrachloride and the mixture refluxed for 10-15 minutes 
to remove traces of acetic anhydride from the compound. The 
product is again filtered, and washed with carbon tetrachloride. 
After it has been allowed to stand in the air for 2 hours, i t  is 
dried in vacuum at room temperature for about an hour. The 
excess acetic anhydride may be recovered by distillation of the 
filtrate. Yield is 35 g. (95%). Anal. Calcd. for VO(CH3C02)2: 
V, 27.57; C, 25.94; H, 3.29. Found: V, 27.3; C, 25.9; H, 3.20. 
Vanadium was determined by ignition to  V205 and confirmed 
by thermogravimetric analysis. 

Properties 

The compound is a gray, nonhygroscopic, odorless powder. 
It does not melt but decomposes on heating. Its pyrolysis 
curve reveals that  it is stable up to  214". It loses weight 
between 214 and 388" and attains a constant weight a t  388", 
leaving a residue of vanadium(V) oxide. It is insoluble in 
common organic solvents, e.g., carbon tetrachloride, benzene, 
chloroform, and cyclohexane. It does not form any addition 
compounds with tertiary organic bases like pyridine, picolines, 
etc. I ts  infrared absorption spectrum (Nujol mull) has the fol- 
lowing characteristic bands: 2845(s), 1495(s), 1450(s), 1065(w), 
1040(m), 9OO(s), and 665(s). 
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38. TRIS(DIAM1NE)CHROMIUM (111) SALTS 

CrC13.6Hz0 + 3 diamine 2 [Cr(diarni11e)~]C13.3H~O + 3Hz0 

Submitted by R. D. GILLARD* and P. R. MITCHELL* 
Checked by D. H. BUSCH,? C. R. SPERATI,? H. B. JONASSEN,S 
and C. W. WESTONX 

Tris(diamine) complexes of chromium(II1) have been important 
from several viewpoints. First, the tris(ethy1enediamine) com- 
plex is valuable as a synthetic intermediate,l the action of heat 
on the chloride salt giving the cis-dichlorobis(ethy1enediamine) 
complex and on the thiocyanate salt giving the trans-bis(iso- 
thiocyanato) complex. Second, the cations are resolvable, and 
studies2 of their optical activity have been fruitful in establishing 
relations between signs of Cotton effects and absolute stereo- 
chemistries. A large number of other studies, including kinetic 
and equilibrium measurements, have shown these complexes to  
be readily hydrolyzed to  bis (ethylenediamine) complexes. 

Previous synthetic routes, although chemically simple, are 
operationally tedious : 

110" 3 days  

an vucuo 
Cr2(S04) ,.15HZO I anhydrous Crz(S04) 

[Cr(en)31C& HCI [Cr(en)312(SO4)3 

a.l 
under reflux enl overnight 

EtOH-H20 

Zn-HC1 b. 4 CrC13-6H20 - CrClz 3 [Cr(en)3]C12 

* University of Kent a t  Canterbury, Canterbury, England. 
f The Ohio State University, Columbus, Ohio 43210. 
0 Tulane University, New Orleans, La. 70118. 
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It has been found4 that a good yield may be obtained rapidly 
by allowing the commercially available green chromic chloride, 
CrC1,.6H20, in methanol to  boil under reflux with ethylenedi- 
amine in the presence of metallic zinc. The product, hydrated 
tris(ethylenediamine)chromium(III) chloride, is obtained as a 
solid and is readily purified. An exactly similar procedure may 
be used for the complex of 1,2-propanediamine. 

The zinc catalyst probably functions by generating kinetically 
labile chroniium(I1) species. The present observation is remi- 
niscent of several others, notably (1) the ready dissolution of 
anhydrous chromium(II1) chloride in water and other solvents 
only in the presence of chromium(I1) ion or reducing agents, 
(2) the synthesis of complexes of chromium(II1) by the oxidation 
of a preformed solution of chromium(I1) ion and the appropriate 
ligand, e.g., [Cr(NH3)6]3+,5 [Cr(CN)6]3-,6 and [Cr(en)3]3+,5 and 
(3) the catalytic effect of charcoal on the formation of [Cr(en)J3+ 
by the action of ethylenediamine on aqueous chromium(II1) 
~ h l o r i d e . ~  It is noteworthy that in aqueous solution the use of 
zinc as catalyst gives only very low yields of [Cr(en)JCl3. Tho 
following procedure is a revised version of matter4 extractccl 
from the Journal of the Chemical Society (London) by permission. 

Procedure 

A single piece (ca. 1 g.) of granulated zinc is added to a solu- 
tion of green chromium(II1) chloride (CrCl3*6Hz0, 26.6 ,g.,  
0.11 mole) in methanol (50 ml.) and the mixture heated under 
reflux on a steam bath. Anhydrous ethylenediamine (40 ml., 
36 g., 0.6 mole) is added* and the heating continued for onc! 
hour. After cooling, the solid product is collected on a Buchricr 
or fritted-glass funnel and the piece of zinc removed. Thc 
yellow product is washed with 10% solution (50 ml.) of ethylene- 

which rnay causc loss of produoi,. 
* This addition should bo rnnde very slowly to avoid frothing and b u b l h g  
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diamine in methanol (until the washings are colorless) and then 
with ether and air-dried. 

The product, tris (ethylenediamine) chromium(II1) trichloride 
trihydrate (19.9 g., 0.051 mole, 51%), is pure; the analytical 
sample was further purified by recrystallization from aqueous 
ethanol containing a few drops of hydrochloric acid. Anal. 

N, 21.4%. Found: C, 18.2; H, 7.6; C1, 27.0; Cr, 13.3; N, 21.4. 
The U.V. spectrum shows: A,,, 457 nm., E 75; A,,, 351 nm., 

E 61 (literature2' A,,, 460 nm., E 74; A,,, 353 nm., E 65). 
The preparation does not succeed if aqueous solutions are 

used, the yield then being very small. No tris(ethy1enedi- 
amine)chromium(III) chloride is obtained in the absence of a 
piece of granulated zinc. Magnesium ribbon or granulated tin 
may be used instead, but the yields are lower (38 and 30%, 
respectively), and with granulated tin the reaction is much 
slower than with zinc or magnesium. 
Tris(l,2-propanediamine)chromium(III) chloride dihydrate 

was obtained in an exactly similar manner. Yield is 20.0 g. 
(0.048 mole, 48%). Anal. Calcd. for C9H34C13CrNG02: c, 25.9; 
H, 8.1; C1, 25.6; Cr, 12.5; N, 20.2%. Found: C, 25.7; H, 8.1; 
C1, 25.8; Cr, 12.6; N, 20.2. 

The absorption spectrum showed: X,,, 459 nm., E 76; X,,, 
352 nm., E 63 (literature2" A,,, 460 nm., E 71; X,, 353 nm., 
E 56) 

Calcd. for C G I ! I ~ ~ C ~ ~ C ~ N G O ~ :  c, 18.3; H, 7.7; c1, 27.1; Cr, 13.3; 
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39. BIS [c~s-1,2-DICYANOETHENE-l,2-DITHIOLATO- 
(1- OR 2-)] COMPLEXES OF COBALT AND IRON 

Submitted by J. BRAY,* J.  LOCKE,* J. A.  McCLEVERTY,* and D. COUCOUVANISj 
Checked by J. P. FACKLERX and R. JACKSONS 

There has been considerable interest in the chemistry and elec- 
tronic structures of cobalt and iron complexes of cis-1,a-disub- 
stituted ethene-l,Z-dithio11,2 and their Lewis base ad duct^.^-^ 
The complexes, and their Lewis base adducts which may contain 
pyridine, phosphines, NO, dipyridyl (2,2'-bipyridine), etc., arc 
capable of undergoing reversible one-electron transfer reactions, 
thereby generating a series of complex ions differing from each 
other by only one unit of electric charge. 

Some of the most readily accessible groups of cobalt and iron 
complexes containing dithiolato ligands are those obtained from 
cis-1,2-dicyanoethene-1,2-dithiolate, [S2Cz(CN)2]2-, and the syn- 
theses of [(n-C4H,)4N]z/CoS4C4(CN)4] and [(n-C4Hg)4N]Z[CoS4Cq- 
(CN)4]2 have been described, although not in detail, in a prcviouH 
volume.'j The latter complex was obtained from the former 1)y 
its oxidation using [NiS4C4(CF3) 4], but a more economical ant1 
faster preparation for salts of [ C O S ~ C ~ ( C N ) ~ ] ~ ~ -  has bcoii 
devised. AIso a convenient modification for the proccduro 
used to  obtain salts of [ C O S ~ C ~ ( C N ) ~ ] ~ -  is presented. The syn- 
thesis of salts of [FeS4C4(CN)4]22-, from which many Lewis bas(! 
adducts can be prepared, is described in full. 

A. SODIUM CYANODITHIOFORMATE-3N,N- 
DIMETHY LFORMAMIDE 

NaCN + CS2 + HCON(CH3)z --+ NaS2CCN.3HCON(CH3)z 

One of the key factors in the speedy syntheses of cis-dicyano- 
ethylene-1,2-dithiolato complexes is the rapid preparation of tho 

* Department of Chemistry, The University, Shefield, England. 
t Ilepartmcnt of Chemistry, Case Wcstcrn ltcscrvc Univcrsity, Clevoland, Ohio 

$ Chomistry I)opnrtrnorib, Cnso W o h r n  Rcscrvc University, CIcvcItmi, Ohio 
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dithiolato ligand precursor, sodium cyanodithioformate (NaS2- 
CCN). The synthesis of this material has been described else- 
where, 6 , 7  but an accelerated and improved procedure has been 
devised. 

Procedure 

Carbon disulfide (7.6 g.) is added dropwise, over a period of 
about 10 minutes, to a solution of 4.9 g. sodium cyanide in 
50 ml. N,N-dimethylformamide in a 500-nil. conical flask. 
During the addition the mixture is maintained at about 0" by 
shaking in an ice bath. After the addition is complete, the 
dark brown reaction mixture is treated with 50 ml. n-butanol 
and warmed, with (magnetic) stirring, to  about 100" for 20 min- 
utes. The mixture is then filtered while hot, treated with an  
additional 50 ml. n-butanol, and cooled in ice. Approximately 
30 g. of the crystalline NaS2CCN.3HCON(CHJ2 is obtained. 
This material decomposes in a few days unless maintained in 
scrupulously dry conditions and, in any case, should be used as 
soon as possible after preparation. 

B. THE FORMATION OF THE LIGAND SOLUTION 

2SzCCN- -+ SzCz(CN)z2- + 2s 
Sodium cyanodithioformate readily, and quickly, dimerizes 

in water with elimination of sulfur in the presence of transition- 
metal ions, forming directly, in this process, a dithiolato-metal 
complex. The general procedures described below have been 
used in the preparation of most of the his(dicyan0ethenedi- 
thiolato) complexes described previously6 and also of some 
tris(cis-l,2-dicyanoethene-l,2-dithiolato) complexes of the first- 
row transition metals. Although the yields of these complexes 
obtained by this method are somewhat lower than those 
described previously, the method possesses the advantage of 
speed and relative convenience. 
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Procedure 

The weighed sample of sodium cyanodithioformate is dis- 
solved in 50 ml. water and heated on a steam bath for 15-20 
minutes. The partly cloudy yellow-brown solution is then 
filtered through Kieselguhr or Celite to remove precipitated 
sulfur, and the residue is washed with 20 nil. water, the washings 
being added to  the filtrate. This filtrate contains some Naz- 
S2C2(CN)2, undimerized NaS2CCN and N,N-dimethylform- 
amide, and is referred to as the ligand solution; the amount of 
cyanodithioformate used to make up this ligaiid solution appears 
in parentheses after “ligand solution.” 

Note 

The salt Na2S2C2(CN)2, may be obtained in reasonable yields 
(70%) from NaS2CCN.3HCON(CH3), by refluxing the latter in 
chloroform on a steam bath for 8 hours.8 The product contains 
a small amount of contaminatory sulfur but is quite suitable for 
most synthetic purposes. 

C 0 BI S (TETRAPHENY LPHO SPHONIUM) BI S [cis- 1,2- 
DICYANOETHENE-1,2-DITHIOLATO(2-)]COBALTATE(2-) 

Proeed ure 

Two and one-half grams of cobalt acetat,e tetrahydratc in 
40 ml. water is treated with the ligand solution (13.8 g.). To 
the resulting red-brown solution 5.0 g. sodium sulfite in 30 ml. 
warm watcr is added, arid the mixture is heated on a steam bath 
for 20 minutm. Aftm this time?, tho mixturc is filtorcd and tho 
filtrate! cooled, arid to it, is acldod 8.0 g. tolraphc!n;ylphosphonium 
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bromide dissolved in 30 ml. warm ethanol. The black tarry 
precipitate which forms is collected by filtration, washed with 
water, and extracted into hot N,N-dimethylformamide, pref- 
erably under a stream of nitrogen. Crystallization of the 
complex is effected by dropwise addition of diethyl ether to a 
hot solution of the compound in aqueous acetone containing 
sodium sulfite. On standing for several hours, preferably under 
nitrogen, fine black crystals separate and are collected by filtra- 
tion, washed with ethanol and ether, and air-dried, m.p. 247-249" 
(uncorrected, with decomp.). The yield is between 6.5 and 
6.7 g. [59-66% based on CO(OCOCH,)~.~H,O]. 

Notes 

1. The complex salt [(C2H6)4N]2[CoS4C4(CN)4] may be 
obtained similarly, the black precipitate being extracted into 
hot acetone containing aqueous sodium sulfite, and recrystalliza- 
tion may be effected from this acetone extract by addition of 
water containing sodium sulfite or by the procedure described 
above. If sulfite is omitted during these preparations, gradual 
formation of [ C O S ~ C ~ ( C N ) ~ ] -  or [ C O S ~ C ~ ( C N ) ~ ] ~ *  occurs. The 
complex, m.p. 197-200" (uncorrected, with decomp.), is obtained 
in 61% yields. 

2. Tetraphenylphosphonium bromide is obtained in 45 % 
yields from the reaction between 100 g. pulverized aluminum 
trichloride, 105 g. powdered triphenylphosphine, 60 g. pure 
bromobenzene, and 70 g. potassium bromide using the method 
outlined by Chatt and 1Clann.9 

3 .  A white solid which may contaminate the desired product 
during the recrystallization stages may be removed by system- 
atic washing with water. 

4. The aqueous acetone solutions containing sodium sulfite 
are simply prepared by dissolving the latter in acetone contain- 
ing the minimum amount of water ncccssary to  cffcct its 
dissolution. 
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Properties 

The complex is readily soluble in polar organic solvents afford- 
ing a red or red-brown solution. On prolonged exposure to air, 
however, the solutions gradually aclopt a green-brown hue due 
to the formation of [COS~C~(CN)~] -  or [COS~C~(CN)~]~" .  A 
single-crystal x-ray analysis of [(n-C4H9)4N]z[CoS4C4(CN) 4] has 
establishedlO the planarity of the anion (idealized Dzh sym- 
metry). The complex, which has been isolated with many dif- 
ferent cations, is paramagnetic, having magnetic moments in the 
range 1.87-2.22 R.lM., consistent with one unpaired electron.ll 

The complex reacts with nitric oxide in solution affording the 
orange-red mononitrosyl [Co(NO) S4C4(CN) 4] *, which is dia- 
magnetic, and has been obtained as the salt of several different 
cations. 

D. BIS(TETRAPHENYLPHOSPHON1UM) TETRAKIS(&-lY2- 
D1CYAN0ETHENE-1,2-D1TH10LAT0)D1C0BALTATE(2~) 

2[(CsHs)rP]z[CoSrC4(CN)4] -k I2 -+ 

[(C~H~)~P],[COS~C~(CN),I,  4- ~[(C~HS)~P]I 

Procedure 

Two grams of bis(tetrapheny1phosphonium) bis(cis-172-di- 
cyanoethene-1,2-dithioIato)cobaltate(2 -) is dissolved in 20 ml. 
N,N-dimethylformamide and treated with 0.5 g. iodine dis- 
solved in 10 ml. acetone. The solution, which is initially colored 
deep red-brown, immediately darkens, becoming green-brown, 
and on dropwise addition of water (usually about 15 ml.), 
becomes cloudy and a black solid precipitates gradually. The 
complex is crystallixd hy dissolution in 50 ml. acetone con- 
taining 10 ml. N,N-dimc~thylformamidc followcd by precipita- 
tion using tlic%hyl c?tIiw. I?itw 1)lnrlc carystals scparatc: and are 
aollootocl 1)y filtration, wiLHIio(1 w i t h  othmol arid o t h r ,  and air- 
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dried; m.p. 270-273" (uncorrected, with decomp.). The yield of 
the complex is 1.3 g. {95% based on [(C6H,)4P]z[CoS4C4(CN)4]). 

Properties 

The complex is readily soluble in strongly polar solvents 
giving a green-brown or green solution. Voltammetric examina- 
tion2 of dichloromethane solutions containing this anion reveals 
that  it is a member of the electron-transfer series: 

[ C O S ~ C ~ ( C N ) ~ ] *  2 [CoS4C4(CN)4]z2- 2 [ C O S ~ C ~ ( C N ) ~ ] ~ -  

The dimeric nature of the complex has not been proved conclu- 
sively in the solid state, but conductometric experiments2,l2 have 
shown that it is largely dimeric in acetonitrile solution. Reduc- 
tion of the complex to the monomeric dianion is conveniently 
achieved using sodium sulfite in aqueous solution. The com- 
pound is diamagnetic in the solid state and in all solutions except 
dimethyl sulfoxide where it has a magnetic moment of 2.8 B.M.I3 

Treatment of the complex with donor molecules such as pyri- 
dines, phosphines, bipyridyl (2,2'-bipyridine), etc., results in the 
cleavage of the dimer and formation of diamagnetic five- and 
six-coordinate adducts. Nitric oxide reacts with the complex 
forming the unstable green mononitrosyl [CO(NO)S~C~(CN)~]-  
which has one unpaired e l e ~ t r o n . ~  Treatment with NasSzC2- 
(CN)?; results in the formation of [CoS6Cs(CNs)]" which can 
be isolated as the tetraphenylphosphonium salt. l4 

E. BIS(TETRAETHYLAMMON1UM) TETRAKIS(ck-l,2- 
DICYANOETHENE-1,2-DITHIOLATO)DIFERRATE(2-) 

2Fe3+ + 4[S2C2(CN)212- + 2[(C,H,>,N]+ + 

[ ( C A )  4Nl 2[FeS&4(CN) 41 2 

Procedure 

To 2.7 g. iron trichloride hexahydrate in 50 ml. water is added 
the ligand solution (13.8 g.). After 10 minutes, the black pre- 
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cipitate which forms is collected by filtration with the aid of 
Kieselguhr or Celite, washed thoroughly with 200 ml. water, 
and extracted into 50 ml. acetone. The acetone extract is 
filtered, the residue washed with 10 ml. acetone, and the wash- 
ings added to the filtrate. To the deep red extract is added 
2.1 g. tetraethylammonium bromide in 20 ml. ethanol, and the 
mixture is evaporated on a steam bath almost to dryness. On 
cooling and standing for several hours a t  O", large black crystals 
separate which are collected by filtration, washed with ether, and 
air-dried. The yield of the product, which is sufficiently pure 
for most practical purposes is 3.1 g. (64% based on FeCl3.6Hz0). 
Recrystallization may be effected by extraction of the black 
crystals into hot acetone, followed by addition of an  equal 
volume of isopropyl alcohol or isobutyl alcohol and gradual 
evaporation of this mixture on a steam bath until crystallization 
begins. On cooling and standing, fine black crystals are formed 
which may be collected by filtration, washed with isopropyl 
alcohol or isobutyl alcohol and ether, and air-dried; m.p. 290" 
(uncorrected, with decornp.) . After recrystallization the yield 
is 2.2-2.5 g. (47-5301, based on FeCl3.6H20). 

Notes 

1. The black solid isolated initially is probably Naz[FeS4C4- 
(CN)4]2, which may be used for preparing other heavy organic 
cation salts of this anion or in the formation of [Fe(NO)S4C4- 
(CN) 41-. 

2. The complex [(n-C4H9)4N]z[FeS4C4(CN)4]z has been pre- 
pared by the method described above, the yield before recrys- 
tallization being 71%. Further, [(CsH5)4P]2[FeS4C4(CN)4]~ 
may be obtained in low yields by the same procedure, providing 
that the stoichiomc4ricw arc rigidly adhercd to and air is rigor- 
ously oxclud(:tl from tho rcw:tion mixturcb. 
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Proper t ies 

The complex is readily soluble in strongly polar solvents and 
in chloroform and dichloromethane giving red-brown or red 
solutions. Voltammetric studies2 have shown that this dianion 
is a member of an electron-transfer series similar to its cobalt 
analog : 

[FeS4C4( CN) 41 2- e [FeS4C4(CN) 4 ] 2 p  e [FeS4C4( CN) 412- 

of which only the central member can be prepared easily. The 
structure of the complex in the solid state, as the [ ( T L - C ~ H ~ ) ~ N ] +  
salt, has been determined by x-ray techniques,15 which show 
conclusively that the anion is dimeric, consisting of two nearly 
planar FeS4C4(CN) units linked by iron-sulfur bonds which 
effectively render each iron atom five-coordinate with respect 
to sulfur, the coordination geometry around the metal atoms 
being nearly square-pyramidal. The nature of the complex ion 
in solution is not so well understood but there is some evidence 
for dissociation into m ~ n o m e r s . ~ ? ~  In the solid state the complex 
has a magnetic moment a t  room temperature consistent with 
one unpaired spin per iron atom2,l6 but in solution, particularly 
in pyridine, dimethyl sulfoxide, and N,N-dimethylformamide 
the moment is consistent with three unpaired e1ectrons.l’ 

Treatment of the complex with donor molecules such as 
pyridines, phosphines, bipyridyl (2,2’-bipyridine), etc., results 
in the formation4 of paramagnetic five- and six-coordinate 
adducts. With nitric oxide the dianion is cleaved, forming the 
diamagnetic mononitrosyl [Fe(NO)S4C4(CN) J, and with [S2Cp- 
(CN)2]2- in air [FeS6C6(CN)6I2- is formed.14 
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40. RESOLUTION OF THE (ETHYLENEDIAM1NE)- 
BIS (OXALATO)COBALTATE(III) ION 

Submitted by J. H. WORRELL* 
Checked by E. B. KIPPt and R. A. HAINESt 

Because the optically active forms of the (ethy1enediamine)bis- 
(oxalato)cobaltate(III) ion have been, and will c o n h u e  to be, 
excellent resolving agents for many cationic cobalt (111) com- 
plexes, it is only proper that a detailed resolution procedure be 
developed to produce both enantiomorphic forms in useful 
quantities. 

Dwyer, Reid, and Garvan have reported a general method 
for the resolution of [Co(en)(~x)~]-. In  their resolution proce- 
dure,l they fail to indicate such data as volumes, yields, and 

* Univcrsity of South Ipforida, Tampa, Fla. 33620. 
t Tho University of Wostorn Ontario, London, Canada. 
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the details of their fractional crystallization schemes. Although 
their directions allow one intuitively skilled in the art to  obtain 
an  undisclosed quantity of one optically active antipode, the 
method used to obtain the other optically active form is com- 
plicated by the incorrect use of d and 1 rotational designations. 
The preparation of materials used in the resolution as well as 
the resolution itself is a formidable time-consuming task. This 
author feels the following experimental detail, with a view 
toward clarification, will enable future investigators to  conserve 
time and energy in the resolution of the (ethy1enediamine)bis- 
(oxalato)cobaltate(III) ion. 

Reagent Preparations 

Racemic sodium and calcium (ethylenediamine)bis(oxalato)- 
cobaltate(II1) are prepared by the method given by Dwyer, 
Reid, and Garvan.' 
trans-Dichlorobis(ethy1enediamine)cobalt (111) chloride is pre- 

pared by the method given by Bailar.2 
cis-Bis(ethy1enediamine)dinitrocobalt (111) nitrite is prepared 

by dissolving Iran~-[Co(en)~Cl~]Cl (20 g.) in 50 ml. of water 
which is then warmed to 40-50" with stirring. To this solution 
is added potassium nitrite (22 g.) dissolved in 50 ml. of water. 
The solution is filtered and placed in an ice bath. Yellow cis- 
[ C O ( ~ ~ ) ~ ( N O ~ ) ~ ] N O ~  precipitates as the side of the beaker is 
scratched with a glass rod. The product (12 g.) is collected by 
filtration, washed with ethanol and ether, and air dried. 

An alternate method has been developed by Harbulak and 
Albinak.3 

The ~ i s - [ C o ( e n ) ~ ( N O ~ ) ~ ] N 0 ~  is resolved by the method devel- 
oped by Dwyer and Garvan4 using a fourfold increase in reagent 
quantities. 

Procedure 

Silver oxalate (3.5 g.) is prepared from an aqueous solution 
Thc of oxalic acid and silver nitrite and collcctod by filtration. 



Resolution of (EthyZenediamine)bis(oxalato)cobaltate( ZZZ) Zon 197 

solid silver oxalate is added to (+)546-[Co(en)z(NOz)z]Br (8.25 g., 

1.9 x 10") in 300 ml. of water at 
55", shaken vigorously for 3 minutes, and filtered. Racemic 
C a [ C o ( e n ) ( o ~ ) ~ ] ~  (7.05 g., 1.7 X mole) is added to the 
orange-yellow filtrate, and the solution is stirred mechanically 
for 30 minutes at  50-55". The calcium oxalate which forms is 
quickly filtered off, and solid racemic Na[Co(en) (~x)~]  (6.93 g., 
2.0 X low2 mole) is added to  the red-brown filtrate. The 
mixture is rapidly stirred, and the temperature is maintained 
at 50-55" for 20 minutes. The red-brown diastereoisomer of 

by rapid filtration a t  50", washed with ethanol, and dried in 
V ~ C U O  at 25". An aqueous solution containing 21.4 mg./100 ml. 
gives a = +0.212 whence [a] 546 = +991 5 15". Anut. Calcd. 
for (+)B~B-[CO(CIHIGN~)(NOZ)Z~(+)~~~-[CO(CZH~NZ)(C~~~)~: c, 
21.21; H, 4.24; N, 19.79. Found: C, 21.33; H, 4.31; N, 19.90. 

The filtrate is transferred to a graduated 500-ml. beaker and 
treated as indicated in the flowsheet. By cooling the filtratc 
t o  35", a second fraction of red-brown solid (0.55 g, [a]546 = 

-292 L- 10") is collected. The filtrate is stirred, heated to 45", 
and the solvent evaporated under a stream of air until tho 
volume is 200 ml. The volume is measured with the stirring 
apparatus turned off. The solution is filtered giving 0.35 g. of 
solid with [ a 1 5 4 6  = -875 k 12". Again the volume is reduced 
at 45" under an airstream to  125 ml. The mixture is filtered 
yielding 3.75 g. of red-brown solid with [(XI546 = -880 k 16". 
The third and fourth fractions contain (+) 546-[CO(en)z(NOz)z]- 
( -)546-[C~(en)(ox)z]. A portion of the diastereoisomer is 
recrystallized from hot ethanol-water solution, collected by 
filtration, washed with ethanol and ether, and dried in vucuo a t  
25". An aqueous solution containing 26.86 mg./100 ml. gives 
a = -0.237 whence [a]546 = -890 i- 15". 

Additional fractions of diastereoisomer and starting material 
are obtained as the volumc is slowly reduced to 35 ml.; however, 
the rotations arc not suffioiont to warrant recovery of optically 
puro [Co(o!n) (ox)J-. Tlw resolving agont prcwnt in thoso lattor 

mole, [ a 1 6 4 6  = +110 

(+) 546-[Co(en)z(NOz)zl( +) 546-[Co(en)  OX)^] (5.0 g.) is collected 
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fractions is recovered as the iodide by grinding the solid with 
sodium iodide in a water slurry followed by filtration. Ethanol 
is added to the purple-red filtrate and Na[Co(en)   OX)^] precipi- 
tates. It can be purified by recrystallization from water- 
ethanol. Ana2. Calcd. for ( +)546-[C~(C4H1~N4)(NO~)~]( -)546- 
[ C O ( C ~ H & ~ ) ( C ~ ~ ~ ) ] :  C, 21.21; H, 4.24; N, 19.79. Found: 
C, 21.15; H, 4.14; N, 19.99. 

The diastereoisomers are broken up and the resolved complex 
recovered as the sodium salt as indicated below. The first frac- 
tion (5.0 g.) of ( + ) ~ ~ G - [ C O ( ~ ~ ) Z ( N O Z ) Z ] (  +)546-[C~(en)   OX)^] is 
ground with 30 ml. of warm (35-40") water containing 6.0 g. 
of sodium iodide. The solution is cooled and the insoluble 
yellow (+) 546-[Co(en) z(NOz)z]I collected by filtration. Absolute 
ethanol (15 ml.) is added to  the purple-red filtrate, and the 
solution is cooled in the refrigerator for 6 hours. The first crop 
of red-violet crystals (2.0 g.) is collected by filtration, washed 
with acetone, and air-dried. More absolute ethanol is added 
to the filtrate, and cooling is continued for 4 hours. Three 
additional fractions are collected in this way totalling 0.85 g. 
of complex. An aqueous solution of the first fraction containing 
32.7 mg./100 ml. gave a = f0.471 whence [ a 1 5 4 6  = +1440 + 
10" (+ 1350" by checkers). The rotation of the l-hydrate given 
by Dwyer et al. is [ a 1 5 4 6  = +1400.l The (+>54~-Na[CO(en)- 
 OX)^] obtained above was not recrystallized prior to  analysis. 
Anal. Calcd. for ( +)546-Na[C~(C2H8N2) (c408)].3+H20: C, 18.90; 
H, 4.05; N, 7.35. Found: C, 19.10; H, 4.17; N, 7.18. 

The other antipode, (-)546-N&[CO(en)  OX)^], is isolated as 
follows. Fractions three and four are combined giving 4.0 g. 
of ( +)546-[C~(en)2(NOz)].( -)546-[Co(en)  OX)^] which is ground 
up with 5.0 g. of sodium iodide dissolved in 30 ml. of water at 40". 
The mixture is filtered to remove yellow (+) 546-[Co(en)z- 
(NOz)z]I (2.9 g.), and the filtrate is treated as before with 
absolute ethanol t o  cause ( - )  546-Na[Co(en)  OX)^] to  crystallize. 
The ethanol is added slowly with stirring until the very first 
signs of crystallization (clouding) occur; then the solution is 
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cooled for 4 hours. If crystallization is not evident, more 
ethanol is carefully added and the cooling continued. Two 
fractions of red-violet crystals are obtained, totalling 2.60 g. 
These are washed with acetone and air-dried. An aqueous 
solution containing 26.7 mg./lOO ml. gives a = -0.385 whence 
[ a 1 5 4 6  = -1442 f. 16" (-1330" by checkers). The rotation 
reported by Dwyer et al. for ( -)546-Na[Co(en)(ox)z]-H20 is 
- 1400O.' This sample was not recrystallized prior to  analysis. 
Anal. Calcd. for ( -)546-Na[C~(C2H8N2)(C408)]*3&Hz0: C, 18.90; 
H, 4.05; N, 7.35. 

The complete resolution is possible using identical reagent 
quantities and ( -)546-[Co(en)z(NOz)z]+, having [ a 1 5 4 6  = - 115 
L- 10" as the resolving agent. The results are indicated in the 
flowsheet for the isolation of the two diastereoisomers. As in 
the first procedure, at least 2.0 g. of each optically pure enantio- 
morph is obtained.* Figure 10 gives the partial fractional 
crystallization schemes corresponding to the isolation of dia- 
stereoisomers when ( +)546-[Co(en)2(NOz)z]+ and (-)546-[co- 
(en) z(NOz) z]+ are utilized as resolving agents, respectively. By 
carefully controlling the temperature and volume of the mixture, 
one can obtain a clean separation of (+)546-[CO(en)z(NOa)2]- 
(+) 546-[Co(en)  OX)^] from the more soluble diastereoisomer, 
(+) ,46-[C0(en)~(NO~)~]( -) 546-[Co(en)   OX)^]. A similar situa- 
tion exists when (-)546-[CO(en)z(NOz)2]+ is employed as the 
resolving agent. Optically pure Na[Co(en)   OX)^] is recovered 
from the filtrate as shown in Fig. 11. Both optically pure 
isomers were found to  be 3+-hydrates having equal and opposite 
specific rotations at 546 nm. of (+) and ( - )  1440 5 16", 
respectively. 

Found: C, 19.16; H, 3.86; N. 7.30. 

Properties 

The optical isomers of NarCo(en) (Cz04)z] are stable indefi- 
Photo- nitely in the solid statc, whcn stored in the dark. 

* Tho chockors obtainod approxirnaloly 1.2 K. of purc product. 
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[Co(en) (oxfz l -  + [Co(en), (NO,),]+ 

300 ml., f i l ter at  50" 

Cool t o  35" 
5.00 g. 

+goo f 20" 
200 ml., f i l ter at 50" 

0.55 g. 
-292 f 10" 

125 ml., f i l ter at  50" 
0.35 g. 

-875 ? 12" 

3.75 g. 
-880 f 16" 

[ C o b )  (ox),]- + (-)546 [Co(en), (NO,),]' 

300 ml., filter at  55" 

Cool t o  35" 2.75 g. 
-958 f 10" 

1.75 g. 
-915k 20" 

225 ml., f i l ter at 50" 

125 ml., f i l ter at  50" 1.00 g. 
+881 i 16" 

3.82 g. 
+761 + 20" 

All rotations are at the 
mercury green line, 546 mp. 

Fig. 10. Crystallization scheme for diastereoisomer 
isolation. 

racemization, especially in direct sunlight, occurs in both the 
solid state and in aqueous solution. Slow racemization accom- 
panied by .some decomposition occurs in boiling aqueous solution 
in the dark and in cold 0.1 N sodium hydroxide so1ution.l 

Optical rotatory dispersion and circular dichroism spectra 
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5.00 g., [a] 546 = +990 t 20 

(+)546 [Co(en),(NOz),l * (+)546 [Co(en) (ox),l 

2.00 g. 
+1440 f 10" 

0.50 g. 
+1435 f 15" 

4.00 g., [a1 546 = -880 k 16 

(+)546 [Co(en), (NO, )2 I (-)545 [Co(en) (ox), 1 

NaI  (5.0 g./30 ml. H,O), filter 

25 ml. EtOH, cool 6 hours 

2.30 g. 
-1442 f 16" 

0.30 g. 
-1375 f 15' 

Al l  rotations are a t  the 
mercury green line, 546 mp. 

Fig. 11. Recovery of optically pure 
Na[Co( en)(ox)zJ. 

have been reported in the l i t e r a t ~ r e . ~  The salt Na[Co(en)- 
(C204)2]*H20 exhibits two absorption bands in the visible region 
at 541 and 384 nm. with molar extinction coefficients of 112 
and 177, respectively. 
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41. NITRITO COMPLEXES OF NICKEL(I1) 
AND COBALT(I1) 
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and  RONALD 0. RAGSDALE* 
Checked by F. BASOL0,S D. DIEMENTE,$ and  D. V. STYNESf 

The nitrite ion NO2- can coordinate to metal atoms in four dis- 
tinct ways, giving rise to the following "ligand isomers": (1) by 
formation of a metal-nitrogen bond, giving nitro complexes ; 
(2) by formation of a metal-oxygen bond, giving nitrito com- 
plexes; (3) by acting as a bridging group bridging through a 
nitrogen atom and an oxygen atom; and (4) by functioning as a 
chelating group by bonding through both oxygen atoms to  a 
metal ion. Nitrito complexes of Co(II1) were first prepared by 
Jorgensen' who noted their rearrangement to  the corresponding 
nitro complexes. The rates of nitrito-nitro isomerization of the 
M(NH3)60NO"+ complexes, where M = Co(III), Rh(III) ,  
Ir(III) ,  and Pt(IV), have been s t ~ d i e d . ~ , ~  Palladium(I1) and 
cobalt(II1) have been shown t o  form NO,  bridge^.^ Goodgame5 
first prepared chelating NO2 groups in some cobalt(I1) com- 
plexes. Complexes of the type C O L ~ ( N O ~ ) ~ ,  where L represents 

* University of Utah, Salt Lake City, Utah 84112. 
t University of Alexandria, Alexandria, Egypt. 
1 Northwestern University, Evanston, 111. 60201. 
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a substituted pyridine N-oxide or a substituted quinoline 
N-oxide, have been characterized. Some nitrito complexes of 
nickel(I1) with disubstituted ethylenediamines and pyridinc 
have been i ~ o l a t e d . ~  These compounds are quite stable with 
respect to isomerization to the nitro compounds in the solid state. 
Stable nitrito complexes of nickel(I1) also have been prepared 
with some substituted aminomethylpyridine and piperidinc 
bases.* 

The syntheses presented here are examples of two types of 
“ligand isomers” : (1) Nitrito complexes, [Ni { 2-[(methylamino)- 
methyllpyridine) z(ONO)z], and [Ni (2-[(methylamino)methyl]- 
piperidine 1 2(ONO)z] ; (2) Chelating nitrite groups, [Co(2,4,6- 
trimethylpyridine N - o ~ i d e ) ~ ( N O ~ ) ~ ] ,  [Co(2,6-dimethylpyridine 
N-oxide)z(NOz)z], and [Co(4-methylquinoline N-oxide)z(NOz)z]. 

Preparat ion of Nickel(ZZ) Ni t r i te  Solut ion 

Twenty-nine grams (0.1 mole) Ni(N0J2.6HZ0 is dissolved in 
a minimum amount of methanol (50 ml.). Sodium nitrite 
(13.8 g., 0.2 mole) is added slowly with stirring to the green 
nickel nitrate solution and placed in a Dry Ice-acetone bath. 
The resulting sodium nitrste precipitate is filtered in a large 
Biichner funnel. The dark green filtrate is diluted with 
methanol to  100 ml. in a volumetric flask. The resulting solu- 
tion is a one molar solution of nickel nitrite. 

Preparat ion of Ni t r i to  Complexes 

1. [Ni { 2-[(methylamino)methyl] pyridineJz(ON0)zl 

Four and eighty-eight hundredths grams (0.04 mole) of 
2-[ (methylamino) mc:thyl]pyridino (obtaincd from Aldrich Chemi- 
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cal) is added t o  20 ml. (0.02 mole) of nickel nitrite. A dark 
purplish oil is obtained after removal of the methanol by rotary 
evaporation. The oil is dissolved in a minimum amount of 
absolute ethanol. The solution is extracted twice with ether. 
Upon addition of more ether, blue-violet crystals are obtained 
by trituration. The purified compound melts a t  206". Yield 
is 3.91 g. (52%). Anal. Calcd. for C1,HzoN6Ni04: C, 42.56; 
H, 5.10; N ,  21.27. Found: C, 42.74; H, 5.36; N, 20.89. 

2. [Ni (2-[(methylamino)methyl]piperidine) 2( ONO)z] 

Add 2.54 g. (0.02 mole) of 2-[(methylamino)methyl]piperidine 
(obtained by reduction of 2-[(methylamino)methyl]pyridine 
with sodium and alcohol*) to  10 ml. (0.01 mole) of nickel nitrite. 
The bluish-purple solution is concentrated and left overnight. 
The resulting blue crystals are recrystallized in absolute ethanol, 
filtered, washed with cold ethanol and dry ether, and dried in 
vacuo. The compound melts a t  223-225". Yield is 2.43 g. 
(59%). Anal. Calcd. for C14H32NiN604: C, 41.29; H, 7.92; 
N, 20.64. Found: C, 41.23; H, 7.66; N, 21.24. 

Preparation of Chelating Nitr i te  Complexes 

1. [Co( 2,6-dimethylpyridine N-oxide)z( NOz)21 

First the chloride [Co(2,6-dimethylpyridine N - o ~ i d e ) ~ C l ~ ]  
complex is prepared. 2,6-Dimethylpyridine N-oxide (2,6- 
lutidiiie N-oxide) (2.46 g., 0.02 mole) (Aldrich Chemical Co.) is 

* To 0.04 mole of pyridine add 0.5 mole (11.5 g.) sodium in large pieces during 
30 minutes. Add 50 ml. absolute ethanol and heat until the sodium disappears. 
Do not let cool! Begin to distill the alcohol and add 55-60 ml. water slowly a t  
first and then as rapidly as possible to keep the solid portion to a minimum. 
After the alcohol is gone, there will be left a yellow oil layer and an aqueous layer. 
Extract the aqueous layer with ether. Dry the oil and extracts over potassium 
carbonate and evaporate the solvent. 2-[(Methylamino)mcthyl]piperidine col- 
lected a t  55" and 8 mm. is a colorless oil which turns yollow on  contact with air. 
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added to a solution of 2.38 g. (0.01 mole) cobalt(I1) chloride 
hexahydrate dissolved in a minimum amount of absolute 
methanol (8 ml.). Ten milliters of acetone is added, and the 
solution is kept in a refrigerator overnight. The blue crystals 
are filtered by suction, washed several times with acetone, then 
dried in v a c m .  The compound decomposes between 264-265". 
Yield is 2.89 g. (74%). 

Very finely powdered silver nitrite is prepared by dissolution 
of silver nitrate (6 g.) and sodium nitrite (2.5 g.) in a minimum 
amount of water and mixing the resulting solutions. Light 
yellow crystals of silver nitrite are removed by filtration. Four 
and eight tenths grams (0.032 mole) of silver nitrite is added to  
the 2.89 g. (0.008 mole) of Co(2,6-dimethylpyridine N-oxide)&l2 
in 800 ml. of dry acetone. (Acetone is refluxed with anhydrous 
potassium carbonate and then distilled.) The solution is stirred 
by a magnetic stirrer overnight (8 hours). The blue solution 
of the cobalt(I1) chloride complex turns mauve. The solution 
is filtered by suction and then evaporated by vacuum until 
mauve crystals form. The crystals are filtered by suction 
and dried in vacuo. The compound decomposes between 
215-219". Yield is 2.4 g. (83%). Anal. Calcd. for 
C14H18CoN4O6: C, 42.32; H, 4.56; N, 14.10. Found: C, 42.55; 
H, 4.92; N, 14.05. 

2. [Co( 2,4,6-trimethylpyridine N-oxide)z( NOz)z] 

Same procedure as in Procedure 1 on page 204. Four and 
fourteen hundredths g. (0.03 mole) of 2,4,6-trimethylpyridine 
N-oxide [obtained by hydrogen peroxide oxidation* of 2,4,6-tri- 
mcthylpyridinc (Eastman) by the method of Boekelheide and 

* The pyridiw W(LR oxidisod with hydrogen peroxide and acetic acid at 70". 
The rnixturc WUH cwncwitratod ua far ILS possihlc a t  80" and the residue made alka- 
line with unhydrous sotlirmi c~cirl)onrit,o. 'l'lie sodium acetate and sodium carbonate 
wore filt80rotl t ~ ~ i c l  t h  dtlorolortxl Ovtti)ortd(d ItrtLving tho  2,4,6-trimcthylpyridine 
N-oxitltr LLH II l i i ~ h  I ) o i I i I i K  oil .  
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Linnlo] is added t o  3.57 g. (0.015 mole) cobalt(I1) chloride 
hexahydrate in 15 ml. of methanol. Acetone (15 ml) is added, 
and the solution is allowed to stand overnight in a refrigerator. 
The crystals are filtered by suction, washed several times with 
acetone, and then dried in vacuo. The cobalt(I1) chloride com- 
pound decomposes between 285 and 286". The yield of blue 
crystals is 3.0 g. (47%). 

Four and eight tenths grams (0.032 mole) of silver nitrite is 
added to the 3.0 g. (0.008 mole) of Co(2,4,6-trimethylpyridine 
N-oxide),Clz in 800 ml. of dry acetone. The solution is then 
treated as in Procedure 3. The compound decomposes between 
230 and 232". The yield of the mauve crystals is 1.87 g. (61 yo). 
Anal. Calcd. for C16H22C~N406 :  C, 45.18; H, 5.21; N, 13.17. 
Found: C, 50.82; H, 3.94; N, 11.22. 

3. [Co(4~-methylquinoline N-oxide)z( N0~)z j  

The chloride complex is made by adding 4.89 g. (0.03 mole) 
of 4-methylquinoline N-oxide [obtained by hydrogen peroxide 
oxidation* of 4-methylquinoline (lepidine) (Pierce Chemical 
Company) by the method of Ochiai"] to  a solution of 3.57 g. 
(0.015 mole) cobalt(I1) chloride hexahydrate dissolved in 12 ml. 
of absolute ethanol. This solution is stirred and then evapo- 
rated a t  a mild temperature on a hot plate. The residue is 
recrystallized from absolute ethanol, filtered by suction, washed 
several times with cold ethanol, and then dried in vacuo. Dark 
blue crystals are obtained which melt between 220 and 222". 
Yield is 5.54 g. (84Y0). Then add 4.8 g. (0.032 mole) of silver 
nitrite to 2.77 g. (0.008 mole) of Co(4-methylquinoline N-oxide)z- 
C1, in 800 ml. of dry acetone. The solution is treated as in  
Procedure 1 on page 204. Brown crystals are obtained from a 
reddish-brown solution. Yield is 1.15 g. (42%). Anal. Calcd. 
for C20H,8CoN406: C, 51.18; H, 3.86; N, 11.94. Found: C, 
50.82; H, 3.94; N, 11.22. 

* Use the same procedure as the preceding footnote, except tho product pre- 
cipitates and should be recrystallized from ether (m.p. 118-1 l!)'). 
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NaNOzt,S 
[Ni (2-[(methylamino)methyl]pyridine ) z (ONO) 21 

[Ni(2-[(methylamino)methyl]piperidine)~(ONO)~] 
[Co(2,6-dimethylpyridine N-oxide)z (NO,),] 
[Co(2,4,6-trimethylpyridine N-oxide)t(NOz)g] 
[Co(Pmethylquinoline N-oxide)z (Nos),] 

Properties 

The nitrite group has three fundamental vibrational modes 
which are all active in the infrared region, and upon coordination 
the band positions are shifted as compared to  the free nitrite 
frequencies. In  Table I the infrared frequencies of the NO2- 

1328 rt 2 1261 rt 2 828 
1375(s) 1170 (8 )  812,828s 
1372(b) 1200(s) 821,838s 
1278(ms) 1207(vs) 859(ms) 
1292(ms) 1219(vs) 858(ms) 
1281(sh) 1214(vs) 856(m) 

T A B  L E I Infrared Frequencies of the Nos- Groups, cm.-* 

Compound * 1 Ys 1 V b  

groups are listed for the nickel(I1) and cobalt(I1) complexes 
described here. Visible and near-infrared spectral data have 
also been reported for both sets of complexes.6j8 
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42. RUTHENIUM AMMINES* 

2RuC13 + Zn + 16NH3 -+ 2[Ru(NH3)~]Clz + [Z~(NHI)~]CI~  
[RU(NH~)~IC~Z + [Zn(NH3)41CI2 + 4HC1- 

2[Ru(NH3)~]Clz + Brz + 4HC1+ 
[Ru(NH3),][ZnC14] + 4NH4Cl 

2[Ru(NH3)5C1]C12 + 2HBr + 2NH4C1 
2[Ru(NH3)6]Cl, + Brz + 4NaBr + 2[Ru(NH3)~]Br3 + 4NaC1 

Submitted by J. E. FERGUSSONt and J. L. LOVE7 
Checked by J. N. ARMORS 

The preparation of the hexaammine complexes of ruthenium(I1) 
and ruthenium(II1) salts are sketchily described in the literature. 
The preparation of hexaammineruthenium(I1) by the reduction 
of ruthenium trichloride with zinc in ammonia is described 
briefly by Lever and Powe1l.l Allen and Senoff2 carry out the 
reduction using hydrazine hydrate. The hexaammineruthe- 
nium(II1) cation is obtained by oxidation of the ruthenium(I1) 
complex, and pentaamminechlororuthenium( 111) dichloride is 
obtained by treating the former compound with hydrochloric 
acid.'y3 This compound may also be obtained by treating the 
pentaammine molecular nitrogen complex of ruthenium(I1) 
with hydrochloric a ~ i d . ~ , ~  

These compounds are ,of interest 'as useful starting materials 
for further complexes of ruthenium(I1) and (III)5r7 and recently 
have become the center of more interest in their connection with 
the formation of ruthenium(I1) molecular nitrogen complexes. 

* Since this synthesis was submitted, a more detailed description of the prepara- 
tion of hexaammineruthenium(I1) dichloride has been reported.? 

t University of Canterbury, Christchurch, New Zealand. For the support of 
this work acknowledgment is made to the New Zealand Universities Grants 
Committee and Johnson Matthey Chemicals, Ltd., for the loan of ruthenium 
trichloride. Appreciation is expressed to Mrs. C. Sligh for testing tho oxpori- 
mental details. 

1 Stanford University, Stanford, Calif. 94305. 
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Procedure 

A. HEXAAMMINERUTHENIUM(I1) DICHLORIDE 

2RuC13 + Zn + 16NH3 --+ 2[Ru(NH3)@12 + [Zn(NHd4]C12 

Commercial-grade ruthenium trichloride (5  g.) is “activated” 
by dissolving in concentrated hydrochloric acid (10-20 ml.) and 
then evaporating the solution to  dryness at 100” on a steam bath. 
The chloride is dissolved in 0.880 ammonia (50 ml.), excess AIt 
zinc dust (1 g.) added, and the solution boiled for 7 minutos 
(Note 1). Considerable effervescence occurs during the reaa- 
tion; therefore a 250-ml. Erlenmeyer flask would be a satisfactory 
reaction vessel. The excess zinc is filtered off and any crystal- 
lized yellow product washed out from the zinc by dissolving in 
the minimum quantity of water. This solution is added to t h  
filtrate. If any zinc hydroxide precipitates out in the filtrnto 
during this process, a few drops of ammonia (0.880) arc athlcvl 
to  redissolve it. Small portions of solid ammonium chlori(lo 
are added to the filtrate and dissolved until crystallization of tho 
product [Ru(NH,) 6]C12 commences. The solution is cool(!tl i i i  

ice until crystallization is complete, and the product is Gltorcd 
and washed with a little cold 0.880 ammonia and then cthanol 
(Note 2). Yield is 3 g. (Note 4, below). Anal. Calod. for 
[Ru(NH3)6]Cl2: N, 30.7%. Found: N, 30.3%. 

Notes 

1. ltuthonium motal may bc produccd if the rcduotion i H  
rdlowcd to proc:c:c:d for a longor timo. 

2. Solutions of (llu(NITB) 0]21- arc subjcnt to acrial oxidatiori, 
rciitl isolation of t h o  Holid complcx ~hould ho c:omplotcd as rapidly 
ILH poHHil)lo. 
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B. HEXAAMMINERUTHENIUM(I1) TETRACHLOROZINCATE 

[Ru(NH3)61C1~ + [Zn(NH3)41Clz + 4 H C 1 4  
[Ru(NH3)~][ZnC14] 4- 4NH4C1 

The filtrate remaining after collecting [Ru(NH3) 6]C12 in the 
above preparation is just neutralized with concentrated hydro- 
chloric acid (Note 3).  Pale yellow leaflets of the product begin 
to separate. These are filtered off and washed with a little cold 
water and then ethanol. Yield is 2 g. (Note 4). Anal. 
Calcd. for [RU(NH,)~][Z~C~,] :  N, 20.4%. Found: N, 19.8%. 

Notes 

3. If more acid is added than is required for neutralization, 
or if the solution becomes too hot, oxidation occurs to give a 
deep-blue solution containing [Ru(NH3) 3H20C12]C1.1 The com- 
plex cation [RU(NH~)~] '+  can be reformed if this blue solution, 
after being made alkaline with ammonia solution, is again 
reduced with zinc dust. 

4. All of the product of the reaction given in See. A above 
can be isolated as the tetrachlorozincate if zinc chloride (ca. 2 g.) 
is added to  the cold solution after neutralization with acid. 
No ammonium chloride is added in this case. The ratio of yields 
of the two products [Ru(NH3) 6]C12 and [Ru(NH,) 6][ZnC14] may 
vary from preparation to preparation, but the total yield of 
[Ru(NH3) 6] will remain constant. The variation appears 
related to  the concentration of ammonia in See. A at the time 
of isolation of the product. The yield is increased by increasing 
the ammonia concentration. 

C. PENTAAMMINECHLORORUTHENIUM(II1) DICHLORIDE 

2[Ru(NH3)6]C1, + Brz + 4HCl- 
~ [ R U ( N H ~ ) ~ C I ] C I ~  + 2HBr + 2NH4C1 

Hexaammineruthenium(I1) dichloride (3  g . )  (Note 5) is dis- 
solved in water (20 ml.) and bromine water added carefully until 



Ruthenium Ammines 211 

there is a slight excess. This is observed by the yellow solution 
first becoming paler, almost colorless, and then sZightZy orange 
as excess bromine accumulates (Note 6). Concentrated hydro- 
chloric acid is added to  give a I : 1 acid solution, and the solution 
is heated under reflux for 2 hours; excess bromine is first allowed 
to escape. The product [Ru(NH,)&l]Clz is formed as yellow- 
orange crystals during the heating, and these are collected and 
recrystallized from boiling 1 M hydrochloric acid. Yield is 3 g. 
Anat. Calcd. for [Ru(NH3)&1]C12: N, 23.9%. Found: N, 
24.0%. 

Notes 

5. [ R u ( N H , ) ~ ] [ Z ~ C ~ ~ ]  may be used instead of [ R U ( N H , ) ~ ] C ~ ~  
in this preparation (and for Sec. D below). In  this case not all 
of the complex completely dissolves before adding the brominc! 
water, but it dissolves during the reaction. 

6. If bromine is not present in excess, then a deep-blue solu- 
tion is obtained on addition of hydrochloric acid.7 On hcaliiig, 
a brown-yellow precipitate forms which is mainly [RU(NH~)~CI:,] .  
If too large an excess of bromine is added, a trace of this (:om- 
pound is also produced. 

D. HEXAAMMINERUTHENIUM(II1) TRIBROMIDE 

2[Ru(NH3)6]C12 + Brz + 4NaBr -+ ~ [ R U ( N H ~ ) ~ ] B ~ ,  + 4NnC1 

Hexaammineruthenium(I1) dichloride (1 g.) (see Noto 5 
above) is oxidized with bromine water, as described abovo in 
Sec. C. After oxidation solid sodium bromidc is dissolvcd i n  
the neutral solution until the product [ R u ( N H , ) ~ ] B ~ ~  forms RH a 
yellow powder. The product is collected and rcdissolvcd i n  
water (5 ml.) and reprecipitatcd by the addition of xocliuin 
bromidc. Thc product is washcd finally with cthanol. Yiold 
is 1 8. A n d .  Calcd. for [ I t~(NI1~)~] l3r ;{ :  N, 19.0%. E’ound: 
N, 18.8%. 
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Analysis 

Nitrogen is determined by the Kjeldahl method using 
Devarda’s alloy. The complex and the alloy are placed in a 
standard Kjeldahl apparatus and the ammonia distilled off 
from a 7.5 M sodium hydroxide solution into 2% boric acid. 
The ammonia is titrated with standard hydrochloric acid using 
bromocresol green-methyl red as indicator. 

Properties 

The yellow hexaammineruthenium(I1) cation is a moderately 
strong reducing agent and will, for example, reduce hydrogen 
chloride, mercuric chloride, gold(II1) chloride,l and the hexa- 
amminecobalt(II1) cation.6 The dry complexes are stable for 
a matter of weeks, especially when kept cold, but in aqueous 
solution decomposition is more rapid. 

The yellow pentaammine complex of ruthenium(II1) chloride 
crystallizes as octahedral crystals. It is a stable compound 
and exists in hydrochloric acid solution over a wide range of 
acid concentrations. The pale yellow hexaammine complex of 
ruthenium(II1) is soluble in water and an excellent starting 
material for further ruthenium(II1) compounds. 

The infrared spectra of the complexes have been recorded, 
and assignments have been made.2 The Ru(I1) and, Ru(II1) 
ammines are readily distinguished by their infrared absorptions 
around 1300 cm.-l. 
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43. PENTAAMMINECHLORORHODIUM (111) DICHLORIDE 
AND PENTAAMMINEHYDRIDORHODIUM(II1) SULFATE 

Submitted by J.  A. OSBORN,* I<. THOMAS,* and 6. WILI<INSON* 
Checked by H. M. NEUMANNt 

The catalytic efiect of several alcohols in the preparation of 
dichlorotetrakis(pyridine)rhodium(III) cation has long bw11 
kn0wn.l In  recent years, a variety of reducing agents, prcwrit 
in catalytic quantities, have been used in the preparation, of‘ 
several rhodium(II1) complexes.2 I n  the absence of catulyhls, 
these reactions are often laborious, and/or incomplete, by ( W I I I -  

parison with the catalyzed reaction, for example, the prcqxirtit i o t i  

of pentaamminechlororhodium(II1) chloride (Clam’ salt) / ) y  
the method of Lebed in~ky .~  Conversion of [Rh(NII:,),~(:II(II,~ 
to the pentaamminehydridorhodium(II1) salt [Rh(NII,)J IJSC 
by treatment with zinc and ammonia is rapid, and thc rc1artioii 
is relatively clean.4 The formation of hydrido spccic.s Ir)y 
tetrahydroborate treatment is not a satisfactory prcparativo 
procedure. 

Procedure 

A. PENTAAMMINECIILORORIIODIUM(I1I) CHLORIDE 
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flask (250 ml.), are gently heated at 30" until complete solution 
is obtained. Ammonia solution (density 0.88, 20 ml.) is then 
added and the mixture gently swirled until the resulting fawn 
suspension is homogeneous. This is then heated rapidly to the 
boil, with constant agitation, whereupon the solution clears to  
a pale yellow color. On slow cooling to room temperature, 
large, bright yellow crystals are formed; for maximum yield 
the mixture is cooled further in ice. The crystals are collected, 
washed with acetone (20 ml.), and dried a t  60". Yield is 4.6 g. 
(80% based on RhC1,*2Hz0). Evaporation of the filtrate to  
30-40 ml. gives a further crop of crystals. The overall yield is 
essentially quantitative. Recrystallization of either crop is 
unnecessary, but may be performed from the minimum of 
boiling water. 

B. PENTAAMMINEHYDRIDORHODIUM(III) SULFATE 

A suspension of the finely powdered complex [Rh(NH,) ,C1]ClZ 
(6 g.) and ammonium sulfate (9 g.) in a mixture of 50 ml. of 
water and 50 ml. of ammonia (density 0.88), is heated to 60". 
Zinc dust (total 2 g.) is added in three equal portions, a t  +-minute 
intervals and the resulting suspension maintained at 60" for a 
further 2 minutes. Particles of rhodium metal and undissolved 
zinc are screened off by passing through a fine, sintered-glass 
filter bed and the clear filtrate is saturated with ammonia gas, 
while being kept at <5" by cooling in ice. It is essential that  
the filtrate be agitated briskly during the ammonia saturation 
stage. The product, which separates as a chalk-white solid, 
is filtered off, washed with two aliquots of acetone (each 50 ml.), 
and dried in a vacuum. 

The product reacts with oxygen; consequently the purification 
stage must be carried out under nitrogen. The crude product is 
dissolved in deoxygenated water (75 ml.) through which nitrogen 
is bubbled. The contaminant, which remains as a white floccu- 
late, is removed by screening through filter paper. Ammonium 
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sulfate (2 g.) is added to the screened solution and the produab 
obtained as a pale creamy microcrystalline solid by saturating 
the ice-cooled solution with ammonia gas as before. Tlie 
product is collected, washed with acetone, and dried in a 
vacuum. Yield is 3.2 g. {54% based on [Rh(NII,)&l]CI], 
For maximum yield, it  is essential that  the ice-cooled solution be 
saturated with ammonia; ammonia should be introduced at as 
fast a rate as is possible. 

Proper ties 

Crystalline pentaamminehydridorhodium(II1) sulfate is quito 
In  aqueous solution stable in air and can be stored indefinitely. 

there exists the equilibrium: 

The proton magnetic resonance spcctrum has a doublet centercxl 
at T 27.1 (JRh--II, 14.5 Hz.; the Rh-H stretching frequency, it1 
the infrared spectrum (Nujol mull), is at 2079(s) cm.-l. The 
interaction of the complex with alkenes produces5 stable alkyl 
complexes of the type [Rh(NH,),R]SO,. In  solution the com- 
plex reacts with molecular oxygen to give a blue peroxo complex; 
displacement of ammonia by ethylenediaminc can also he 
achieved. 
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44. DICHLORO (ETHYLENEDIAM1NE)PALLADIUM (11) 
AND (2,2’-BTPYRID1NE)DICHLOROPALLADIUM (11) 

Submitted by B. JACK McCORMICK,* EDGAR N. JAYNES, JR.,* 
and  ROY I. KAPLAN* 
Checked b y  H. C. CLARK? and J.  D. RUDDICKt 

Dichloro (ethylenediamine) palladium( 11) and (2,2’-bipyridine) - 
dichloropalladium(I1) are useful intermediates for the prepara- 
tion of mixed-ligand complexes. In  compounds derived from 
these intermediates in which the amine ligands are preserved, 
effects of the different bonding properties of ethylenediamine 
and 2,2’-bipyridine may be observed. In  contrast to  the 
rather involved synthesis of [Pt(en)C12],l the syntheses given 
here are straightforward and provide pure products in high 
yield. The procedures used are somewhat similar to those given 
elsewhere, 2-5 but are placed on a considerably more specific 
basis than those given hitherto. 

Procedure 

A. DICHLORO (ETHY LENEDIAMINE) PALLADIUM (11) 

2KzPdC1, + 2en --+ [Pd(en)2][PdC14] + 4KCI 
[Pd(en)2][PdC14] 2 2[Pd(en)Clz] 

Five grams (0.0153 mole) potassium tetrachloropalladate(I1) 
is dissolved in 40 ml, of warm water, and the resulting solution 
is divided into two equal portions. To one of the portions in a 
125-ml. Erlenmeyer flask is added 10.5 ml. (0.0158 mole) of 
1.50 21.1 ethylenediamine. The ethylenediamine should be 

* West Virginia University, Morgantown, W.Va. 26506. 
t University of Western Ontario, London, Ontario. 
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added dropwise and with vigorous stirring. The resulting 
mixture, which contains [Pd(en)z]Clz, [Pd(en)Clz], and [Pd- 
(en)2][PdC14], is then heated to  boiling for 1.5 hours. During 
the heating period the volume of the solution should be main- 
tained at  approximately 50 ml., and after the heating period 
any undissolved precipitate is removed by filtration. 

The filtrate is cooled to  lo”, and to the cool solution is added 
slowly and with stirring the remaining 20-ml. portion of KzPdC1,. 
The voluminous pink precipitate of [ P d ( ~ n ) ~ ] [ P d C l ~ ]  is separated 
by filtration and washed with several 10-ml. portions of cold 
water. The precipitate then is suspended in 60 ml. of water 
containing five drops of 6 M HCI; this mixture is evaporatcd 
on a steam bath to approximately 10 ml. During the evapora- 
tion the [Pd(en)z][PdC14] is converted to yellow [Pd(en)CI2]. 
This conversion may be slow and the evaporation with dilutci 
HC1 should be repeated several times until the color chango is 
complete. The mixture is then cooled in an ice bath and filtcrcyl. 
The yellow crystals are washed with several 10-ml. portions of 
cold water, air-dried, and then dried in vacuo over CaC12. ’ Y i c b l t l  

is 3.2-3.5 g. (89-97%, based on K2PdCI4). Anal. Calcd. for 
[Pd(en)CI2]: C, 10.1; H, 3.38; Pd, 44.8. Found: C, 10.3; 1 1 ,  
3.32; Pd, 44.7. 

B. (2,2’-BIPYRIDINE)DICHLOROPALLADIUM(II) 

2KzPdC14 + 2bipy + [Pd(bipy)2][PdC14] + 4KC1 

[Pd(bipy) ,I[PdCLI$ 2[Pd(bipy) Cld 

To 1.19 g. (0.00763 mole) of 2,2’-bipyridine in 40 ml. of 
methanol is addcd slowly a solution of 2.50 g. (0.00767 mol(b) 
potassium tctrachloropalladatt~(I1) i n  40 ml. of watw. T t w  
palo-pink to tan protlnc~t of [l’~l(l)ipy)~]l I’dCI,] is c*olloc:tod on t~ 

suction filt,cir arid w ~ ~ s l i o ~ 1  tJ~oroii~1tly wi th  80 rril. of wtLt(ir to 
r o 1110 v (! p o h w  i I 1 i n  ( 8  t r 1 ( wi ( 1 ti. 
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The moist product then is placed in a beaker and suspended 
in 60 ml. of water containing six drops of 6 M HC1. The 
mixture is heated on a steam bath to reduce the volume to  20 ml. 
After about one hour all of the [Pd(bipy),][PdCl,] is converted 
to yellow [Pd(bipy)Clz]. The solution and solid are cooled in 
an ice bath and filtered. The light yellow complex thus isolated 
is washed with several 10-ml. portions of cold water, air-dried, 
and then dried in oucuo over calcium chloride. Yield is 2.2-2.5 
g. (87-97%, based on K2PdC1,). Anal. Calcd. for [Pd(bipy)- 
C12]: C, 36.0; H, 2.40; Pd, 31.9. Found: C, 35.7; H, 2.41; 
Pd, 32.1. 

Properties 

Dichloro(ethylenediamine)palladium(II) is formed as yellow 
needles. (2,2'-Bipyridine)dichloropalladium(II) is produced as 
a light yellow microcrystalline solid that can be obtained 
as larger crystals by careful recrystallization from hot, dilute 
HC1 solutions. Both compounds are insoluble in cold water, 
but are moderately soluble in hot water. The compounds 
dissolve in 1 M sodium hydroxide with reaction. In  general 
the compounds are not soluble in organic solvents; however, 
both complexes can be dissolved in dimethyl sulfoxide and 
N,N-dimeth ylf or mamide. 

The NH,-stretching frequencies are located a t  3312 and 3220 
em.-', and the NH,-deformation frequency is located at 1575 
em.-' in [Pd(en)Clz]. 
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46. NONAHYDRIDORHENATE SALTS 

Submitted by A. P. GINSBERG* and C. R. SPRINKLE* 
Checked by J. F. RUSSELL,$ F. N. TEBBE,? and E. L. MUETTERTIESt 

Salts of [ReHgl2- and [TcHgl2- are so far the only examples 
of transition-metal hydride complexes in which there is no 
ligand other than hydrogen. Investigation of these compounds 
has been inhibited by the small yields and impure products 
obtained in the method of preparation originally described. 
This difficulty has been overcome for ReHg2- by a synthesis of 
the disodium salt4 in which an ethanol solution of sodium pcr- 
rhenate is reduced with sodium metal to  give the hydride in 
ca. 35% yield. About 15% of the unconverted perrhenate i8 
lost in side reactions, but the remainder may be recovercd. 
Metathesis between Naz[ReH9] and (Et4N)zS04 allows tho 
preparation of ( E I ~ N ) ~ [ R ~ H ~ ] ,  a salt which has proved vwy 
useful in studying the reactions of nonahydridorhenatc with 
tertiary phosphines5 and with carbon monoxide. 

A. DISODIUM NONAHYDRIDORHENATE 
xsNa 

EtOH 
NaRe04- Naa[ReH9]J, + NaOEt + NaOHt 

Procedure 

A 500-ml., three-necked flask, equipped with a nitrogen inlot, 
a mechanical stirrer, and a West condenser, is chargcd with tt 
filtered solution of sodium perrhenates (3.0 g., 11 mmolors) 

* Bell Telephone Laboratories, Inc., Murray Hill, N.J. 07974. 
Central Research Department, Experimental Station, E. I. du Pont t f o  

Nemours & Company, Wilmington, Del. 19898. 
$ The stoichiometry of the reaction is uncertain. 
5 It is less expensive to buy potassium perrhcnatc and convcrt it to the sodium 

salt by ion cxcliangc. A solution of 10 g. of tlic potassium salt in 000 r r i l .  wcilor in 
paascd through II 2.5 X 12-cin. cdurnn of 200-400 inc~li  A(150W-XIP c:tit,ion 
oxchiirigo resin (Uio-Had Imhorntorictl) in i,ho hydrogori f o r m .  ‘l’lio ollluorit, in 
titratad with I N Rodiuiti hytlroxitlo (c:itl.bontito-frt,oj to IL ~ io tc . r i f , i orr i c~ f , l . i c :  o ~ i d  point; 
blio r i c u l r d  nolui,ioii in crviy)oriitotl to ~II*~IIUHH. ‘I’h ~)rotlucit i M  (:ru~liotl to II powtlor 
r~iid ovtin-driod id, 120’. 
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in absolute ethanol (300 ml.). As the solution is stirred rapidly 
and the flask flushed with a stream of nitrogen, sodium spheres* 
(2 g., 87 mmoles) are slowly added via the condenser. When 
the solution turns dark brown, it is heated to  reflux with a 
heating mantle; the heat is turned off, and additional sodium 
spheres (10 g., 435 mmoles) are added at such a rate that  the 
solution is kept refluxing but the capacity of the condenser is 
not exceeded. After the sodium has dissolved completely, the 
hot solution is centrifuged (2000 r.p.m., 5 minutes) and the 
supernatant is reserved for recovery of perrhenate. The pre- 
cipitate is extracted with ca. 3% ethanolic sodium ethoxidet 
(two times with 25 ml., about one hour each time) and then 
washed successively with 2-propanol (three times with 25 ml.) 
and ether (three times with 25 ml.). The extraction and wash- 
ing are most conveniently done by using the first portion of 
sodium ethoxide solution to  transfer the precipitate from the 
large centrifuge bottle to a 40-ml., glass-capped, centrifuge tube 
and then shaking the suspension with a mechanical shaker. 
After preliminary drying in a nitrogen stream, the white product 
is pumped for one hour at 25°/10-3 mm. and then overnight at 
82°/10-3 mm. Yields vary between 0.7 and 1.2 g. (26-45% 
based on the starting perrhenate, 47-91 % based on the amount 
of unrecovered perrhenate) ; the average yield of a large number 
of runs was 0.92 g. (35 ’% based on the starting perrhenate, 71 % 
based on unrecovered perrhenate). The reaction may be run 
in about the same percent yield with all amounts doubled. Thc 
hydride should be stored in a dry, C02-free, inert atmosphere. 

Infrared spectra of the dried product (4000-250 cm.-l, KBr 
disk) j: show weak impurity bands at  ca. 3450 [v(OH)], 2910, and 

* Reagent grade, & to in. diam., wash with pentane and clean by brief immcr- 

t Prepared by dissolving sodium (15 g.) in absolute ethanol (250 ml.) undor 

1 Samples for infrared spectroscopy should be prcparcd in a dry, incrt-atinos- 
It is best to protect the sample with Inyon of prcsscd KUr abovo and 

sion in ethanol immediately before use. 

nitrogen and diluting to 500 g. in a polyethylene bottle. 

phere box. 
below the sample bearing layer. 



Nonahydridorhenate Salts 221 

2840 [v(CH)], 2700 (?), ca. 1640 [6(OH)], 1450 [6(CH)], and 
[ V ~ ( C O ~ ~ - ) ] ,  and 910-930 em.-' [v(ReO)]. Partial purification 
may be effected by the following procedure. All solvents and 
solutions are kept ice-cold and are deaerated with a nitrogen 
stream or by evacuating to boiling and back-filling with nitrogen. 
The procedure should be carried through rapidly and exposurc 
of hydride solutions to  air minimized by flushing open vessels 
with a nitrogen stream. The crude product (1.0 g.) is dissolved 
in carbonate-free 25% sodium hydroxide solution* (5 ml.) in a 
capped, 40-ml., polyethylene, centrifuge tube. Methanol (10 
ml.) is added, and the mixture is centrifuged (10,000 r.p.m., 
0-20", 5 minutes).? The clear but colored supernatant is 
poured with stirring (magnetic stirrer) into 200 ml. of ethanol 
contained in a 250-ml. centrifuge bottle. The white precipitalt 
which forms is centrifuged down (2000 r.p.m., 5 minutes) and 
transferred to a 40-ml. capped centrifuge tube with 25 ml. of 
fresh ethanol. After shaking for 15 minutes (prolonged c*onttwt 
with ethanol in the absence of base leads to decomposition), 
the ethanol is removed and the solid is extracted with 2-propr~riol 
(twice with 25 ml., 15 minutes each time) then washnd wilh 
anhydrous ether, and dried as before to  give 0.90 g. (90%) of II 

white powder. Anal. Calcd. for Na2[ReH9] : Na, 19.05; UP, 
77.18; H, 3.76. Found: Na, 19.11; Re, 76.66; H, 3.76; C, 0.W. 
Weak impurity bands are still present in the infrared spoc:tnim. 
(See Fig. 12.) Analysis of the crude product before reprwipitn- 
tion gave the following results: Na, 18.22; Re, 75.82; 1-1, 5.80; 
( J ,  0.44. The sample used for this analysis was from a mixturo 
of thc products of some 30 reactions; analysis of thc c ~ u c l c !  
product from individual reactions shows somc variation. 
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Fig.  12. Infrared spectra (KBr sandwich) of(a) Naz[ReHs] and (b) (EtaN)z- 
[ReHg]. The arrowspoint to impurity bands. These spectra may be used 
to judge the purity of the product obtained. If the relative intensities 
of the impurity bands do not exceed those shown, the material will have a 
satisfactory analysis. 

Unreacted perrhenate may be recovered from the reaction 
mixture by stirring in 5 ml. of 20 % aqueous potassium hydroxide 
and allowing the solution to stand overnight. A precipitate 
of potassium perrhenate settles out. 

Properties 

The infrared spectrum (Nujol mull) of Naz[ReH9] has v(ReH) 
at 1835(s), (br) and G(ReH) at 745(s), ca. 720(sh), and 630(sh) 
cm.-l. The compound is solu- 
ble in water and methanol, slightly soluble in ethanol, and insolu- 
ble in 2-propanol, acetonitrile, ether, and tetrahydrofuran. 
Alkali stabilizes the water and methanol solutions. With acids 

In  aqueous alkali 7Re-H = 19.1. 
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the hydride evolves hydrogen very vigorously. On heating in 
a vacuum (2-6"/minute) visible decomposition begins at  ca. 
245". When a ca. 50-mg. sample of Naz[ReH9] was exposed to 
the atmosphere a t  a relative humidity of 14% (25"), i t  turned 
light gray in about one hour, and an infrared spectrum showed 
an increase in the intensity of the v3(COa2-)  and v(Re0) impurity 
bands. After overnight exposure at  14 yo relative humidity, 
the sample turned black; an infrared spectrum indicated that 
rhenium hydride was still present, but v3(C03*)  and v(Re0) 
were now strong bands and Y ~ ( C O ~ ~ )  had appeared at  882 cm.-'. 
In this experiment v(0H) increased only moderately on exposure 
to  the atmosphere, but under more humid conditions, decom- 
position is more rapid and v(0H) becomes strong. 

Analytical Methods 

Nonahydridorhenate is conveniently oxidized to perrhenatc 
by slow addition of the solid to 5 % hydrogen peroxide. Sodium 
and rhenium may then be determined on the solution by stand- 
ard methods. Hydrogen is determined by ordinary combustion 
techniques. 

B. BIS(TETRAETHYLAMM0NIUM) NONAHYDRIDORHENATE 

EtrNOH 
NazReHg + (Et4N)zS04 Na2S04l + (EtJVzReHe 

Procedure 

All solvents and solutions are degassed; open flasks and funnels 
are flushed with a nitrogon stream, and cvacuatcd flasks are 
back-filled with nitrogon aftor filtration or evaporation steps. 
Crude Naa[RaFTQ] (1.10 g., 4.60 mmoltw, ca. 10% mow than tho 
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amount required for stoichiometric metathesis) is dissolved in 
an ice-cold bis(tetraethy1ammonium) sulfate solution of known 
concentration (0.332 N ,  25.0 ml.) in 10% aqueous tetraethyl- 
ammonium hydroxide, * contained in a 250-ml. Erlenmeyer 
flask. Ice-cold ethanol (150 ml.) is added and the mixture 
allowed to stand on ice for ca. 5 minutes, after which it is 
rapidly filtered through a medium-porosity fritted disk. The 
filtrate is evaporated to dryness on a rotary evaporator (25°/10-2 
mm., liquid-nitrogen trap), and the residue is redissolved in 
2-propanol (50 ml.). After filtration through a fine-porosity 
fritted disk, the solution is evaporated to dryness as before. 
The process of dissolving the residue in 2-propanol and evapo- 
rating to  dryness is repeated until the v(0H) band (3400 cm.-l) 
in the infrared spectrum of the solid (KBr sandwich, dry-box) 
is weak or negligible (see Fig. 12b); a total of two or three 
evaporations is usually sufficient.t The crude product (2.0 g., 
100 %) is white or slightly colored, and its infrared spectrum has 
a v(Re0) band at 910 em.-', as well as several other impurity 
bands; it is, however, suitable for most synthetic purposes and 
should be transferred and stored under dry nitrogen or argon. 

Purification of the crude (Et4N)2[ReH9] may be effected by 
the following procedure, which is carried out in a dry-box using 
acetonitrile dried with calcium hydride and ether distilled from 
lithium tetrahydroaluminate. The product is dissolved in 
acetonitrile (40 ml.), and ether (50 ml.) is immediately added 
to  precipitate a white or light tan solid1 which is collected by 

* To prepare a stock solution (500 ml.) mix appropriate stoichiometric amounts 
of standard 6 N sulfuric acid with standardized 10% aqueous EtaNOH (Eastman), 
evaporate to near dryness (70°, 15 mm.), and dissolve the residue in 10% aqueous 
[EtrN]OH to 500.0 ml. 

t We have obtained the best results by carrying out the evaporations in rapid 
succession. A small amount of brown decomposition product usually forms during 
the final evaporation. 

1 Nonahydridorhenate reacts slowly with acetonitrile to  give a brown product. 
If the solution becomes dark brown, the precipitate will be colored. The impurity 
is intensely colored, and the sample color is not a good criterion of analytical purity. 
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vacuum filtration on a coarse, fritted disk. After thoroughly 
washing with ether, the product is dried for 10 minutes in an 
argon stream and then for 8 hours a t  56"/10F5 mm. (1.6 g., 80%). 
An infrared spectrum shows no significant impurity bands, 
although if the crude material contained an appreciable amount 
of tetraethylammonium hydroxide, the purification procedure 
does not remove i t  and a v(0H) band will be present. Anal. 
Calcd. for [(C2H5)qN]2[ReHy]: C, 42.15; H, 10.83; N, 6.14; Re, 
40.87. Found: C, 41.82; H, 11.03; N, 5.86; Re, 40.73. 

Properties 

The infrared spectrum (Nujol mull) of (Et4N)zReH9 has 
v(ReH) at 1780(s), (br) and G(ReH) at ca. 720(sh), 675(s), and 
ca. 610(sh) cm.-I. In  acetonitrile solution, 7Re-H = 18.5. The 
compound is soluble in water, acetonitrile, ethanol, 2-propanol, 
and other alcohols; i t  is insoluble in ether, tetrahydrofuran, and 
1,2-dimethoxyethane. The solutions are stabilized by alkali. 
On heating in a vacuum (2-4"/minute), decomposition occurs 
at 115-120" with the evolution of hydrogen and ethane. When 
a ca. 50-mg. sample of (Et4N)2[ReHy] was exposed to  the atmos- 
phere at a relative humidity of 19% (25"), i t  formed moist, 
brownish clumps within half an hour. An infrared spectrum 
taken after one hour exposure showed strong v(Re0) and 
&(OH) bands at 910 and 1630 crn.-l, respectively; the v(ReH) 
and G(ReH) frequencies were present but diminished in intensity. 
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46. POTASSIUM HEXAKIS(ISOTHIOCYANAT0)- 
NIOBATE (V) 

NbC15 + CHaCN -+ NbC15.CHaCN 
NbC15'CHaCN + GKNCS + K[Nb(NCS)G] + 5KC1 + CHsCN 

Submitted by G. F. KNOX* and T. M. BROWN* 
Checked by W. A. G. GRAHAM? and G. 0. EVANSt 

A preponderance of the transition-metal' pseudohalogen com- 
plexes reported in the literature are prepared in aqueous media. 
Several oxidation states of many transition metals are either 
unstable in the presence of water or form only oxygen-coordi- 
nated species. Thus, these metal ions will not form pseudo- 
halogen complexes in the normal manner. The following 
method, using polar, nonaqueous solvents is suitable for the 
preparation of isothiocyanate complexes of several of these ions. 
As an example of the preparation of such complexes, the synthe- 
sis of potassium hexakis(isothiocyanato)niobate(V) is described. 

Niobium pentachloride decomposes readily in the presence 
of moisture; thus it is very important in this synthesis that  the 
acetonitrile be rigorously dried. The method described by 
Coetzee et aZ.l is suitable for the purification of this solvent. 
The niobium pentachloride starting material should also be 
freed of any oxy species. This can be effected at  about 100" 
by sublimation of the pentachloride away from the less volatile 
oxychlorides using a standard vacuum sublimer with a water- 
cooled probe. Appearance of commercial samples is a poor 
guide to their purity, and this purification step should not be 
omitted. The potassium thiocyanate should be purified by 
recrystallization and then thoroughly dried. 

* Arizona State University, Department of Chemistry, Tcmpc, Ariz. 85281. 
t The University of Alberta, Edmonton 7, Canada. 
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Procedure 

The apparatus is shown in Fig. 13. The air and moisture 
sensitivity of Nb(V), in both the starting material and final 
product, dictates the use of inert atmosphere and vacuum-line 
techniques for this preparation. The Teflon needle-valve stop- 
cocks employed in the apparatus allow a wide variety of solvents 
to be used, as no stopcock grease is present in the system. The 
vessel is degassed thoroughly before the synthesis is initiated. 
Note that the stirring bars must be inserted into flasks A and 
C prior to making the constrictions in side arms B and D. 

In  an inert atmosphere, 2.70 g. (0.01 mole) of niobium penta- 
chloride is placed in reaction bulb C through side arm D, and 

Fig. 13. Apparatus f o r  the 
preparation of potassium 
hexakis( isothiocyanato)nio- 
bate( V ) .  
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5.83 g. (0.06 mole) of potassium thiocyanate is placed in reaction 
bulb A through side arm B along with a magnetic stirring bar. 
The two side arms are capped, and the reaction vessel is removed 
and placed on a vacuum manifold. After evacuation to approxi- 
mately torr, side arms B and D are sealed off with a torch. 
Fifty to sixty milliliters of acetonitrile is then vacuum-distilled 
into the vessel by immersing bulb A in a cold bath. When 
sufficient solvent has been introduced into the flask, Teflon stop- 
cock E is closed, the vessel removed from the manifold, and the 
solvent allowed to reach ambient temperature. Reaction bulb 
A is then immersed in a warm water bath (60-70") and stirring 
initiated. Teflon stopcock F is opened to allow passage of 
solvent vapors into the upper chamber through the side arm. 
The vapors condense in the upper chamber and react with the 
pentachloride to form the highly soluble monoacetonitrile 
adduct. This solution then passes through the glass frit and 
flows into the potassium thiocyanate solution in chamber A .  
An immediate reaction occurs, as evidenced by the dark red 
color formed in the lower solution. To ensure completeness of 
reaction, this stirring and heating of the lower chamber is con- 
tinued for about 2 hours after all of the niobium pentachloride 
has been extracted from the upper chamber. 

Teflon stopcock F is now closed and the solvent vapor forced to  
pass through the frit into the upper chamber where it condenses. 
After about one-half of the solvent has thus been distilled into 
the upper chamber, the vessel is inverted, and the highly solu- 
ble K[Nb(NCS)s] passes into chamber C, while the relatively 
insoluble potassium chloride is retained by the frit. Even 
though potassium chloride is quite insoluble in acetonitrile, it 
shows appreciable solubility in the solution of K[Nb(NCS) 4 
due to the increased ionic strength of the solvent. Thus, the 
distillation of some of the solvent into the upper chamber before 
filtration reduces the amount of potassium chloride contamina- 
tion in the final product. 

The vessel is now returned to  the vacuum manifold and the 
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acetonitrile solvent removed by vacuum distillation. Care 
should be taken during the distillation, for the product tends t o  
form a solid layer over the liquid and then “spatter” over tho 
inside of the vessel as the vapor pressure of the solvent breaks 
this layer. When all of the liquid is removed, the acetonitrilc 
of solvation is removed by placing the chamber containing thc 
product in a water bath maintained at approximately 80” and 
keeping the product under a dynamic vacuum of lo+ torr 
for 48-72 hours. Teflon stopcock E is then closed, and tlw 
reaction vessel removed to  the dry-box. 

I n  the dry-box, Teflon stopcock E is opened and bulb C (con- 
taining the crude product) is removed from the vessel by scoring 
and breaking the neck. The deep blue crystalline product, 
(slightly contaminated with 1-2 % KCl) is removed and storcd. 
(Yield is ca. 90-95%.) 

Purification of the crude product is effected in a vessel similiir 
to that  in Fig. 13, but side arm B may be deleted. The prot1udt 
is placed in chamber C, the side arm capped, and the v o n ~ c ~ l  
evacuated. After side arm D is sealed off, about 60-70 1111. of 
dry, degassed 1,2-dichloroethane is distilled into chambcr A rmcl 
Teflon stopcock E closed. The slightly soluble K[Nb(NCS) ( 1 1  

is then extracted from the insoluble potassium chlorid(b by 1,ho 
1,2-dichloroethane using the same techniques discussed oarlior 
for extraction of the niobium pentachloride by acctonitrilc. 
Due to  the low solubility of the complex in the solvciit, t h  
extraction requires about 5-6 days t o  extract 2.5-3.0 g. of 
product. During the dichloroethane extraction, thwc k w 
tendency for the frit to  plug, and care must be taken that tho 
solution above the frit does not overflow, carrying potasshim 
chloride down through the side arm into the extracted prochicfib. 
The rate of filtration can be increased by occasionally shutting 
the stopcock on the side arm, so that dichloroctlianc vapor i H  
forced up through thc frit, agitating tho  rcsidw. Whon purilicnrt- 
tion is aomplctc, thc! solvtInt i H  rcwovod, und t h  prochict 
vacuum-dricld in tho  rnuniwr prcvioimly t l (wr i lwt1  for 0 1 ~  t*rutl(l 
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product in acetonitrile solvent. The K[Nb(NCS)6] must be 
handled in a dry-box. Final yield is 3.5-4.0 g. (74-83%). 
Anal. Calcd. for K[Nb(NCS)6]: K, 8.14; Nb, 19.34; N, 17.49; 
C, 15.00; S, 40.04. Found: K, 8.44; Nb, 19.06; N, 17.25; C, 
15.10; S, 39.79. 

Properties 

Potassium hexakis(isothiocyanato)niobate(V) is a lustrous 
blue, crystalline solid. It is very soluble in acetonitrile, giving 
a red-to-maroon solution. It is slightly soluble in 1,2-dichloro- 
ethane, dichloromethane, and chloroform, whereas it decom- 
poses in acetone and other oxygen-containing solvents. It 
decomposes in the presence of moisture or in water solution, 
with the evolution of hydrogen sulfide. In  acetonitrile, i t  
reacts with quaternary amine and tetraphenylarsonium chloride 
salts to  yield potassium chloride and the hexakis(isothiocyanate) 
complex of the respective cation. It does not melt or show signs 
of decomposition below 250". X-ray powder photographs 
indicate i t  is isostructural with the potassium hexakis(isothi0- 
cyanato) tantalate(V). The infrared mull spectrum has four 
bands in the 1900-2100-~m.-~ range, but in acetonitrile solvent, 
the complex has only two bands, a strong one at  1981 cm.-' and 
a weak one at 2027 cm.-l, in this region. 

Discussion 

The synthetic method for the preparation of thiocyanate 
complexes of air- and water-unstable transition-metal oxidation 
states has been found suitable for the synthesis of K[Ta(NCS)6] 
and Kz[M(NCS)6] (where M = Ti4+,2 (Zr4+, Nb4+, Mo4+, or 
W4+), as well as the compound described above. By use of 
different solvents (e.g., diethyl ether or nitromethane), i t  can 
be expanded to include metal halides which undergo reduction 
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in the presence of acetonitrile (e.g., MoCl5 and WCl,). Thus, 
by use of the proper solvents, many thiocyanate complexes, and 
possibly other pseudohalogen complexes, can be prepared in 
this manner. 
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SUBJECT INDEX 

Names used in this cumulative Subject Index for Volumes XI, XI1 and XIII, 
as well as in the text, are based for the most part upon the “Definitive Rules for 
Nomenclature of Inorganic Chemistry,” 1957 Report of the Commission on the 
Nomenclature of Inorganic Chemistry of the International Union of Pure and 
Applied Chemistry, Butterworths Scientific Publications, London, 1959; American 
version, J .  Am. Chem. SOC., 82, 5523-5544 (1960); and the latest revisions (in press 
as a Second Edition (1970) of the Definitive Rules for Nomenclature of Inorganic 
Chemistry); also on the Tentative Rules of Organic Chemistry-Section D;  and 
“The Nomenclature of Boron Compounds” [Committee on Inorganic Nomencla- 
ture, Division of Inorganic Chemistry, American Chemical Society, published in 
Inorganic Chemistry, 7, 1945 (1968) as tentative rules following approval by the 
Council of the ACS]. All of these rules have been approved by the ACS Com- 
mittee on Nomenclature. Conformity with approved organic usage is also one 
of the aims of the nomenclature used here. 

I n  line, to some extent, with Chemical Abstracts practice, more or less inverted 
forms are used for many entries, with the substituents or ligands given in  alpha- 
betical order (even though they may not be in the text) ; for example, derivatives 
of arsine, phosphine, silane, germane, and the like; organic compounds; metal 
alkyls, aryls, 1,3-diketone and other derivatives and relatively simple specific 
coordination complexes: Iron, cyclopentadienyl- (also at Ferrocene); Cobalt( Z I ) ,  bas 
(b,4-pentanedionato)- [instead of Cobalt( ZI )  acetylacetonate]. In  this way, or by the 
use of formulas, many entries beginning with numerical prefixes are avoided; thus, 
Vanadate( I I I ) ,  tetrachloro-. Numerical and some other prefixes are also avoided 
by restricting entries to  group headings where possible: Sulfur irnides, with the 
formulas; Molybdenum carbonyl, Mo(CO)0; both Perxenate, HXeOs3-, and Xenate- 
( V I I I ) ,  HXeOs3-. I n  cases where the cation (or anion) is of little or no significance 
in comparison with the emphasis given to the anion (or cation), one ion has been 
omitted; e.g., also with less well-known complex anions (or cations) : CsBleHlzCH is 
entered only as Carbaundecaborate(1 -), tridecahydro- (and as BIOCHIO- in the 
Formula Index). 

Under general hcadings such as Cobalt( I Z I )  complexes and Amrnines, used 
for grouping coordination c:oinplcxcs of similar typcs having names considered 
uneuitablc for iidividunl Iloidiiign, rorttiuliLs o r  nnmcs of spccific compounds are 
not usually Kivon. 1 ioric:o it in iiiil)oriLlivo Lo c : o n H d I ,  t l io I h r i t i i i h  Indox Tor cntries 
for epooifiv c:oinploxns. 

239 

Inorganic Syntheses, Volume XIII 
Edited by F. A. Cotton 

Copyright © 1972 by McGraw-Hill, Inc.



240 Inorganic Syntheses 

Two entries are made for compounds having two cations and for addition com- 
pounds of two components, with extra entries or cross references for synonyms. 
Unsatisfactory or special trivial names that have been retained for want of better 
ones or as synonyms are placed in quotation marks. 

Boldface type is used to indicate individual preparations described in detail, 
whether for numbered syntheses or for intermediate products (in the latter case, 
usually without stating the purpose of the preparation). Group headings, as Xenon 
JEuorides, are in lightface type unless all the formulas under them are boldfaced. 

As in Chemical Abstracts indexes, headings that are phrases are alphabetized 
straight through, letter by letter, not word by word, whereas inverted headings 
are alphabetized first as far as the comma and then by the inverted part of the 
name. Stock Roman numerals and Ewens-Bassett Arabic numbers with charges 
are ignored in alphabetizing unless two or more names are otherwise the same. 
Footnotes are indicated by n. following the page number. 

Acetamidoxime, 2,2’-iminobis-, 11 :90 

Acetic acid, vanadium (IV) complex, 

Acetone, hexafluoro-, compound with 

Acetonitrile, complexes with metal 

metal derivatives of, 11:89-93 

13:181 

KF, 11:196 

halides, 12:225-229 
complex with iron, 12:41 
compound with [(C2H5)4N][VC14], 

Acetylacetone (see 2,4-Pentanedione) 
Acids, deprotonation of weak, with 

11:80 

KOH, in  synthesis of organo- 
metallic compounds, 11:113-116 

isoleptic, 13:73-79 
Ally1 compounds, metal-containing 

Allylmagnesium chloride, 13 :74 
Aluminum, triethyl-, safety in air and 

Amidocarbonyl fluoride, difluoro-, 

Amidophosphates (see Phosphoramid- 

Amidophosphoric acid (see Phosphor- 

Amidosulfuryl fluoride, difluoro-, 

&Amino ketones, a,p-unsaturated, 

water, 13:126 

12:300 

ates) 

amidic acid) 

12:303 

complexes with V(III), Co(II), 
and Ni(II), 11:72-82 

Ammines, C-, of B1oHloCZ-, transition- 
metal complexes of, 11:41-45 

C-, of BioHigC, 11:33 

Ammines, of chromium(III), 11:51 
of cobalt (111), 11 :48; 12:198-214 
of iridium (111), 12 :243 
of iron, 12:37 
of rhodium, 13:213-215 
of ruthenium, 12 :2; 13:208-212 

Ammonium, tetrabutyl-, octahalo- 
dirhenates(III), with rhenium- 
rhenium quadruple bonds, 
13 :83-84 

, tetrabutyl-, tetrakis (1,2- 
dicyanoethene-1 ,2-dithiolato) 
diferrate (2-), 13 : 193 

, tetraethyl-, bis[l,2-dicyano- 
ethene-l,2-dithiolato (2-)]cobal- 
tate (2-), 13 :190 

___ , tetraethyl-, nonachlorodivana- 
date(II1) (3:1), 13:168 

___ , tetraethyl-, nonhydridorhenate 
(VII), 13:223 

date(III), 13:168 

date (111), 13:168 

dicyanoethene-1,2-dithiolato) 
diferrate( 2-), 13 : 192 

Ammonium aquapentachloromolybdate 
(111), 13:171 

Ammonium cyanate, 13:17 
Ammonium hexachloromolybdate( III), 

Ammonium molybdate(VI), 

, tetraethyl-, tetrabromovana- 

, tetraethyl-, tetrachlorovana- 

-- , tetraethyl-, tetrakis( 1,2- 

13:172 

(NNi)nMoO,, 11 :‘L 
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Benaoylacetone (see 1,3-Butanedione, 

Bicyclo [2.2. I]hepta-2,5-diene (see 

2,2'-Bipyridine, complex with bis (2,4- 

I-phenyl-) 

2,5-Norbornadiene) 

pentanedionat0)cobalt (11), 11 :86 
complex with iron(II), 12:247, 249 
with palladium(II), 12:222-224; 

13:217 
Bonds, metal-metal, 13231-103 

quadruple, in molybdenum and 
rhenium compounds, 13:81-89 

Borane, chlorodiphenyl-, 13 :36 
_-_ , compounds with ethylenedi- 

amine, P(C6H5)3, and other 
bases, 12 :109-115 

compound with P(CH3)3, 12:135, 136 
with tetrahydrofuran, 12:lll-112 

halogeno derivatives, compounds 
with (CHa)3N, 12:116-125, 141, 
142 

___ , dichlorophenyl-, 13:35 
Boranes, polyhedral anions, BnHznl-, 

from, 11 :24-33 
(See also Decaborane(l4); Diborana) 

Borate, poly( 1-pyrazoly1)-, alkali metal 
and transition-metal complexes, 

, tetrafluoro-, silver, safety in 

, tetrahydro-, BHI-, 11:28 

12 ~99-107 

handling, 13:57n. 

double salt with B~ZHI~~- ,  

trimethyl, as impurity in 
CSBHI.CSZB~~HIZ, 11 :30 

(CH3)zSnHz and (CH3)&3nII, 
12:50, 52n. 

Borazine, 2,4,6-trichloro-, 13:41 
___- , 2,4,6-trichloro-1,3,6-trimethyl-, 

Boron, alpha-rhombohedral, 12:145, I40 
Boron bromide, 12:146 

compound with N(CHc)3, 12:141, 142 
Boron chloride, c : o n i ~ i o u r d  witli 

Boron (:oinplcxcs, cratioriia, 12 : 196- I32 

13:43 

CIIs(:N, 13 :42 

wtions, witli /l-~iiottiy1pyridirio, 

wihh ~ - r i ~ ~ i t , t i y I ~ i y r i ~ i r ~ ~ i  rind 

wilh ~ , ~ I - ~ i i ~ t i t ~ n r r o ~ l i o ~ ~ o ,  19: 127 

1 a : i d i  

(C I I ,,N , ia  : I 12 

Ammonium phosphoramidate, 

p-Anisic acid, complexes with molyb- 
denum and rhenium, 13:86-89 

Arsenic, determination of, in  
Na(AsO)C4H406,12:268n. 

Arsenites, alkyl, R ~ A s O ~ ,  11:181-183 
Arsenyl sodium ( +)-tartrate, 12:267 
Arsine, 13:14 

(NH.i)H(POaNHt), 1 3 ~ 2 3  

, derivatives, platinum com- 
plexes, 13:56 

trialkoxy derivatives of, 11:181-183 
, tri-n-butoxy-, 11:183 

~- , triethoxy-, 11:183 
___ , trimethoxy-, 11:182 

, triphenyl-, complexes with 
Pd(II), 12:221 

with platinum, 13:63-64 
with Rh, 1 1 : l O O  

Arsine-d,, 13:14 
Arsonium, tetraphenyl-, salts with 

Th162- and UI,,-, 12 :229, 230 
--_ , tetrabromo-vanadate(III), 

13 :168 
-_ , tetraphenyl-, tetrachlorovana- 

date(III), 13:165 
Aryl phosphites, cobalt (I), nickel(O), 

platinum(0) and rhodium (I) 
complexes, 13 : 105-107 

Azo compounds, phenyl-, with Pt (11), 
12:31 

Barium manganate(VI), 11:58 
Barium molybdate(IV), BaMo03, 11:l 
Barium molybdate( VI), BaMoOa, 11 :2 
Benzenediazonium, p-fluoro-, tetra- 

I3cmzoic acid, aomplrxes with mo1yl)- 

I3eneoic acid, p-amino-, rhenium 

.- , p-brotrio-, rhcniurri complexes, 

---, p-ohloro-, coriiploxes witli 

fluoroborate, 12:30 

dcnurn arid rhcnium, 13 :86-8'3 

complexes, 13:86 

13:86 

molybdonuni tlrid rlictniii 111, 

18:8(1-HO 

l!olllploxor, 18:80 
- -- , 'L,4,(l-t,ri111ot,IiyI-, rliotiiiiiti 



242 Inorganic Syntheses 

Boron complexes, cations, with pyri- 

with trimethylphosphine, 12 :135 

methylaquocobaloxime and, 11 :68 

tion of anhydrous metal 
bromides, 12:188 

Bromine fluoride, BrF3, as 
fluorinating agent for K,PtCl,, 
12:232 

1,3-Butanedione, 1-phenyl-, complexes 
with palladium and platinum, 
13:55 

n-Butyl arsenite, (CaH9)3As03, 11:183 
2-Butyne-1,4-diol diacetate, 11 :20n. 
n-Butyronitrile complexes with metal 

dine, 12:139 

Boron fluoride, complex from 

Bromination apparatus, for prepara- 

halides, 12:228-229 

Cadmium gallium( 111) sulfide, 

Carbamoyl fluoride, difluoro-, 12 :300 
Carbaundecaborane(12), C-ammine 

___ , C-ammine-, 1 1 3 3  
___ , C-(dimethyl-n-propy1amine)-, 

___ , C-(n-propy1amine)-, 11:36 
-I_ , C-(trimethylamhe)-, 11:35 
Carbaundecaborate( 1 - ), trideca- 

hydro-, 11:39 
Carbaundecaborate (2 -), C-ammine- 

decahydro-, transition-metal com- 
plexes of, and N-derivatives, 

CdGanSa, 11:5 

derivatives of, 11 :33-39 

11:37 

11 :41-45 
Carbaundecaborate (3 - ),undecahydro, 

ll:40n. 
transition-metal complexes of, 

11:41-43 
Carbon disulfide, distillation of, 11 :187 
Carbon monoxide, safety in use of, 

Carbonyls, cobalt, 13:67-70 
13:128 

iridium, 13:95 
osmium and ruthenium, 13:92-93 

Carborane (see cZoso-1,2-Dicarbado- 
decaborane (1 2)) 

Cerium(IV), tetrakis(2,4-pentanedio- 
nato)-, 12 :77 

, tetrakis(l,l,l-trifluoro-2,4- 
pentanedionat0)-, 12:77, 79 

Cesium aquapentachloromolybdate 
(JII), 13:171 

Cesium hexachloromolybdate (111), 
13:172 

Chlorination apparatus, for prepara- 
tion of anhydrous metal chlorides, 
12:189 

Chromium( 111), tri-h3-allyl-, 13 :77 
-~ , tris( 3-cyanomethyl- 

2,4-pentanedionato)-, 12:85 
, tris(diamine)-, salts, 13:184 

___ , tris( ethy1enediamine)-, sulfate 
(2:3), 13:233 

trichloride, trihydrate, 13:186 
, tris( 1,1,1,2,2,3,3-hepta- 

fluoro-7,7-dimethyl-4,6-octane- 
dionate)-, 12:74 

, tris( 1,2-propanediamine)-, 
trichloride, dihydrate, 13:186 

Chromium (111) complexes, cations, 
with ethylenediamine(tris-), 
11:51 

resolution of, 12:269, 274 
cations, hexaammine, 11:51 
poly, with diphenylphosphinate, 

Cluster compounds, molybdenum, 

osmium and ruthenium, 13:92- 

12:258 

13:99-103 

95 
“Cobaloximes,” 11:61-70 
Cobalt(I), hydridotetrakis(tripheny1 

phosphite)-, 13:107 

13:67 

13:70 

13:69 

phonite)hydrido-, 13 :118 

dinitrito-, chelating nitrito ligandtl 
in, 13:206 

, tetracarbonyl(trichlorosily1)-, 

, tetracarbonyl(trifluorosily1)-, 

, tetracarbonyl(trimethylsily1)-, 

, tetrakis( diethyl phenylphos- 

Cobalt(II), his( lepidine 1-oxide) 
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___ , bis(2,6-lutidine 1-oxide) 
dinitrito-, chelating nitrito ligands 
in, 13:204 

11 :84 

pyridine 1-oxide)-, chelating 
nitrito ligands in, 13:205 

Cobalt(III), ( +)-bis( ethylenediamine) 
dinitro-, ( +)-( ethylenediamine) 
bis( oxalato)cobaltate(III), 13:197 

, ( +)-bis(ethy1enediamine) 
dinitro-, ( - )-(ethylenediamine) 
bis(oxalato)cobaltate(III), 13 :197 

dinitro-, nitrite, preparation and 
resolution of, 13:196 

-__ , trans-dichlorobis( ethylene- 
diamine)-, diaquahydrogen 
dichloride, 13:232 

Cobaltate(III), (ethy1enediamine)bis 
(oxa1ato)-, resolution of, 13:195 

___ , (+)-(ethy1enediamine)bis 
(oxa1ato)-, sodium, 13:198 

-__ , ( -)-(ethy1enediamine)bis 
(oxa1ato)-, sodium, 13:198 

Cobaltate(2-), bis[l,2-dicyanoethene- 
1,2-dithiolato (2-)]-, bis (tetra- 
ethylammonium), 13 : 190 

___ , bis[l,2-dicyano-1,2-ethene 
dithiolato(2-)I-, bis(tetrapheny1- 
phosphonium), 13:189 

-~ , tetrakis (1,2-dicyano-l,2- 
ethene-dithio1ato)di-, bis(tetra- 
phenylphosphonium), 13 :191 

Cobalt complexes, with dimethyl- 
glyoxime(bis-), 11 :61-70 

Cobalt (I) complexes, with nitrogen 
and P(C6H5),, 12:12, 18, 21 

with triaryl phosphitcs, 13:105 
Cobalt (11) Complexes, hexacoordinate, 

with S,4-prntancdionc7 11 :WL- 

w ilh hg drotrk (1-pyruzolyl)borate, 

~io~ialoctrolytctl, with pyridirio rind 

, bis (2,4-pentanedionato) -, 

, dinitritobis(2,4,6-trimethyl- 

__- , cis-bis( ethylenediamine) 

X!) 

123105 

itlotliioay~tiiu~,o, 12 :a61 

Cobalt(I1) complexes, nonelectrolytes, 
with a,p-unsaturated p-keto 

amines, 11:72-82 
Cobalt(II1) complexes, with 

and BloHlOCH3-, 11:42 

H-peroxo, 12:198, 203 
psuperoxo, 12 :198-209 

cations, hexaammine, 11:48 
with 1,2-propanediamine (tris-), 

nonelectrolytes, with triphenylphos- 

BIOHIOCNH~~-, BioHioCNH2R2-, 

binuclear, 12:197-214 

11:48, 50 

phine, 12:18, 19 
Complex ions, lattice-stabilized, 

Conformation, of sulfanuric chloride 

Copper(I1) complexes, cation, with 

11 :47-53 

cyclic trimer, 13:13 

2,2'-iminobis (acetamidoxime) 
(bis-), 11:92 

nonelectrolyte, with pyridine and 
isothiocyanate, 1 2  :251 

Copper(1) iodide (correction), 11:215 
Cyanic acid, ammonium salt, 13 : I 7  
Cyanomolybdate(IV), octa-, 11 :53 
1,3-Cyclobutadiene, 1,2,3,4-tctra- 

phenyl-, complexes with palltdiiiiii 
and platinum, 13:55 

CO, and C5H5, 12:38 

palladium and platinum, 18:18-04 

complexes, 13:48n. ; 51n 

complexes with iron and CO, 

complexes with metals by 

Cyclohexene complexes, with iron, 

1,5-Cyclooctadiene, complexcs with 

1,3,5,7-Cyclooctatetraene, platinuin 

Cyclopentadiene, 11 :117n. 

12:35-43, 64, 65 

deprotonation, 11:113, I18 
with Mo and CO, 11:116; l2:M 

iron derivative of, 11:120 
nickel derivative of, 11:122 
palludiurn co111p1cxcs, 1855, 50 

Cyclotriphosphazatriene, 1,8,876,6- 
pentafluoro-1-phenyl-, 12 :201 

, 8,8,6,6-tetrafluoro-l,1- 
diphenyl-, 1a:aocl 
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, 1,3,6-tribromo-1,3,6-triphenyl-, 
11:201 

Decaborane(l4), caution, 11 :20n. 

Decaborate, decahydro-, B10H~02-, 

Deprotonation, of weak acids with 

purification of, ll:34n. 

11:28, 30 

KOH in synthesis of organo- 
metallic compounds, 11:113-116 

Diamines, chromium (111) complexes, 
13:184 

Dibenzoylmethane (see 1,3-Propane- 
dione, 1,3-diphenyl-) 

Diborane, 11:15 
closo-1,2-Dicarbadodecaborane( 12) 

[ 1,2-dicarbaclovododecabor- 
ane (la), ortho-carborane], 11 :I 9 

___ , 1,2-bis(acetoxymethyl)-, 11 :20 
Dicyclopentadiene (see 4,7-Methano- 

indene, 3a,4,7,7a-tetrahydro-) 
Difluoramine, 12:307, 310 
Diglyme, nickel(I1) complexes, 

Diimide, p-fluorophenyl-, cationic 

Diphosphine, tetrafluoro-, 12:281, 282 
Diphosphine, tetramethyl-, 13 :30 
Dipyridyl (see 2,2'-Bipyridine) 
Disilane, 11:172 
Disilane-de, 11 :172 
Disulfuryl fluoride, 11:151 
Dodecaborate, dodecahydro-, 

13:161, 162 

complex with Pt(II), 12:39 

B1zHiz2-, 11 :28, 30 
double salt, with BHa-, 11:30 

with C1-, 11:30 

tetramethylheptane-3,5-dionato)-, 
11 :96 

Dysprosium (111), tris(2,2,6,6- 

Erbium (111), tris(2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11:96 

Ethane, 1 ,2-bis (methoxyethoxy )-, 
nickel(I1) complexes, 13:161, 162 

, 1,2-dimethoxy-, nickel(I1) 
complexes, 13:160, 162, 163 

as solvent in deprotonations, 

1,2-Ethanediamine (see Ethyl- 
enediamine) 

Ethanol, nickel(I1) complexes, 13:158, 
160 

1,2-Ethenedithiol, 1,2-dicyano-, 
cobalt and iron complexes, 

l,a-Ethenedithiol, l,a-dicyano-, 
disodium salt, cis-, 13:188 

Ether, bis (2-methoxyethyl), nickel(I1) 
complexes, 13:161, 162 

Ethyl arsenite, (C2H, )3A~03 ,  11:183 
Ethylenediamine, complexes with 

13~189-194 

chromium(III), 11:51; 12:269, 
274; 13:186, 233 

complexes with Co(III), 12:205, 208; 

complexes with cobalt(III), resolu- 
13:232 

tion of, 13:195 
with Pd(II), 13:216 
with Rh(III), 12:269, 272 
with Ru(II), 12:23 

compound with borane, 12:109 
Ethyl phenylphosphonite, 

(C2H,O)2( CsHs)P, 13 :I 17 
cobalt(I), iron(I1) and nickel(0) 

complexes, 13:118-119 
Ethyl phosphite, (C?HsO)aP, nickel(O), 

palladium(0) and platinum (0) 
complexes, 13:112--115 

Europium (HI), tris (2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11:96 

Explosions, of hydrogen, 13:132, 142 
in sulfanuric chloride preparation, 

13: lO 

Ferrate(2-), tetrakis(l,2-dicyano-1,2- 
ethene dithio1ato)di-, bisitetra- 
butyl-ammonium), 13 :193 

, bis( tetraethylammonium), 
13:192 

, bis (tetraphenylphosphoniunl), 
13:193 

Ferric (see under Iron(II1)) 
Ferrites (fcrratcs(III)], crystnla of, 

11:ll 
11:116 Ferrocene, 11 : I 20 
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Filtration apparatus, for oxygen- 
sensitive materials, 11:78 

for use with Nz or other inert atmos- 
phere, 11:118; 12:10, 16, 92 

Fluo- (see under Fluoro-) 
Fluorene, deprotonation of, with 

KOH, 11:115 
Fluorimide, 12:307, 310 
Fluorination apparatus, 11 :133 
Fluorine, caution, 11:141, 144, 149n. 

, oxidation with, 13 :3 
Fluorine fluorosulfate, warning, 11:155 
Fluoroamido, di- (difluoroamido, 

difluoroamino) (NF2), compounds 
containing, 12 :299-306 

Fluoroimidodisulfuryl fluoride, 11 :138, 
141 

Fluorosulfur hypofluorite, SF60F, 
11:131 

Fluorosulfuric acid, difluoroamino 

removal of, from HN(SO2F),, 

Formamide, N,N-dimethyl-, compound 

derivative, 12:304 

11:139 

with sodium cyanodithioformate 
(3:1), 13:187 

Formic acid, cyanodithio-, sodium 
salt, compound with N,N-di- 
methylformamide (1:3), 13:187 

Furan, tetrahydro-, compound with 
borane, 12 :111-112 

warning and purification of, 
12:111n., 12 :317-318 

Gadolinium(III), tris(2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11:96 

Gallium, hydroxodimethyl-, tetramer, 
12:67 

. , tris( 1,1,1,2,2,3,3-heptafluoro- 
7,7-dimethyl-4,6-octanedionato), 
12 :74 

Gallium(II1) cadmium sulfide, 
GazCdS4, 115 

Gallium(II1) hydroxide, dimethyl-, 
tetramer, 12:67 

' Gallium( 111) sulfide, 11 :B 
Oorinutio, 11:171 
. ---. .. , I~ro~riotrimothyl-, 11:(14 

Germane, dimethyl-, 11:130 
, methyl-, 11:128 
, tetraallyl-, 13:76 
, tetramethyl-, 12:58 

Germane-&, 11:170 
Germanium, trimethyl-, compound 

with r-cyclopentadienyliron 
dicarbonyl, 12 :64, 65 

Glyoxime, dimethyl-, complexes with 
cobalt, 11:61-70 

Hafniuni(1V) complexes with 2,4- 
pentanedione, 12:88, 89 

Hafnium(1V) sulfide, 1 2  :158, 163 
Halides (halogenides), anhydrous 

metal, l2:187 
, anhydrous nickel(II), 

Halo complexes, molybdenum (111), 
13~154-164 

platinum(1V) and vanadium(III), 
13 ~65-176 

Halogeno salts, hexa-, [RaNInMXa, 

3,5-Heptanedione, 2,2,6,6-tetra- 
12 :225, 229-231 

methyl-, rare earth chelates of, 
11 :94-98 

Holmium(III), tris(2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11 :96 

Hydraaine, p-fluorophenyl-, complcx 
cation with Pt, 12:32 

Hydrazine hydrochloride (hydra- 
ainium chloride), 12:7n. 

Hydroborates, BnHznZ-, polyhedral, 
11:24-33 

Hydrogen, safety in use of, 
13:132, 142 

Hydrogen(I), diaqua-, trans-dichloro- 
bis( ethylenediamine)cobalt( 111) 
dichloride, 13:232 

Imidodisulfuryl fluoride, and cesium 
F derivatives, 11:158-143 

111~1ono, c:oitrploxoH with moth, 11 :1 13 
Indium( 111), trio( 1,1,1,2,2,8,a-hepta- 

fluoro-7,7-dimsthyl-4,6-octans- 
dionrto)-, 19:74 
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Iridium( 0) ,  dodecacarbonyltetra-, 
13:95 

Iridium@), carbonyl chlorotris(tri- 
pheny1phosphine)-, 13 : 129 

Iridium( I), carbonylhydridotris( tri- 
pheny1phosphine)-, 13:126, 128 

Iridium(1) complexes, with nitrogen 
and P(C,HS),, 12:8 

with P(C6H5)3 and CO, trans-, 1 1 : l O l  
Iridium(II1) complexes, cations, 

pentaammine, 12 :243-247 
Iridium(1V) oxide, single crystals, 

13:137 
Iron, tris( 1,1,1,2,2,3,3-heptafluoro- 

7,7-dimethyl-4,6-octanedionato)-, 
12:72 

Iron complexes, with cyclopentadiene 
and CO, 12:35-43 

Iron(II), bis(cyclopentddieny1)-, 11 :I20 

(trimethylgermy1)-, 12:64, 65 
__- , tetrakis( diethyl phenylphos- 

ph0nite)dihydrido-, 13:119 
Iron (11) complexes, nonelectrolytes, 

, dicarbonyl-?r-cyclopentadienyl 

with 2,2'-bipyridine, 12:247, 249 

248 

12:251 

with 1,lO-phenanthroline, 12 :247, 

with pyridine and isothiocyanate, 

Iron(II1) complexes, with 
BloHloCNH,'-, BioH1,CNH2R2-, 
and Bl0HloCH3-, 11:42 

crystals of, 11:IO 

definition of, 13:73n. 

Iron(I1,III) oxide (magnetite), single 

Isoleptic ally1 derivatives of metals, 

Isomers, linkage, of metal complexes, 

Isothiocyanate, determination of, in 
12:218-224 

complexes with metals, 12:254 

p-Keto amines, cr,p-unsaturated, com- 
plexes with V(III), Co(II), and 
Ni(II), 11:72-82 

6-Keto-enolates, metal, 12:70-72 

Lanthanoid(II1) chelates, of 2,2,6,6- 
tetramethylheptane-3,5-dione, 
11 :94-98 

Lanthanum (111), tris(2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 11 :96 

Lead(II), bis(1,1,1,2,2,3,3-heptafluoro- 
7,7-dimethyl-4,6-octanedionato)-, 
12 :74 

Lepidine, 1-oxide, 13:206n. 
cobalt complex, 13 :206 

Lewis acids, in preparation of Fe 
complex cations with C6H6, CO, 
and olefins, 12:38-39 

bridging, chelating and mono- 
dentate, 13:202 

Lithium dimethylphosphide, 13 :27 
Lithium hydroaluminate, disposal of, 

Lutetium (III), tris (2,2,6,6-tetra- 

Ligand isomers, nitrito and nitro, 

11:173 

methylheptane-3,5-dionato)-, 
11:96 

2,6-Lutidine, 1-oxide, cobalt complex, 
13:204 

Magnesium(II), allylchloro-, 13:74 
Magnetite [see Iron(I1,III) oxide] 
Maleonitrile, dimercapto-, complexes 

with cobalt and iron, 13:187-194 
Manganates(VI), free from MnOz, 

Manganese, pentacarbonyl(trimethy1- 

___ , tris( 1,1,1,2,2,3,3-heptafluoro- 

11:56-61 

stanny1)-, 12:61 

7,7-dimethyl-4,6-octanedionato)-, 
12 :74 

Manganese complexes, with carbonyl, 
12:43 

Manganese(1) complexes, with hexa- 
fluoro-2,4-pentanedione, 12 :81, 
83, 84 

Manganese(I1) complexes, cation, 
with 2,2'-iminobis(acetamid- 
oxime) (bis-), 1191 

nonelectrolyte, with pyridine and 
isothiocyanate, 12:251 

12:106 
with tetrakis (1-pyrazolyl)borate, 

Manganese(1V) oxide, estimation in 

Metal complcxcs, of molacular N 3 i~nd 
manganatcs(VI), 11:5!) 

roltitcd NpecioB, 12: I-:{:{ 
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Methane, difluorobis(fluoroxy)-, 11 :143 
Methane, iodo-, removal of, from 

(CH,)ZPH, 11:127 
, triphenyl-, deprotonation of, 

with KOH, 11:115 

hydro-, complexes with palladium 
and platinum, 13:55 

, platinum complexes, 13:48n, 
50n. 

12:312 

4,7-Methanoindene, 3a,4,7,7a-tetra- 

Methyl, trifluoro-, oxide, (CFa),Oc, 

Methyl arsenite, (CH3),AsO3, 11:182 
Methyl borate, (CH3)sBOs, as 

impurity in (CH3)zSnHz and 
(CH3)&H, 12:50, 52n. 

Methyl iodide (see Methane, iodo-) 
Methyl phosphite, P(OCH3)a, complex 

with Pd(II), 11:109 
Methyl sulfide, complex with 

methylcobaloxime, 11 :67 
Methyl sulfoxide, caution, 11:124 

Molybdate(II), octa-pa-chlorohexa- 
as solvent in deprotonations, 11:116 

ethoxyhexa-, disodium, octuhedro-, 
13:101, 102 
, octa-pc-chlorohexamethoxy- 

hexa-, disodium, octahedra-, 13:lOO 

diammonium, 13 :I71 

13:171 

13:171 

ammonium, 13:172 

Molybdate(III), aquapentachloro-, 

, aquapentachloro-, dicesium, 

, aquapentachloro-, dirubidium, 

Molybdate(III), hexachloro-, tri- 

, hexachloro-, tricesium, 13 :172 
, hexachloro-, trirubidium, 

Molybdate (IV), hexakis(isothio- 

Molybdenum(II), tetrakis(p-acetato) 

13:172 

ayanato)-, dipotassium, 13:230 

di-, with inolybdenum-rnolyb- 
donum quadruple: bonds, 13:88 

._ __ , tetrakis(p-fi-anisato)di-, 
with iriolybtloiiutrt-iriolyl~tlc~t~~it~ 
qundruplo k)oiid~, 13:W 

' --, tetrekie(p-bsnzoato)di-, wi th  
Irlolybdurlulll-lll~llyl~~l~~ll~lltl ( 1 I I I L d -  

rllplo bOlldl, 18:HI) 

Molybdenum(II), tetrakis[p-@-chloro- 
benzoato)] di-, with molybdenum- 
molybdenum quadruple bonds, 
13 :89 

__- , tetrakis(p-fi-to1uato)di-, with 
molybdenum-molybdenum quad- 
ruple bonds, 13:89 

(trimethylstanny1)-, 12:63 
Molybdenum(I1) bromide, 123176 
Molybdenum carbonyl, Mo (CO) 8, 

Molybdenum(I1) chloride, 12:172 
Molybdenum(II1) chloride, 12:178 
Molybdenum(1V) chloride, 12:181 
Molybdenum( V) chloride, anhydrous, 

12:187 
Molybdenum complexes, with 

nitrosyl and halogens, 12 :264-266 
Molybdenum (0) complexes, anion, 

with C3H3 and CO, 11:116 
Molybdenum compounds, with quad- 

ruple bonds, 13:81-89 
Molybdenum(V) fluoride, 13:146 

Molybdenum halides, 12:170-178 

Molybdenum(V) oxide chloride, 

Molybdenum oxide halidcs 

, tricarbonyl-r-cyclopentadienyl- 

caution, 11:118 

, ( M o ~ F ~ ) ,  13:150 

anhydrous, 1 2  :165-168 

MoOC13, 12:190 

(ozyhulzdes), anhydrous, 
12:165, 168-170 

Morpholine compound with bornno, 

Mosaic gold, 12:159, 163 
12:115 

Neodymium(III), tris(2,2,6,6-tctra- 
methylheptane-3,5-dionato)-, 
11:96 

phosphonite)-, 13:118 

13:ll'L 

18:124 

Nickel( 0), tetrakisf diethyl phenyl- 

-- , tetrakis( triethyl phosphite)-, 

-- , tetrakis( tripheny1phosphine)-, 

-_.-I , tetrakis( triphenyl pho8phite)-, 

Nlckal( 11) bir( cyclopentadienyl )-, 
18:108, 1 I ( \  

ll:I22 
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Nickel(II), bis(l,2-dimethoxyethane) 
diiodo-, 13:163 

ethaneldibromo-, 13:162 

ethanejtetrachlorodi-, 13:161 

dibromo-, 13:162 

dichloro-, 13:161 
_-- , bis[2-[(methylamino)methyl] 

piperidineldinitrito-, 13904 
___ , bis [2- [( methy1amino)methyll 

pyridinejdinitrito-, 13 :203 
___ , di-h"allyl-, 13:79 
__- , dibromo( 1,a-dimethoxy- 

ethane)-, 13:162 
_- , dibromotetrakis( ethanol)-, 

13:160 
_-- , dichloro( 1,2-dimethoxy- 

ethane)-, 13:160 
__- , dichlorotetrakis( ethanol)-, 

13:158 
Nickel(I1) bromide, dihydrate, 13:156 
Nickel(I1) chloride, dihydrate, 13:156 
Nickel(0) complexes, with triaryl 

Nickel(I1) complexes, cations, with 

, [1,2-bis(methoxyethoxy) 

, [1,2-bis(methoxyethoxy) 

, [bis(2-methoxyethyl) ether] 

, [bis(2-methoxyethyl) ether] 

phosphites, 13:105 

2,2'-iminobis (acetamidoxime) 
(bis-), 1191,  93 

halo, with ethanol and 1,2-di- 

nonelectrolytes, with dihydro- 
methoxyethane, 13 :154-164 

bis (I-pyrazolyl) borate, 12 : 104 
with pyridine and isothiocyanate, 

12:251 
with a,@-unsaturated @-keto 

amines, 11 :72-82 
NickelUV) complexes, with B1,Hlo- 

CHI-, B10HloCNH32-, and N -  
derivatives, 11 :42-45 

Nickel ferrate(III), 11:11 
Nickel(I1) halides, anhydrous, 

Nickel(I1) nitrite, 13:203 
Nickelocene, 11:122 
Niobate(IV), hexakis (isothiocyanato)-, 

Niobate(V), hexabromo-, 12 :230 

13 :154-164 

dipotassium, 13:230 

Niobate(V), hexakis(isothiocyanato) -, 

Niobium (V) bromide, anhydrous, 

Niobium(1V) chloride, 12:185 
Niobium (V) complexes, hexahalogeno 

potassium, 13:226 

12:187 

salts and compounds with alkyl 
nitriles, 12925-231 

Nitriles, complexes of alkyl, with 
metal halides, 12:225-229 

Nitrito complexes, of cobalt and 
nickel, isomerism of, 13:202 

Nitrogen, apparatus for filtering under, 
11:118, 12:10, 16, 02 

metal complexesof molecular, 12 :1-33 
Nitrosyl bromide, 11:190 
Nitrosyl chloride, 11:199 
Nitrosyl fluoride, 11:196 
Nitrosyl halides, 11:194-200 
Nonaborate, nonahydro-, BgHy2-, 11 :24 
Nontransition element compounds (see 

Representative element 
compounds) 

palladium and platinum, 13:48n., 
2,Lj-Norbornadiene complexes with 

.:On., 52-53, 56 

Octaborate, octahydro-, B8Ha2-, 11:24 
4,6-Octanedione, 1,1,1,2,2,3,3-hepta- 

fluoro-7,7-dimethyl-, complexes 
with Fe(II1) and other metals, 
12 ~72-77 

Olefins, cyclic di-, cationic complexes 
with palladium and platinum, 
13~55-65 

complexes with palladium and 
platinum, 13:47-54 

Organometallic compounds, 13:47-80 
deprotonation of weak acids with 

metal-metal-bonded derivatives, 
KOH in synthesis of, 11:113-116 

12:60-67 
Osmium(O), dodecacarbonyltri-, 

Osmium(1V) oxide, single crystals, 

Oxides, t,ransition-iiic~t,iil di-, 13: 135- 

triangulo-, 13:93 

13:140 

116 
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Palladate(V), hexabromo-, 12930 
, hexachloro-, 12 :230 

Palladium(O), tetrakis(triethy1 
phosphite)-, 13:113 

-__ , tetrakis( triphenylphosphine )-, 
13:121 

Palladiurn(II), h3-allyl( 1,6-cycloocta- 
diene)-, tetrafluoroborate, 13:61 

-__ , (2,2’-bipyridine)dichloro-, 
13:217 

___ , (1,4-butadiene)-dichloro-, 
(correction), 11:216 

-__ , (1,6-cyclooctadiene)-h5-cyclo- 
pentadienyl-, tetrafluoroborate, 
1 3 5 9  

pentanedionat0)-, tetrafluoro- 
borate, 13:56 

.___- , dibromo( 1,6-cyclooctadiene)-, 
13:53 

, dibromo (2,5-norbornadiene) -, 
13:53 

, dichlorobis(4-chlorobuteny1)- 
di-, (correction), 11:216 

---, dichloro( 1,6-cyclooctadiene)-, 
13:52 

___ , dichloro(ethy1enediamine)-, 
13:216 

-__ , di-u-chloro-bis(8-methoxy-4- 
cycloocten-1-y1)di-, 13 :60 

, dichloro(2,5-norbornadiene)-, 
13 :52 

, (S-methoxy-4-cycloocten-1-yl) 
cyclopentodienyl-, 13 :60 

diolefins, 13 :47-54 

--_ , (1,6-~yclooctadiene)(2,4- 

Palladium(I1) complexes, with cyclic 

cationic, 13:55-65 
isomers containing SCN and NCS, 

square planar dichloro-, with 
12 :221-224 

organophosphorus ligands, 

~,l-l’crituriedioric, con~ploxcs with 

c:oinploxc!e with Cc(LV), 18:77 

with Ptl r r n t l  l’t, 1a:lili fi7 
with %r( lV)  cmtl I I f ( I v ) ,  1a:m 117 

11 :I O8-111 

\)oron, 12: 127-1 32 

. with Co(II), 11:8p--8~ 

2,4-Pentanedione, 3-cyanomethyl-, 
complex with Cr(III), 12:85 

-__ , 3-(4-cycloocten-l-yl)-, plati- 
num complexes, 13:63 

with Mn(I), 12:81, 83 
, 1,1,1,5,5,5-hexafluoro-, complex 

thallium(1) derivative, 12532 
, l,l,l-trifluoro-, complex with 

Ce(IV), 12:77, 79 
3-Penten-2-one, 4-methylamino-, 

and complexes with Ni(II), 
Co(II), and V(III), 11:74-82 

Perbromates, 13 : 1-9 
Perbromic acid, 13:l 
Peroxo complexes, with cobalt (III), 

12:198, 203 
Peroxydisulfuryl fluoride, F2S2O6, 

warning, 11:155 
Perrhenates, complexes with cobalt- 

Perxenate, HXeO 63--, 11:210 
I,l0-Phenanthroline, complex with 

(111), 12~214-218 

bis (2,4-pentanedionato)cobalt (11), 
11536 

complex with Fe(II), 12:247, 248 
Phenyl phosphite, (C&O),P, 

cobalt(I), nickel(O), platinum(0) 
and rhodium(1) complexes, 

Phosphinate, diphenyl-, complex with 

Phosphine, caution for, and its mcthyl 

derivatives, complexes of low-valelit 

13~107-116 

Cr(III), 12:258 

derivatives, 11:127 

metals, 13:105-134 
platinum complexes, 13 :56 

fluoro derivatives, caution for, 12:281 
tertiary derivatives, complexcs with 

Pt(II), 12:242 
, cyclohexyldiphcnyl-, complexes 

, dichloro(trichloromethy1)-, 
with Pt(II), 12:240-24’2 

12 :290 
--- , difluoro-, 12:381, 283 
- -- - -, dimethyl-, 11 :I  PO, I57 

, tliiiiotJiyl-, litliiutii tmlt,, 13:27 
-, dimsthyl(trimethylsi1yl)-, 18 :‘LH 

~ - _  , tliplionyl-, N o d i m  ~ d t ,  18:28 
, dlphrnyl(trlmsthyldly1)-, 18:PO 
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Phosphine, methyl-, 11 :124 
-~ , “p-oxo-bis[difluoro-”, 12 :281, 

, triethyl, complexes with 
285 

Pt(II), 12:26-32 
compound with BH,, 12:115 

, trimethyl-, 11:128 
complexes with B, 12:135 

, triphenyl-, complexes with 
co ,  12:12, 18, 19 

complexes with cobaloximine (11) 
and its dihydrate, 11:65 

128 
with Ir(I), 11:lOl; 12:8; 13:126, 

with Ni(O), 13:124 
with Pd(O), 13:121 
with Pt, 11:105; 12:241%., 242 
with Rh, 1 1 9 9  
with Ru(II), 12:237-240; 13:131 

compound with BH3, 12:113 
, tris (dimethylamino)-, complex 

with Pd(II) ,  1 1 : l l O  
, tris (p-fluoropheny1)-, complex 

with Rh, 1 1 : l O O  
, tri-o (and p)-tolyl-complexes 

with Rh, 1 1 : l O O  
Phosphmothioic bromide, dimethyl-, 

12:287 
Phosphite, triethyl (see Ethyl 

phosphite) 
-_ , triphenyl (see Phenyl 

phosphite) 
Phosphites, complexes of low-valent 

metals, 13:105-134 
Phosphonite, phenyl-, diethyl (see 

Ethyl phenylphosphonate) 
Phosphonitrile bromide, triphenyl 

derivatives of trimeric, 11 :201 
Phosphonitrile fluoride, mono- and 

diphenyl-substituted trimers, 

Phosphonium, tetraphenyl-, bromide, 

Phosphonium, tetraphenyl-, bis[l,2- 

12:293-299 

13 :190 

dicyanoethene-1,2-dithiolato( 2-)] 
cobaltate(2-), 13:189 

. , tetraphenyl-, tetrakis(l,2- 
dicyanoethene-l,2-dithiolato) 
dicobaltate( 2-), 13 : 191 

Phosphonium, tetraphenyl-, tetrakis- 
(1,2-dicyanoethene-1,2-dithiolato) 
diferrate (2-) , 13 :193 

Phosphonium iodide, trimethyl-, 11:128 
Phosphonous dichloride, (trichloro- 

Phosphoramidates, 13:23-26 
Phosphoramidic acid, 13:24 
Phosphorane, tetrafluoro-, alkyl 

derivatives, 13:37 

methyl)-, 12:290 

, tetrafluoromethyl-, 13:37 
Phosphorus compounds, organo-, 

complexes with Pd(II), 11:108- 
111 

13:2O 

methyl)-] 

13:204n. 

Phosphorus isocyanate, P( NCO)3, 

2-Picolylamine [see Pyridine, 2-(amino- 

Piperidine, 24 (methy1amino)methy 11-, 

nickel complex, 13:204 
Platinate(IV), hexachloro-, disodium, 

13:173 
, hexafluoro-, 12:232, 236 
, trichlorotrifluoro-, 12:232, 

234 
Platinum( 0), tetrakis( triethyl 

phosphite)-, 13:115 

11:105 

13:109 
___ , tris(tripheny1phosphine)-, 

11 :lo5 
PlatinumjII), 18-( 1-acetylacetony1)-4- 

cycloocten-1-yl]chloro( triphenyl- 
arsine)-, 13:63 

___ , chloro( 1,6-cyclooctadiene) 
(tripheny1arsine)-, tetrafluoro- 
borate, 13 :64 

, (1,6-cyclooctadiene)diiodo-, 
13:5O 
, (1,6-cyclooctadiene)(2,4- 

pentanedionat0)-, tetrafluoro- 
borate, 13:57 

, (1,3,5,7-~yclooctatctracnc~ 
diiodo-, 13:51n. 

, dibromo(l,6-cyclooctadiene)-, 
13:4!) 

, tetrakis(tripheny1phosphine)-, 

, tetrakis(tripheny1 phosphite)-, 
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Platinum(II), dibromo (1,3,5,7-cyclo- 
0ctatetraene)-, 13 :50n. 

, dibromo (2,5-norbornadiene)-, 
13:50n. 

, dibromo(3a,4,7,7a-tetrahydro- 
4,7-methanoindene)-, 13:50n. 

--_ , dichloro( 1,6-cyclooctadiene)-, 
13 :48 

, dichloro( 1,3,5,7-cycloocta- 
tetraene)-, 13:48n. 

, dichloro (2,5-norbornadiene)-, 
13 :48n. 
, dichloro (3a,4,7,7a-tetrahydro- 

4,7-methanoindene)-, 13:48n. 
, diiodo (2,5-norbornadiene)-, 

13:51n. 
Platinum(0) complexes, with triaryl 

phosphites, 13:105 
Platinum(I1) complexes, azo, diimide, 

and hydrazine, 1226, 29, 31, 32 
binuclear, with tertiary phosphines, 

with cyclic diolefins, 13:47-54 

with triethylphosphine, 12 :27-32 
Porphine, a,P,-y,6-tetra(4-pyridyl)-, 

complex with zinc, 12:256 
Potassium fluoride, anhydrous, and 

compound with (CFs)&O, 11:196 
Potassium hydroxide, deprotonation of 

weak acids with, 11:113-116 
Potassium manganate(VI), 11:57 
Potassium octacyanomolybdate(IV), 

Potassium perbromate, 13 :1 
Potassium phosphoramidate, 

Praseodymium (111), tris(2,2,6,6-tetra- 
methyllieptane-3,5-dionato)-, 
11:96 

with Co(III), 11:48 

12:240-242 

cationic, 13 55-65 

11:51 

KH(PO,NHz), 1 3 ~ 2 5  

J ,2-Propancdiainine, complex cation 

cornplcx (:ation with Cr(III), 13:186 
I ,:~-l’ropuncdioric, 1,8-diphcriyl-, ( : o i ~ i -  

ploxw willi pulludiiiiri ni i t l  

platinuiri, 18:RS 
2-I’ropanol, vrtriutliiiin (11 I )  c:oiiiplox, 

18:177 

Propene, metal derivatives, isoleptic, 

n-Propionitrile, complexes with metal 

n-Propylamine, compound with 

13:73-79 

halides, 12:228-229 

B I o H I ~ C ,  1 1 ~ 3 6  
, N,N-dimethyl-, compound 

with BloHI2C, 11:37 
n-Propyl isocyanide, ll:36n. 
n-Propyl sulfide compound with 

Protactinium (IV) complexes, hexa- 
halogeno salts and compounds 
with alkyl nitriles, 12:225-231 

BH3, 12:115 

Pyrazabole, 12:107 

Pyrazole, complexes with B, 12:99-107 
Pyridine, 2,6-dimethyl-,N-oxide (see 

derivatives, 12:99, 108 

2,6-Lutidine,l-oxide) 

nickel complex, 13:203 

13:205n. 

, 2-[(methylamino)methyl]-, 

, 2,4,6-trimethyl-, 1-oxide, 

cobalt complex, 13:205 
Pyridine complexes with boron, 12:1313 

complexes with cobalt and dimethyl- 
glyoxime, 11:62, 65, 68 

with dipositive first-transition 
metal ions, 12:251-256 

determination of, in complexes wihh 
metals, 12:252 
, 2-(aminomethyl)-, 11235 

nato)cobalt(II), 11:85 
, 4-methyl-, complexes with 

complex with bis (2,Ppentanedio- 

boron, 12:132, 141 
Pyrosulfuryl chloride, 11 : 151 

Quinoline, 4-mcthyl-, N-oxide (see 
Lepidine, I -oxide) 
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Resolution, of cobalt ethylenediamine 

Rhenate( 111), octabromodi-, bis(tetra- 
oxalate complexes, 13:195 

butylammonium), with rhenium- 
rhenium quadruple bonds, 
13 :84 

, octachlorodi-, bis( tetrabutyl- 
ammonium), with rhenium- 
rhenium quadruple bonds, 13:83 

ethylammonium), 13:223 

13:219 

Rhenate( VII), nonahydrido-, bis( tetra- 

~- , nonahydrido-, disodium, 

Rhenates(VI), complexes with cobalt 

Rhenium(III), dibromotetrakis[p- 
(p-bromobenzoato)]di-, with 
rhenium-rhenium quadruple 
bonds, 13236 
, dibromotetrakis[p-(p-chloro- 

b enzoa t o )] di, with rhenium- 
rhenium quadruple bonds, 13236 

--_ , dichlorotetrakis[p-(p-chloro- 
benzoato)Jdi-, with rhenium- 
rhenium quadruple bonds, 13 :86 

__- , dichlorotetrakis( p-m-toluato) 
di-, with rhenium-rhenium quad- 
ruple bonds, 13:86 

di-, with rhenium-rhenium quad- 
ruple bonds, 13:86 

--- , dichlorotetrakis[p-(2,4,6-tri- 
methylbenzoato)]di-, with 
rhenium-rhenium quadruple 
bonds, 13236 

, nonachlorotri-, 12 :193 
, tetrakis( p-acetat0)dibromodi-, 

with rhenium-rhenium quadruple 
bonds, 13:85 

--_ , tetrakis( p-acetato)dichlorodi-, 
with rhenium-rhenium quadruple 
bonds, 13235 

--_ , tetrakis[p-(p-aminobenzoato)] 
dichlorodi-, with rhenium- 
rhenium quadruple bonds, 13536 

dibromodi-, with rhenium- 
rhenium quadruple bonds, 13236 

(111), 12:215-218 

--- , dichlorotetrakis(p-p-toluato) 

___ , tetrakis(p-p-anisato) 

Rhenium(III), tetrakis(p-p-anisato) 
dichlorodi-, with rhenium- 
rhenium quadruple bonds, 13:86 

dibromodi-, with rhenium- 
rhenium quadruple bonds, 13:86 

, tetrakis(p-benzoato) 
dichlorodi-, with rhenium- 
rhenium quadruple bonds, 13 :86 

dichlorodi-, with rhenium- 
rhenium quadruple bonds, 13:86 

Rhenium (V) chloride, decomposition 
to Re3C19, 12:193 

Rhenium compounds with quadruple 
bonds, 13:81-86 

Rhenium(1V) oxide, p-, single 
crystals, 13:l-12 

Rhodium( I) ,  hydridotetrakis(tripheny1 
phosphite)-, 13:109 

Rhodium(II), tetrakis(p-acetato)di-, 
13:90 

Rhodium(III), pentaamminechloro-, 
dichloride, 13:213 

--_ , pentaamminehydrido-, sulfate, 
13:214 

Rhodium(1) complexes, with triaryl 
phosphites, 13:105 

_- , tetrakis(p-benzoato) 

, tetrakis[p-(p-bromobenzoato)] --_ 

with triphenylarsine, 11:lOO 
with triphenylphosphine and CH, 

and F derivatives, 11:99, 190 
Rhodium (111) complexes, cation, with 

ethylenediamine (tris), resolution 
of, 12:269, 272 

(111), 13:171 

13:172 

triangulo-, 13:92 

pheny1phosphine)-, 13 :131 

13:208n., 209 

zincate, 13:210 

tribromide, 13:811 

Rubidium aquapentachloromolybdate- 

Rubidium hexachloromolybdate(III), 

Ruthenium( 0), dodecacarbonyltri-, 

Ruthenium( 11), chlorohydridotris( tri- 

, hexaammine-, dichloride, 

_-- , hexaammine-, tetrachloro- 

Ruthenium( 111), hexaammine-, 
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Ruthenium(III), pentaamminechloro-, 
dichloride, 13:210 

Ruthenium (11) complexes, ammines 
and (Nz)-containing, 12:2, 3, 5 

with azide, (Nz), and ethylenedi- 

with triphenylphosphine, 12 :237-240 
amine, 12:23 

Ruthenium (111) complexes, ammine, 

Ruthenium (IV) complexes, anion, 
12~3-4, 7 

poxo-bis[pentachlororuthenate- 
(IV)], 11:70 

13:137 
Ruthenium(1V) oxide, single crystals, 

Safety, in ammonium cyanate prepa- 
ration, 13:18 

in arsine preparation, 13:14 
in carbon monoxide use, 13:128 
in  iridium and ruthenium dioxide 

in  iridium carbonyl preparation, 

in molybdenum pentafluoride prepa- 

in  osmium dioxide preparation, 

in  perbromate preparation, 13:l 
in phosphine silyl derivative prepa- 

in phosphorus isocyanate prepara- 

with silver tetrafluoroborate, 13:57n. 
in  tetracarbonylsilylcobalt deriva- 

tive preparation, 13:67 
of triethylaluminum in air and 

water, 13:126 
Samarium (111), tris(2,2,6,6-tctra- 

methylhcptane-3,5-dionato)-, 
11:96 

preparation, 13 : 137 

13:96 

ration, 13:146 

13:140 

ration, 13:27 

tion, 13:21 

Scandium( 111), tris( 1,1,1,2,2,3,3- 
heptafluoro-7,7-dimethyl-4,6- 
octanedionat0)-, 12 :72 

12370 
oompound with I1 CON (CI 11)2, 

-- __ , t r i ~ ( ~ , ~ , ~ i , ~ ~ - t ~ ~ l , r i t i i i ( i t l i y l -  
Ii(iI)ttLti0-3,~-diotisto)-, 11 :()ti 

Silane, 11:170 
caution, 11:173, 174n. 

, bromo-, 11:159 
, (chloropheny1)-, 11:166 
, (chloropheny1)iodo-, 11:160 
, iodo-, 11:159 
, phenyl-, 11:162 
, tetraallyl-, 13:76 
, trichloro-, cobalt carbonyl 

, trichloro-2(3, and 4)-chloro- 

, trifluoro-, cobalt carbonyl 

, trimethyl-, cobalt carbonyl 

complexes, 13:67 

phenyl-, 11:166 

complexes, 13:70 

complexes, 13:69 
Silane-da, 11:170 

caution, 11:173 
Silicate, hexafluoro-, in crude 

Silver nitrite, 13 :205 
Silver tetrafluoroborate, safety in 

Silyl group, caution for compounds 

KzPtFB, 12~236 

handling, 13:57n. 

containing, 11:161 
sources of, 11:159 

Single crystals, of transition metal 

Sodium, determination of “Na20” in 

Sodium arsenide, 13 :15 
Sodium arsenyl ( +)-tartrate, l2:207 
Sodium cyanodithioformate, compound 

with N,N-dimethylformamide 
(1:3), 13:187 

Sodium 1,2-dicyanoethene-l,2- 
dithiolate(2-), 13:188 

Sodium diphenylphosphide, 13 :28 
Sodium hexachloroplatinate( IV), 

Sodium pcrrhcnatc, NaIlcOn, 13:210n. 
Sodium perxenate (sodium xcnatc- 

Sodium tungsten oxides ( b T O I I m H ) ,  

Na,WO,, l2:I.W 
Mtnbility of i,riiwyI pIioHpli i tc  c:oinl)loxon 

i n  ttir, l8:107 
Stannane, 11: I70  

dioxides, 13:135-145 

NarXe06, 11:213 

13:173 

(VXII)), 1 l : ‘ L I O  

c w r i p o u r i t l  with ( ( ! 3 i l h ) 2 0 ,  11: 178 
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Stannane, tetraallyl-, 13:75 
Stannane-da, 11:170 
Strontium manganate (VI), impure, 

Strontium molybdate(IV), SrMo03, 

Strontium molybdate(VI), SrMo04, 

Sulfamoyl chloride, (trichlorophos- 

Sulfamoyl fluoride, difluoro-, 12 :303 
Sulfanuric chloride, cyclic trimer, 

11:59 

11:l 

11:2 

phorany1idene)-, 1 3 : l O  

a-isomer, 13:9 
, cyclic trimer, P-isomer, 1 3 : l O  

Sulfides, of Group IV, 12:158-165 
Sulfur fluoride, difluoroamido-, 

Sulfur imides, S5(NH)3, S@(NH),, 

Superoxo complexes, with cobalt (111), 

NFZSF,, 12 :305 

S?NH, 11:184-194 

12:198-209 

Tantalate( V), hexabromo-, 12 :229 
, hexakis(isothiocyanato)-, 

potassium, 13:230 

12:187 

salts and compounds with alkyl 
nitriles, 12225-231 

derivative, 12:267 

methylheptane-3,5-dionato)-, 
11:96 

Tantalum( V) bromide, anhydrous, 

Tantalum (V) complexes, hexahalogeno 

(+)Tartaric acid arsenyl sodium 

Terbium(III), tris(2,2,6,6-tetra- 

Thionyl fluoride, SOF4, 11:131 
Thiophosphinic bromide, dimethyl-, 

Thorate(IV), hexabromo-, 12230 
~- , hexachloro-, 12:230 

, hexaiodo-, 12:229 
Thorium (IV) complexes, hexahalogeno 

12:287 

salts and compounds with alkyl 
nitriles, 12 :225-231 

Thulium (III), tris (2,2,6,6-tetramethyl- 
heptane-3,5-dionato)-, 11:96 

Tin, dihydridodimethyl-, 12:50 
high-vacuum techniques for 

preparation of, 12:54 

Tin, hydridotrimethyl-, 12 :52 
, hydridotriphenyl-, 12 :49 
, tri-n-butylhydrido-, 12:47 
, (trimethyl-), compound with 

manganese pentacarbonyl, 12:61 
compound with r-cyclopentadienyl- 

molybdenum tricarbonyl, 12 :63 
Tin compounds, organo-, hydrides, 

Tin(1V) sulfide, 12:158, 163 
Titanate(IV), hexabromo-, 12:231 

, hexachloro-, 12930 
, hexakis (isothiocyanato)-, 

12 :45-57 

dipotassium, 13:230 
Titanium(1V) complexes, hexahalo- 

geno salts and compounds with 
alkyl nitriles, 12225-231 

Titanium(1V) sulfide, 12:158, 160 
p-Toluic acid, complexes with molyb- 

Transition-metal binary compounds, 

Transition-metal complexes, of 

denum and rhenium, 13 236-89 

13 ~135-164 

B I O H ~ , C N H ~ ~ -  and BIOHIOCH~-, 
11 :41-45 

with thiocyanate, 13:230 
Transition-metal dioxides, 13 :135-145 
1,3,6,2,4,6-Triazatriphosphorine, 

2,4,6-tribromo-2,4,6-triphenyl- 
2,2,4,4,6,6-hexahydro-, 11:201 

Triborate, octahydro-, B3Hs-, 
thermolysis of, 1 1 5 7  

Triethylamine compound, with BH3, 
12:115 

Triglyme, nickel(1I) complexes, 
13:161, 162 

Trimethylamine, complex with boron, 
12:132, 134 

compound with BI~HIPC, 11:35 
compounds with halogeno boranes, 

vanadium(II1) complex, 13:179 
Trisilylamine, 11 :159 
lH,3H,6H-1,3,6,2,4,6-Trithiatriazine, 

12 ~116-125, 141, 142 

1,3,S-trichloro-, 1,3,6-trioxide, 
isomers, 13:9 

cyanato)-, dipotassium, 13 :280 
Tungstate(IV), hexakis (isothio- 

Tungsten( IV) chloride, 12 : I86 
Tungeten( V)  chloride, 18: I fi0 
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Vanadium(IV), bis(acetato)oxo-, 13:181 
Vanadium(II1) chloride, adduct with 

Vanadium (111) complexes, non- 
electrolytes, with +%unsaturated 
6-keto amines, 11:72-82 

Vanadyl(1V) acetate, 13:181 

CH,CN, 13 3 6 7  

Tungsten(VI) chloride, anhydrous, 

Tungsten complexes with nitrosyl and 

Tungsten(1V) oxide, single crystals, 

Tungsten sodium oxides (bronzes), 

12:187 

halogens, 12:264-266 

13:142 

Na,W03, 12:153 

Undecaborate, tetradecahydro-, 
BiiHi4-, 11:26 

, tridecahydro-, BllH13'-, 11:25 
, undecahydro-, B1lH1l2-, 1 1 2 4  

Uranate(IV), hexabromo-, 12 :230 
, hexachloro-, 12:230 
, hexaiodo-, 12:230 

Uranium (IV) complexes, hexahalogeno 
salts and compounds with alkyl 
nitriles, 12 :225-231 

12:307, 308 
Urea, 1,l-difluoro-, solutions of, 

Vanadate( 111), nonachlorodi-, tris 
(tetraethylammonium), 13:168 

, tetrabromo-, tetraethyl- 
ammonium, 13 :168 

, tetrabromo-, tetraphenyl- 
arsonium, 13:168 

-_ , tetrachloro-, 11:79 

ammonium, 13:168 

arsonium, 13:165 
Vanadium(III), dichlorotetrakis 

(2-propanol)-, chloride, 13:177 
-__ , trichlorobis(trimethy1amine)-, 

13:179 
-__ , tris( 1,1,1,2,2,3,3-heptafluoro- 

7,7-dimethyl-4,6-octanedionato)-, 
12 :74 

, tetrachloro-, tetraethyl- 

, tetrachloro-, tetraphenyl- 

Xenate(VI), HXeOa-, 11:210 
Xenate(VIII), HXeO$-, 11:210 
Xenon, determination of Xe (VIII) in 

Xenon fluorides, XeF2, 11:147 
NaaXeO6, 11:213 

XeF4, 11:150 
XeF,, 11:205 

Xenon oxide, Xe03, 11:205 

Ytterbium(III), tris( 2,2,6,6-tetra- 
methylheptane-3,6-dionato)-, 
11:94 

Ytterbium(II1) nitrate, hydrated, 11:95 
Yttrium(III), tris(2,2,6,6-tetramethyl- 

heptane-3,5-dionato)-, 11 :96 

Zinc, a,&y,i+tetra(4-pyridyl)porphine-, 
12256 

Zincate, tetrachloro-, hexaammine- 
ruthenium(II), 13:210 

Zinc (11) complex, nonelectrolyte, with 
pyridine and isothiocyanate, 
12:251 

Zirconate(IV), hexabromo-, 12 :231 
, hexachloro-, 12:231 
, hexakis (isothiocyanat0)-, 

dipotassium, 13930 
Zirconium(1V) complexes, hexahalo- 

geno salts and compounds with 
alkyl nitriles, 12:225-231 

with 2,4-pentanedione, 12 :88-97 
Zirconium(1V) sulfide, 12:158, 162 



FORMULA INDEX 

The Formula Index, as well as the Subject Index, is a cumulative index for 
Volumes XI, XI1 and XIII. The chief aim of this index, like that of other formulit 
indexes, is to  help in locating specific compounds or ions, or even groups of com- 
pounds, that might not be easily found in the Subject Index, or in the case of many 
coordination complexes are to be found only as general entries in the Subject 
Index. All specific compounds, or in some cases ions, with definite formulas (or 
even a few less definite) are entered in this index or noted under a related compound, 
whether entered specifically in the Subject Index or not. As in the latter indcx, 
boldface type is used for formulas of compounds or ions whose preparations i ~ r c  
described in detail, in a t  least one of the references cited for a given formulit. 

Wherever it seemed best, formulas have been entered in their usual form (ie., ILH 

used in the text) for easy recognition: Si,H6, XeOs, NOBr. However, for tho IOHH 
simple compounds, including coordination complexes, the significant or ccntrrtl 
atom has been placed first in the formula in order to throw together as many r c l u i d  
compounds as possible. This procedure often involves placing the cation I R H t  ILH 

being of relatively minor interest (e .g . ,  alkali and alkaline earth metals), or droppiiig 
it altogether: Mn04Ba;  Mo(CN)8K.2H20; Co(CSH702)3Na; BIZ HI^-. Wliort! 
there may be almost equal interest in two or more parts of a formula, two 01’ l i i o r c  

entries have been made: FepOlNi and NiFez04; NH(S02F),, (S02F)2NII1 i ~ n d  
(FS02)2NH (halogens other than fluorine are entered only under the other cle~r~c!ril,~ 
or groups in most cases); (Bl&Hll)2Ni2- and Ni(B10CH11)22-. 

Formulas for organic compounds are structural or semistructural NO flLI’ ILH 

feasible: CH 3COCH(NHCH3)CH3. Consideration has been given to probihlo 
interest for inorganic chemists, i .e . ,  any element other than carbon, hydrogon, or 
oxygen in an organic molecule is given priority in the formula if only one cntry in 
madc, or cqual rating if more than one entry: only Co(CJId32)2, but, A H O ( + ) - G -  
F140aNa and (+)-CIHrOeAsONa. Names arc given only whcrc the forniii la Tor itii 

orgtmic compound, ligtmd, or riidicul niay not be self-evidcnt, but not For rroqntrnbly 
ownrring relatively simple ones likc CSII I, (c:yc:lopcnt,ittlionyl), C h I  1 7 0 2  (&‘I- 
I)c!ritciricdioniito), CoIIll(c:yc:lohcxyl), CsIII,N(pyridiric). A fcw n1)l)roviiLthnH for  
ligiinds uscd in tho tcxt itre rotnincd Iicrc! For Hiiriplici1,y i int l  iiro iilpliitl)(!timd I l H  

H I I ~ I :  “cn” (mdcr  “o” )  H I ~ I L I I ~ N  Tor c!thyloiic!tliitiiiiii(!, “py” cOr pyridiiiu, %py” for 
hipyritiirio, gfpn” for  1 ,S-proi)niictcIitriii~ii (f)1’[~i)yi(!i~~!(lifiiIiiiii!), “fo(l” for I ,  I , I  ,2,- 
%,:j , : i - t i t i~~t~~f1~1oro-~ ,~- t l i1ntrt ,hyl -~ ,~~-o1:1 . i tr ic i t l io1 i i~t ,o ,  “t,htl” for ~ , ~ , ( l , ~ l - l , ( i l , ~ i i i i i ( i ~ ~ i y l -  
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heptane-3,5-dionato, “DH” for dimethylglyoximato and “D” for the dianion, 
(CH3)zCzNz0z2-. 

The formulas are listed alphabetically by atoms or by groups (considered as 
units) and then according to the number of each in turn in the formula rather than 
by total number of atoms of each element. This system results in arrangements 
such as the following: 

NHS7 (FSO&NH (instead of FzSZO~NH) 
(NH)& (instead of NZHZS6) FSOPH 
NH3BioCHi2 FzSO3 

FNO 

Footnotes are indicated by n. following the page number. 

Ag[BF4], 13:57n. 
Ag(N0z)z 

AlH4Li, 11:173 
Al(CzH,),, 13~126 

[ [As( C6H5) 3 1 P ~ C ~ ( C ~ H I Z ) I [ B F ~ I  
Chloro (1,5-cyclooctadiene) 
(tripheny1arsine)platinum (11) 
tetrafluoroborate, 13:64 

[ (AS(CSH~)~ )PtCKC1~Hi902)1 
[8-(l-Acetylacetonyl)-4-cyclo- 
octen-1-yl]chloro (triphenylarsine) 
platinum(II), 13:63 

(NCS)z isomer, 12:221 

11:lOO 

[ (AS(CeH5)3} pPd(SCN)?J, 12:221; 

[[AS (CsHs) 3 )  zRh (CO) Cl], trUns-, 

[AS(C,H5)4]ThI,, 12:229 
[As (C6H5) 4][VBr4], 13 : 168 
[AS(C,H5)a][VCI4], 13:165 
[AS(CBHF,)~]ZUIG, 12:230 
AsD~, 13~14 
 ASH^, 13~14 
AsNa, 13:15 
As(OCH,),, 11 :182 
As(OCzHs),, 11~183 
AsO( +)CnH40sNa, 12:267 
As(OC,H,),, 11 :183 

BBrHz.N(CHP)a, 12:118 
BBrzH.N(CH3)3, 12:123 

BBr3, 12:146; compound with 
N(CH3)3, 12:141, 142 

[ B ( ~ - C H P C ~ H ~ N )  (N(CH3)s }Hz]I, 
12:132; PF6-Salt, 12:134 

[B(4-CH3C5H4N)4]Br3, 12:141; PF6- 

[B(C3H3N2)~H2]K Potassium 
salt, 12:743 

dihydrobis (1-pyrazolyl)borate, 
12:lOO 

[B(CBH3N2)2H2]2Ni, 12:104 
[B(CaHaNz)3H]K, 12~102 
[B(CPH~NZ)~H]ZCO, 12:105 
[B(C,H3Nz)4]K, 12~103 
[B(CPH3Nz)4]zMn, 12:106 
[B(C5H5N)s]HBrz, 12:139; PF6- salt, 

12:140 
[B(CSH~OZ)Z][HCIZ], 12 :128 
[ B ( C ~ H ~ O Z ) ~ ] [ S ~ C I ~ ] ,  12~130 
BCI(C,Hs)?, 13:36 
BClHz.N(CHa)a, 12:117 
BCIZ(C~H,), 13~35 
BC13, adduct with CH3CN, 13:42 
(BFzD)zCo(CH3).Hz0 Complex from 

methylaquocobaloxime and 
BF3, 11:68 

[BF4]Ag, 13~57~~. 
BH3 Compounds with ethylene- 

diamine, P(C&),, P(CzHd3, 
N(CzH5)3, morpholinc, and tctra- 
hydrofuran, 12:lOO-1 15; with 
I’(C&) 3, 12: 135, 136 

[Cr(en)3][Ni(CN)5] [“en” instead of 
(NH2) zCzH4 or N zEI aCzH41 

[Cr(NH3)61[Ni(CN)sl 
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BH4-, 11~28 
BH4C~.BizHizCsz, 11 :30 
BIHZ.N(CH3) 3, 12 ~ 1 2 0  
BOa(CHS)a, 12:50, 52%. 
[B (P(CH3)a}zHz]I, 12~135 
B,( C3H3Nz)zH4 Pyrazabole, 12:107; 

substituted, 12:99, 108 
BzHG, 11~15 
B3C13N3H3, 13 :41 
B,Cl,N3(CH3)3, 13~43  
B3Hs-, 11:27 
BsHs2-, 11 :24 
B,Hg2-, 11:24 
[Bl0CHloN (CH~)Z]ZN~Z-, 11 :45 
[BloCHloN(CH~)~Hl~Ni,  11 :45 
(BloCHloNH2)zNi2-, 11:44 

(Bl0CHloNH3)~Ni, 11 :43; analogous 
Fe(II1) and Co(II1) complexes, 
11 :42 

Bi,CHioNH3’-, 11~41  

(BloCHloOH)~Niz-, 11:44 

(BIoCH11)zNi2-, 11 :42; analogous 
BiOCHii’-, 11:40n., 41 

Fe(II1) and Co(II1) complexes, 
11 :42 

B~OCH~ZN(CH,)Z(C,H,),  11:37 
BioCHizN( CH3)3, 11 :35 
BioCHizN( CaHr)Hz, 11 :36 
BioCHizNH3, 11 :33 
BioCHi,-, 11 :39 
BioC,Hio(CHzOzCCH,)z, 11 :20 
BioCzHiz, 11~19 
Bi0Hio2-, 11:28, 30 
BioHir, 11 :20n., 34%. 
BiiHiiZ-, 11~24 
BilHlae-, 11~25 
BiiHia-, 11 :26 
BizHiz2-, 11~28, 30 
B ~ ~ H ~ ~ C S ~ . B H ~ C S ,  11 :30 
BizHizCsz.CICs, 11 :30 
BrFa, 12:232 
Br04H, 13:l 
Br04K, 13:l 

C(CsHs)sH, 1l:llli 
CF*(OF)e, 11:143 
CFiCF&FrC (OH) :CHCOC (CkI I!) 8 

Cornploxos with 1’0 i ~ n t l  o l l ior  
triotitla, 19:72--77 

(CF,),O,, ll:311 

(CHzOCHa)z, 11:116 
CH3COCH:C(NHCH,)CHa, 11:74 
CHaCOzCH2C:CCHzOzCCHa, 11 ~20%. 
C(NFz)(NHz)O, 12~307, 310 
C(NFz)OF, 12:300 

CSz, 11:187 
CO, 13:128 

( +)-C4H406(AsO)Na, 12:267 
C4HsO Tetrahydrofuran, 12:111n., 

317-318; compound with B H ,  
12 :111-112 

CaNzSzNaz 1,2-Dicyano-1,2-ethene 
dithiol disodium salt, cis-, 13:188 

C6HFeOzT1, 12~82 
CTHisNz, 1 3 ~ 2 0 4 ~ ~ .  
CsHiiNO, 1 3 ~ 2 0 5 ~ ~  
CioHgNO, 13:206%. 
CiaHlO Fluorene, 11:115 
CdGazS4, 11 :5 
Ce(C5H4F302)4, 12:77, 79 
Ce(C5H70z)4, 12:77 
ClaPNSOzCl, 13:lO 
[ { C O ( C N ) ~ ) ~ ( O ) Z ] K ~ * H ~ O ,  12:202 
[ C O ( C O ) ~ ( S ~ C ~ ~ ) ] ,  13:67 
[CO(CO)~(S~F~) ] ,  13:70 
[Co(CO),{ Si(CH3)3}], 13:69 
[CO (CsHzNO-2,4,6-( CHJ3) z( ONO)zl, 

[CO ( C,H,NO-~,~-(CH~)~}Z(ON~)ZI, 

CO(CSHF,N)~(NCS)Z, 12:251, 253 
Co(CsH?Oz)z, 11234 

13:205 

13:204 

Co( C5H702)2( bipy), 11 :86 

Co( CKH~OZ) CIBHSNd Bis (2,4- 
CO(CKH~OZ)~(C~H~NCHZNHZ), 119.35 

pentanedionat0)-l,1 O-phenan- 
throlinecobalt (11), 11236 

CO(CKH~OZ)~(HZO)Z, 11:83 

[CO(C~H~NO-~-CH~)Z(ONO)ZI, 13 :208 
Co(CKH7O2) 3Na, 11 :87 

CoC1zHzoOz Bis(4-methylamino-3- 

Co (DBF2),(C1-Ip) .HzO Complcx from 
penten-2-0nato)cobalt (11), 11 :78 

mcthylaquocobaloximc and 
BF3, 1 1 ~ 0 8  

Co(DH)* (and +2HoO) Uis(dimothyl- 
~lyoxitririto)c:ol~i~l~(II), 11 :U4; 
c:orrrpounds wiih P(Cal I b) 8, 11 :OA 

<:o ( I  11 I )  *((:I I I), 11 :(I8 
Co(DH)g(CHn)OHg, 1l:W 
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C O ( D H ) Z ( C H ~ ) ' S ( C H ~ ) ~ ,  11:67 
[GO(DH)ZPYIZ, 11 :65 
Co(DH)zpy(CHa), 11~65 
Co(DH)zpy( CGHs), 11 :68 
CO(DH)zpyCl, 11:62 
[Co(en)(C~O4)~]~- ,  13:195 
( + ) - [ C ~ ( e n ) ( C ~ o ~ ) ~ ] N a ,  13:198 
( - ) -[Co( en)( CzO 4) z]Na, 13 : 198 
[CO(~~)~C~~J[H(H~O)Z]C~Z, 1 3 9 3 2  
( + ) - [ C ~ ( e n ) ~ ( N O ~ ) ~ l ( i ) - [ C o ( e n )  

( + ) - [ C O ( ~ ~ ) ~ ( N O ~ ) Z I (  - )-lco(en) 

[ C O ( ~ ~ ) ~ ( N O ~ ) ~ ] N O ~ ,  cis-, 13:196 
[(Co(en),} ~ ( N H Z , O ~ ) I ( N O ~ ~ ,  12:2O5, 

(C204)z], 13:197 

(CzOa)z], 1 3 ~ 1 9 7  

208 
[COH jP(CtiHs)(OCzH5)*]41, 13:118 
[COH {P(OCeHa),) 41, 13:107 
[(Co(NHz)a) z(NHz,Cl)lC144HzO, 

[ (Co(NHd4 1 z(NHz,OH)ICla*4HzO, 

[ { Co(NH3) 4 1 z(NH2,Oz)l(NO3) 3-Hz0, 

[ {CO( NHJ4 } z(NHz,Oz)I(N03)4, 12:206 

12:209 

12:210 

12:203 

[Co(NH3)5(Hz0)](Re04)3~2H20, 1 2 9 1 4  
[Co( NH3)&( ORe03)]( C l o d  2,12:216 ; 

also chloride and nitrate mono- 
hydrate, 12:216 

[Co( NH3) 5( ORe03)](  R e 0 4 )  2, 12 :215 
[ {  Co(NHd5) z(NHz)I(ClOa)~*HzO, 

[ { Co(NH,)5} z(02)]Cl5*H20, 12 ~ 1 9 9  
[ { C O ( N H ~ ) , ) Z ( O , ) ] ( N O ~ ) ~ ,  12 :I98 
[ c ~ ( N H ~ ) ~ ] [ F e c l ~ ] ,  11 :48 

12:2s2 

[Co(N2) {P(C6H5)3) 3H], trans-, 12:12, 
18, 21 

[ C O { P ( C B H ~ ) ~ ) ~ H S I ,  12:18, 19 
[ C ~ ( p n ) ~ ] [ F e C l ~ ] ,  11:49 
[Co(pn)31[InC16], 11:50 
[C~(pn)~][MnCl& 11 :48 
[GO (SzC2( CN)z}z][N(C~Hs)alz, 1 3 ~ 1 9 0  
[Co {SzCz(CN)z} z][p(c~Hs)4]2, 1 3 ~ 1 8 9  
[COP { SzCd CN)z } 41[P( c sH5) 412, 13 : 191 
Cr[CH3C( O)C(CH2CN)C(0)CH&, 

Cr(C3H5)3, 13:77 
(+)-[Cr(en),l( (+)-C4H406}2Li*3H~O, 

12:274 

12:85 

[Cr(en)3]C13-aq, 12:269, 274; 
(+ID-  and(-)D-, 12:277-279 

[Cr(en)3]C13-3H20, 13:186 
[Cr(en)31[Ni(CN)5]-l-6Hz0, 11:51 
[Cr(en)31z(S04)3, 13:233 
C r ( f ~ d ) ~ ,  12:74 
[C~(NH~)G~[N~(CN)~].~H~O, 11:51 

[Cr(pn)]Cl3.2H20, 13:186 
[Cr {OP(C~H, )ZO]  z(HzO)(OH)L, 1 2 ~ 2 5 8  

CSZ[MO (H20)C1,1, 13 :S7S 
cSs[MOc16], 13 : 172 
[ C ~ ( C ~ H I I N ~ ~ ~ ) ~ ] C ~ ~  Bis[2,2-imino- 

bis (acetamidoxime)lcopper (11) 
chloride, 11:92 

cu r  (correction), 11:215 
C U ( C ~ H ~ N ) Z ( N C S ) ~ ,  12~251,  253 

D4Ge, 11:170 
D4Si, 11:170 
D4Sn, 11:170 
D,Siz, 11:172 
Dy(thd)3, 1 1 ~ 9 6  

FK, 11:196 
FNO, 1 1 3 9 6  
(FSOz)zNCs, 11:138 
(FSOz)2NF, 11 :138 
(FSOz) zNH, 11 : 138 
FSOsH, 1 1 ~ 1 3 9  
(FzBD)zCo(CH3)~Hz0 Complex from 

methylaquocobaloxime and BF3, 
11 :68 

F2NCOF, 12 :300 
FzNCONHz, 12~307,  310 
FtNH, 12~307 ,308  
FZNSF,, 12 :305 
FzNSOzF, 1 2 ~ 3 0 3  
F z N S O ~ F ,  12 :304 
Fs(OF)K, 1 1 ~ 1 4 3  
FzPH, 12:281, 283 
(F2P)z, 12:281, 282 
(FzP)zO, 12:281, 285 
FzSOs, 11:155 
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FzSz05, 11:151 
F2S206, 11:155 
FzXe, 11:147 
FaBr, 12:232 
(F,C)zCFOK, 11:197 
(F3C)z03, 12~312 

[FaBIAg, 13:57n. 
F4P( CH3), 13 :37 

[(F~S~)(CO)~CO],  13:7O 

F4P(CzH,), etc., 13:39 
E P ~ N ~ ( C B H S ) Z ,  12:296 
F80 ,  ll:131 

F ~ M o ,  13~146 
F5P,Ns(GsH5) , 12 :294 
FsSOF, 11:131 

FrXe, 11:150 

F&e, 11:205 
[Fe(bipy)z( CN)Z]*~HZO, 12:247, 249 
[Fe(CO)2G5Hs1BrJ 12:36 
[Fe(C0)zC5H5]Cl, 12:36n. 
[Fe (GO) zC5H5]I, 12 :36 
[Fe(GO)zCsH~]z, 12:36n. 

[Fe( CO) *( C5H5)-C1-( CO)zFeC~H5]BF4, 

[Fe(CO)z(~-C5H5)( Ge(CH3)3)I, 12:64,65 
[Fe(CO),(C5H5)(NCCH,)]BF4, 12:41 
[Fe(CO)z(C5H5)NH31[B(C~H~)4], 12:37 
Fe(CsHs)2, 11:12O 
Fe(C5H5N)4(NCS)z, 12:251, 253 
Fe(fod)3, 12:72 
[FeHZ(P(C6H5)(0CzH5)~] 41, 13:119 
[Fe(phen)z(CN)zJ*2HzO, 12 :247, 248 
Fe204Ni, 11:11 
[Fez ( SzC2(CN)z )4l[N(CzHs)alz, 13:192 
[Fez ( SzGz(CN)~)  4][N(C4H9)412, 13:193 
[Fez( SzC~(CN)~)41[P(C,H5),l,, 13:193 
Fe3O4, 1 1 : l O  

[Fe(CO)z(C5Hs)C6Hlo]PF6, 12:38 

12:40 

[Ga(CH3)zOHI4, 12:67 
Ga(fod)a, 12:74 
GazCdS4, 11 :5 
Gas&, 11:6 
Gd(thd)s, 11:M 
Ge(CHt)Ha, l l : I28  
Go(CHs)nII2, 11:180 
Go(Cr1:J3l3r, l2:M 
~o(cH~)~Fo(co)~(~-c~H~), ism, (15 

Ge(CH,)4, 12:58 
Ge(C3H5)4, 13:76 
GeD4, 11:170 
GeH4, 11:171 

[H( HzO ) 21 [trans-Co( en) zClZ] Clz, 13 :232 
Hz, 13:132, 142 
HfSz, 12:158;163 
HO (thd),, 11 :96 

ICHa, 11:127 
I n ( f ~ d ) ~ ,  12:74 

[Ir(NH3),C1]ClZ, 12:243 
[Ir( NH3),( Hz0)](C104)3, 125244 
[Ir( NH3) 5NCS]( ClO,),, 12 :245; other 

acido salts, 12:245, 246 
[Ir(NZ) (P(C&)~)&l], trans-, 12:8 
IrOz, 13:137 
[Ir(P(CBH5)3) (CO)Cl], 13:129 
[Ir(P(C6H5)3]3(CO)H], 13:126, 128 
[Ir4(C0)1z], 13:95 

[Ir( C 0 ) c l  (P(c&)3) 21, trans-, 11:101 

KH(PO,NHz), 13:25 
KOH, 11:113-116 

La(thd)3, 1 1 9 6  
LiP(CH,)z, 13:27 
L ~ ( t h d ) , ,  11:96 

Mg(C,H5)CI, 13:74 
M ~ I ( C O ) ~ ( C ~ H F ~ O ~ ) ,  12:81, 83; 

derivatives with 1 or 2 CO 
replaced, 12:84 

[MXI(CO)~H]~,  12:43 
LMXI(CO)~ i Sn(CH3) } 1, 12:61 
MII[ (C~H~NZ)~B]~,  123106 
[Mn(C4HIIN502)z]Clz 13is[2,2'hirio- 

bicl (tic,c!tainidoximc) I rntingancso 
(11) chloritlc, ll:!)l 

Mn(Cr,HbN)4(NCS)2, 12:251, 263 
Mn(fod):,, 12:74 

MnOdBa, 11:51( 
MnOtK2, l l : f i7  

M I 1 0 2 ,  11:61) 

M I I O ~ H ~ . ,  11:fit) 
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M O ( C N ) ~ K ~ * ~ H Z O ,  11:53 
[Mo(CO)~(H-C~H~)(U-CHO)I, 11:116 
[Mo(CO)~(H-CSHS)]K, 11:118 
[Mo( C0)3(~-C5H5) (Sn(CH3h 11, 12:63 
Mo(CO)6, 11:118 
MOC13, 12:178 
MOCla, 12~181 
MOC15, 12:187 
[ MOC16]CS3, 13 : 172 
[MoCl,](NH4)3, 13 :I72 
[MoCl~,]Rba, 13~172 
MoF5, 13:146 
[Mo (HzO)C151C~z, 13 A71 
[Mo(H~O)C~E,](NH~)Z], 13:171 
[Mo (HzO)C16IRbz, 13 :I71 
[Mo(NCS)G]KZ, 13 230 
[ M o ( N O ) ~ B ~ ~ ~ ~ ,  12264 
[Mo(NO)zClz]m, 12 :264 
MOOCla, 12:190 
Mo03Ba, 11:l 
Mo03Sr, 11:l 
MoOaBa, 11:2 

Mo04Sr, 11:2 
MoOa(NHi)z, 1 1 ~ 2  

[Moz(0zCCH~)a], 13:88 
[Moz( OzCCsHa-p-Cl)r], 13:89 
I M O Z ( O Z C C ~ H ~ - ~ - C H ~ ) ~ I ,  1 3 ~ 8 9  
[Moz( O Z C C G H ~ - ~ - O C H ~ ) ~ ] ,  13 :89 
[Moz(OzCCt,H5)4], 135% 
MoqFz~, 13~150 
(MoaBra)Br4, 12~176 
(MO~,cle)Cla, 12:172 
( M O ~ C ~ ~ ) C ~ ~ ( H ~ O ) Z . ~ H Z O ,  12 :I74 
[MOsCls( OCH3)6]Naz, 1 3 : l O O  
[M0&18( OCzH5) &Yaz, 13:101-102 

(NCCSz)Na.3( CH,)ZNCHO, 13~187 
NCC3H7, ll:36n. 
N( CH3),CHO.1/3Na(NCCS2), 13:187 

N(CH3)3 Compounds with halo- 
N(CH3)z( C~H~)BIOCHIZ,  1 1 ~ 3 7  

genoboranes, 12:116-125, 141, 142 
N( CH3)3BioCHiz, 11 3 5  
[{N(CH,)3)zVC13], 13:179 
NCO(NHa), 13:17 

N (CzH5)3.BH3, 12 :115 
(NCO),P, 13:20 

[N(CzH,)4][VBr41, 13:168 

[N(CzH5)41~[Co (SZCZ(CN)Z) 21, 13:190 
[N(CzH5)4][VCL], 13:168 

[N(CzH5)41dFez {SzC~(CN)z) 41, 13:192 
[ N ( C Z H ~ ) ~ I Z [ R ~ H ~ I ,  13~223 
[N( CzH5)413[VzClg], 13~168 
N ( C ~ H ~ ) H Z B ~ O C H ~ ~ ,  11 :36 
[N(C4Hd4Iz[Fez {SZCZ(CN)Z) 41, 13:193 
[N(C4H9) 41dRe~Br~1, 13 :84 
[N(C4H9) 4l~[Re~Cl~] ,  13534 
NC4H90.BH3 Compound of morpho- 

line with borane, 12:115 
NCs(SOzF)z, 11~138, 140 
NF(SOzF)z, 11:138, 141 
NFzCOF, 12:300 
NFzH, 12:307, 310 
NFz(NHz)CO, 12~307, 310 
NFzSF,, 12 ~ 3 0 5  
NFzSOzF, 12~303 
NFzSO~F, 12:304 
NH (CHzC( :NOH)NHz) 2, 11 :90 
NH(SOzF)z, 11:138 
NHS7, 11:184 
(NH)zS,, 11:184 
(NH)ZS5, 11:184 
NHzCHzCHzNHz Compound with 

[(NHzC,H4-p-COz)4RezClz], 13236 
[NHzNH3]C1, 12:7n. 

(NH3B10CH10)ZNi, 11:43; N-deriva- 

borane, 12:109 

(NHzPOa)Hz, 1 3 ~ 2 4  

tives of, 11:44-45 
NH3BioCHi2, 11:33 
(NHa)H( POaNHz), 13 :23 
(NHa)NCO, 1 3 ~ 1 7  
(NHn)z[Mo(HzO)Cls], 13:171 
(NH4)3[MoCl,], 13:172 
NOBr, 11~199 
NOCl, 11:199 
NOF, 11:196 
(NOz)zNi, 13:203 
[NP( C6H5)BrI3, 11 :201 

(NSOC1)3 Sulfanuric chloride, cyclic 

(NSOC1)3 Sulfanuric chloride, cyclic 

N(SiH3)3, 11:159 
(NzC6H4F)( p)-BF4, p-Fluorobcnzenc- 

(NPCl,)SOzCl, 1 3 ~ 1 0  

trimer, a-isomer, 13:9 

trimer, &isomer, 13:lO 

diazonium tetrafluoroborato, 12 9 9  

18, 21 
[(Nz)CoH(P(CaH5)rl :I], Iran+, 12:1% 
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[(Nz)IrCl P(C~HS)&, trans-, 12:s 
[(N2)(N3)(en),Ru]PFs, cis-, 12:23 

I(N2)Ru(NH~)5JBr2, 12:5 
[(Nz)Ru(NH~)s](BF~)~,  12 :5 

[(Nz)Ru(NHa)sIC12, 12:s 
[(NZ)RU(NH~)~IIZ, 12 :5 
[(Nz)Ru(NH,),](PFs)n, 12:s 
Ng(CHa)3BsC13, 13:43 
NsH3B3C13, 13:41 
N ~ P ~ F ~ ( C G H S ) ~ ,  12~294 
N ~ P ~ F ~ ( C ~ H S ) ,  123296 
N3SaOaC13 lH,3H,5H-1,3,5,2,4,6- 

Trithiatriazine, 1,3,5-trichloro-, 
1,3,5-trioxide, isomers, 13:9 

Na(NCCS2)*3(CH3)2NCHO, 13:187 
NaP(C6H6)2, 13:28 
NaReO4, 13:219n. 
NaZC4N2S2 Sodium,l,Zdicyano-1,2- 

ethene dithiolate(2-), 13:188 
Naz[PtCls], 13:173 
NbBr6, 12:187 
NbBr5.CH3CN, 12:227; 13:228; 

C2H5CN and C3B&N analogs, 
12 :228 

NbBrs[N( GHs) 41, 12 230  

NbClj.CH3CN, 12:227; C2H5CN and 
NbCl4, 12:185 

C3H&N analogs, 12:228 
[Nb(NCS)& 13:226 
[Nb(NCS) &, 13 :230 
Nd(thd)a, 11:96 
Ni[BloCHloN(CHa)2122-, 11:45 
Ni[BloCH~oN(CH3)~H]2, 11:45 
Ni(BloCHloNH2)22-, 11:44 
Ni(BloCHIoNH3) 2, 11 :43 
Ni(BloCH100H)z2-, 11:44 
Ni( B loCH1~) 22-, 11 :42 
[NiBrz(CzHsOH)4], 13:160 
[NiBrz( C4HloOz)] Dibromo(1,2- 

NiBrz*2H20, 13:156 
[Ni( CN)5][Cr(en)J*l*6HzO, 11:51 
[Ni(CN)a][Cr(NHa)e]-2Hz0, 11 :51 
Ni[( C3H3Nz)zBH2]~, 12 :lo4 
Ni(C8Ha)z, 13:7!1 
[Ni(C4Hlo02)12] I h (  I ,2-tliiriothoxy- 

[Ni(C,H~iNnOa)a]Cla 13iH[2,2'-imiiio- 

dimethoxyethane)nickel(II), 13:162 

c!thnno)diiodoriiolrol(lI), 18:103 

[Ni{C5H4N-2-( CHzNHCH3) } z( ONO),], 

Ni(CSHS)2, 11:122 
N~(CZ,H~N)~(NCS),, 12251, 253 
[Ni{CsHloN-2-(CH2NHCH3) ]2( ONO),], 

[Ni (Ct,H1403)Br2] [Bis (2-methoxy- 

13:203 

13:204 

ethyl) ether]dibromonickel(II), 
13:162 

[Ni(CSH1403) Cl,] [Bis (2-methoxy- 
ethyl) ether]dichloronickel(II), 
13:161 

[Ni(CsHI8O4)Br2] [1,2-Bk(methoxy- 
ethoxy)ethane]dibromonickel (II), 
13:162 

I Ni (CsH1804) CL]2 [1,2-Bis(methoxy- 
ethoxy)ethane]tetrachlorodi- 
nickel(II), 13:161 

N ~ C I ~ H , , N ~ O ~  Bis(Pmethylamino-3- 
penten-2-onato)nickel(II), 11:74 

[NiC1z(C2HSOH)4], 13:158 
[NiClz(C4H,,02)] Dichloro(l,2- 

dimethoxyethane)nickel(II), 
13:160 

NiCl2*2H,O, 13:156 
NiFe204, 11:ll 
Ni(N02),, 13:203 
[Ni t P( CsHd ( OCZHS) 1 41, 13 :118 

[Ni (P(OCzH5) 41, 13:112 
[Ni {P( C&5)3 }4], 13 :124 

[Ni{P(OC6Hj)3)4], 13~108, 116 

0 6 0 2 ,  13:140 
[OS~(CO)I~] ,  13:93 



264 Inorganic Syntheses 

[ {P(C6H5)(OCZHs)z 1  nil, 13:118 
P(C&) ZNa, 13 :28 
[ (p(C6Hs)zOO zCr(H~O)(OH)ls, 

12:258 
P( C6Hs) @i( CH3) 31, 13 :26 
P( C6H5)3*BH3, 12 A13 
[ { P( C6Hs)3 } 31r(CO)Hl, 13 :126, 

[ {P(C6Hs)a}sRuClH], 13~131 

[ {P(C+jHs)p}4Pdl, 13:121 

[P(C,H~)~]Z[CO (SzCz(CN)z)zl, 13~189 
[P(C~HS)~]Z[COZ{ SzCz(CN)z}4], 13~191 

(PCI,)NSOzCl, 1 3 ~ 1 0  
PFzH, 12~281, 283 
(PFz)z, 12:281, 283 
(PFz)zO, 12~281, 285 
PFI(CHD), 13:37 

128 

[ { P( C,H5) 3 }  4Ni1, 13:124 

[P(C6Hs)4]Br, 13:190 

[P(C6Hs)4]z[Fe~( S2C2(CN)z } 41, 13:193 

PF,(CzHs), etc., 13 :39 
PH3, 11~124 
P(NC0)3, 13:20 
[PN( C 6H5) BrI3, 11 :20 1 
[ (P( OCzHS)3 } 4Ni], 13:112 
[ { P( OCnHs) 3 )  aPd], 13 : 113 
[(P( OCzH5)aJ ,PtJ, 13:115 
[ \ P ( O C ~ H S ) ~ } ~ C O H ] ,  13:107 
[{P( OC6H5)3}aNi], 13:108, 116 
[ { P( OC&)3) 4pt], 13:109 
[ {.P( OC&)3 } dRhH], 13:109 
[POz(OH)(NHz)]K, 13:25 
[POz(OH)(NHz)](NH4), 1 3 9 3  
(P03NHz)Hz, 13:24 
PS(CH3)zBr, 12987 
P ~ N ~ P ~ ( C S H S ) L ,  12:296 
PaNaFs( C~HS) ,  12~294 
PaBr4.4CH3CN, 12:226 
PaRrs.3CH3CN, 12:227 
PaBr,[N(czH~)4], 12:230 
PaC14.4CH3CN, 12:226 
PaC16[N(CH3)(], 12:230 
Pb(fod)z, 12:74 
[Pd (AS(CGHS)~}~(SCN)Z], 12:221; 

(NCS)z isomer, 12:221 
[Pd(bipy)Cl,], 13:217 
[PdBrz(C7H8)] Dibromo(2,5-norbor- 

nadiene)palladium (II), 13:53 
[PdBrz(CaHIz)] Dibromo(l,5-cyclo- 

0ctadiene)palladium (11) , 13:M 

Pd (C4H6) C1z Dichloro- (1,Cbutadiene)- 
palladium(II), (correction), 11216 

[Pd (C4H6Cl) c l ] ~  Dichlorobis (4- 
chlorobuteny1)dipalladium (11), 
(correction), 11:216 

cyc1ooctadiene)palladium (11) 
tetrafluorohorate, 1 3 5 1  

octadiene)-h5-~yclopentadienyl- 
palladium(I1) tetrafluoroborate, 
13:59 

~P~(C~HIZ)(CSH~~Z)I[BF~I (1,s- 
Cyclooctadiene) (2,4-pentane- 
dionato)palladium (11) tetra- 
fluoroborate, 13:56 

[Pd (CgH1,O)z (C5H,)] (8-methoxy-4-cy- 
cloocten-I-yl) cyclopentadienyl 
palladium(II), 13 :60 

[Pd( CloHeNz)( SCN)z] Dithiocyanato- 
8- (2,2'-bipyridine)palladium (11) , 
12:222; (NCS)z isomer, 12:223 

[PdClz( C7H8)] Dichloro (2,5-norbor- 
nadiene)palladium (11) , 13:52 

[PdC12(C8HI2)] Dichloro(l,5-cyclo- 
0ctadiene)palladium (11), 13 :52 

[Pd(en)Clz], 13:216 
[Pd(en)z][PdC14], 13 :217 

[Pd(CaHlz)( C3H5)][BF4] h3-Ally1(1 ,5- 

[Pd(CaH,z)(C5H5)][BF4] (1,5-Cy~l0- 

[Pd(P(CHzO),CCH,JzCl,], cis-, 11:109 
[Pd {P(csHs)3) 41, 13:121 

[Pd(P(NCHaCHz)3CCH3} zClz], cis-, 
[Pd { P( N( CH3)z)8} &l,], trans-, 11 :110 

11:109 
[Pd{P(OCH3)3}zClz], cis-, 11:109 
[Pd {P( O C Z H ~ ) ~ }  41, 13~113 
[Pdz(CgH150) ZClzIdi-u-chloro-bis (8- 

methoxy-4-cycloocten-1-yl) dipal- 
ladiuun(II), 13:60 

Pr(thd),, 11:96 
[PtBrz(C7Ha)] Dibromo(2,5-norbor- 

[PtBrZ(CsHs)] Dibromo(1,3,5,7- 
nadiene)platinum(II), 13:50n. 

cyc1octatetraene)platinum (11) , 
13:50n. 

[PtBrz( C8Hl2)] Dibromo( 1 ,5-cyclo- 
octadiene)plntinum (11) , 13:4!) 

[PtBrz(CluHlz)) I)ibrorrio(:~u,4,7,7n- 
tctruliydro-4,7-1no~t~iutioi~id~i~i~~) 
pliLtiniiiti (IT), 18:50n. 
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~Pt(CsH~z)(C5H~Oz)l[BF~l ( ~ , ~ - C Y C ~ O -  
octadiene) @&pent anedionato) 
platinum(I1) tetrafluoroborate, 
13 :57 

Acetylacetonyl)-4-cycloocten-l-yl]- 
chloro (tripheny1arsine)platinum 
(II), 13:63 

(1,5-cyclooctadiene) (triphenyl- 
arsine)platinum (11) tetrafluoro- 
borate, 13:64 

[Pt Clz (C7Hs)] Dichloro (2,5-norbor- 
nadiene)platinum(II), 13:48n. 

[Pt C12 ( CsH J Dichloro (I ,3,5,7- 
cyc1ooctatetraene)platinum (11), 
13:48n. 

[PtC12( CsH12)] Dichloro(l,5-cyclo- 
octadiene)platinum(II), 13:48 

[ P ~ C ~ Z ( C ~ ~ H ~ ~ ) ]  Dichloro(3a,4,7,7a- 
tetrahydro-4,7-methanoindene)-, 
13:48n. 

[PtCI ((Ce.&)aAS I(Ci3HigOz)I [%(I- 

[PtCI(CsH12) {As(CGHS)I]] Chloro 

PtC13F3K2, 12:232, 234 
[PtClslNaz, 13:173 

[PtIe(C7H8)] Diiodo(2,5-norbor- 
nadiene)platinum(II), 13:51n. 

[PtI,(CsHa)] (1,3,5,7-Cyclooctate- 
traene) diiodoplatinum (11), 13 : 5 In. 

[PtIz( C ~ H I z ) ]  (I ,5-Cyclooctadiene) 
diiodoplatinum (II), 13:50 

[PtNH:NCBHaF(m- and p-)-  
{P(CzH5), 12CllBF1, trans-, 
12:29, 31 

{ P ( C Z H ~ ) ~ } ~ C ~ ] B F , ,  trans-, 12:31 

trans-, 12 :31 

trans-, 12:32 

lrans-, 1 2 3 1  

PtFiKZ, 12:232, 236 

[PtNH:NCBHaNOz(p-)- 

[P~NH:NCF,H~{P(CZH~)~}~C~]BFI ,  

[PtNHNHzCoHaF(p-) (P(CzHd3 121BF.1, 

[PtN :NCoHdF(p-) (P(CzH5)a 1 zC11, 

Pt(P(C2H5)3)2C1H, Irans-, 12:28 
P t  (P( CzHa)s ~ C I Z ,  City-, 12 :27 
[l't, I P(CJ I & )  2( C"l1 I I )  ) ZCIZ], c:i+ l lnd 

lrarw-, 12:241 n. 
IPt IP(CnHn)sJal, 1l:IOB 
[Pt (P(C0Hb):t 141 ,  11: I06 
[Pt (P( 0CuHn)n I d / ,  18: I l h  

[ P t { P ( o c ~ H s ) a  141, 13:109 
[ P b  { P (  C&s) z( GHii) ) CL], 12 :240 ; 

dimeric complexes with other 
tertiary phosphines, 12:242 

Rbz[Mo (HeO) Cla], 13: 171 
Rba[MoCl~], 13:172 
ReC16, 12993 
[ReHd[N( C2H5) 412, 13 :223 
[ReHgINaz, 13:219 
ReOz, 13:142 
[ ( R ~ O ~ ) C O ( N H ~ ) ~ I ( C I O , ) ~ ,  12:216; 

also chloride and nitrate mono- 
hydrate, 12:216 

ReOaNa, 13:219n. 
( R e 0 d ~ I C o f N H ~ ) ~ l  OReO,)], 12:215 
(R~O,~,[CO(NH~)~(H~O)I.~H~O, 12:214 
[ R ~ Z B ~ ~ ( O ~ C C € I ~ ) , ] ,  13 :85 

[RezBrz( o&c,H,-p-Cl),], 13536 
[RezBr2(02CCsH4-p-OCHaj4], 13 :86 
[Re2Brz(02CC6H5),], 13 :86 
[ R ~ Z B ~ ~ I [ ( C ~ H ~ ) ~ N I ~ ,  13554 
[ R ~ X C ~ Z ( O Z C C H ~ ) , ] ,  13:85 
[Re2CI2 1 OeCCGH~-2,4,6-(CH3),) 41, 

[ R ~ ~ C ~ Z ( O Z C C ~ H , - ~ - B ~ ) , ] ,  13 :86 
[Re2C12( OZCCGH4-m-CH3) 4, 13:86 
[Re2Cl2( 02CC&-p-CH3) ,I, 13 :86 
[Rezc12(OzCCGH,-p-Cl),] Dichloro- 

[Re2Brz( O Z C C G H ~ - ~ - B ~ ) ~ I ,  13:86 

13546 

tetrakis[p( p-chlorobenzoato)] 
dirhenium(III), 13236 

[Re~Clsl[(C4HgjIN12, 13 :84 
[ R ~ Z C I ~ ( O ~ C C ~ H ~ - ~ - N H ~ ) ~ ] ,  13 :86 
[Re2Clz(02CCsH4-p-OCH3)a], 13:86 
[Re2Cls(OzCCsH5)4], 13 :86 
Re3C19, 12:193 

11 : IOO 
[Rh(CO)Cl {AS (CsHs) 3 ) 21, trans-, 

[Rh(CO)Cl (P(Ce.H,):,) 21, trans-, 11 :99 
( -)ll[Rh(enj:i/ ( (+ j - C ~ H ~ O G J  2Li. 

[Rh(en):i(C1:,*aq, 12:26!), 872; (+)D- 
3He0, 12:872 

iintl( - )  I,-, 12:87(\-279; ~inidopti, 
1!2:270 

[ RhN 1 P( OC,iHo):i .,I, 13: 1011 
(Rh( NHIj oCIICI,, 18:8 I :I 
IRh(NHii)bHISOd, 18:21.1 
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[Rhz(OzCCH3)4], 13~90 
[ R U ( ~ ~ ) ~ ( N ~ ) ( N ~ ) ] P F ~ ,  cis-, 12:23 
[ R U ( ~ ~ ) ~ ( N ~ ) P ] P F B ,  12:24 
[Ru( NH3) 5Br]Brz, 12 :4 
[Ru(NH3)sCl]Clz, 12:3; 13~210 
[Ru( MH3) 51112, 12 :4 
[Ru(NH~)s(Nz)I(BF~)z, 1 2 ~ 5  

[Ru(NH3)5(Nz)lClz, 1 2 5  
[Ru(NH3)5(Nz)Pz, 1 2 5  

[Ru(NHa)o](BF4)3, 1 2 ~ 7  

[Ru(NH3)6]Clz, 13:208n., 209 
[Ru( NH~)B]IJ, 12 :7 

[ R U ( N H , ) ~ ( N ~ ) ~ B ~ Z ,  1 2 5  

[Ru( NH3) 5( Nz)l(PFd 2, 12 :5 

[ R U ( N H ~ ) ~ ] B ~ ~ ,  13:211 

[Ru( NH,) &hC14], 13 :210 
RuOz, 13:137 
[Ru(P(CoH6)3)3ClH], 12:237, 239; 

[Ru (P(CoH6)3}3Clz], 12:237, 238 
[R~(P(CoH5)3)aClz], 12~237, 238 
[R~zClioO]K4*Hz0, 11 :70 
[Rua(CO)iz], 13:92 

13:131 

S ( C ~ H T ) ~ - B H ~ ,  12 :115 
SFbNFz, 12 :305 
SF,OF, 11~131 
S(NFz)OzF, 12~303 
S(NFz)O,F, 12:304 
(SNOC1)3 Sulfanuric chloride, cyclic 

(SNOCI)3 Sulfanuric chloride, cyclic 
trimer, a-isomer, 13:9 

trimer, ,%isomer, 13:lO 
SO(CHI)Z, 11:116, 124 
SOF4, 11:131 
SOzCl(NPCl,), 13:lO 
(SOzF)zNCs, 11~138 
(SOzF)zNF, 11 :138 
(SOzF)tNH, 11:138 
S03Fz, 11:155 
(S03H)F, 11:139 
SzOsFz, 11:151 
Sz06Fz, 11~155 
SI(NH)I, 11:184 
Ss(NH)z, 11~184 
STNH, 11~184 
S ~ ( f o d ) ~ ,  12374; compound with 

HCON(CH3)2, 12:75, 76 

SC (thd) 3, 11 :96 
SiBrH3, 11:159 
[Si(CHa)3(Co(CO)a)], 13:69 
Si(CH3)a[P(CH&1, 13:26 
Si(CHI)3[P(C6H6)2], 13:26 
Si(C3H5)d, 13:76 
Si(CoH4Cl)C13, 11:166 
s i  (C6H4CI) H3, 11 : 166 
si( C6H4C1)IH, 11 :I 60 
Si(CoH5)H3, 11:162 
[(SiC13)Co(CO)4], 13:67 
SiD4, 11:170 
[(SiF3)Co(C0)41, 13:70 
SiFoKz, 123236 
SiH,  11:159 
(SiH3)aN, 11:159 
SiH4, 11:170 
SiIH3, 11:159 
SizD,, 11:172 
SizH6, 11~172 
Sm(thd)3, 11:96 
Sn(CH3)2H3, 12:50, 54 
Sn(CH3)3H, 12:52 
Sn(CH3)3-Mn(CO)s, 12361 
Sn(CH3)3-M~(C0)3(?r-C~H5), 12:63 
Sn(C3H5)4, 13:75 
Sn(C4H9)3H, 12:47 
Sn(C6H6)3H, 12:49 
SnD4, 11:170 
SnHa, 11:170; compound with 

SnS2, 12:158, 163 
(C~Hs)20, 11:178 

TaBr5, 12:187 
TaBr6.CH&N, 12:227; CzHsCN and 

TaBro[N(C~H5)4], 12:229 
TaCI5-CH3CN, 12:227; CzH&N and 

[Ta(NCS)6]K, 13230 

ThBr4.4CH3CN, 123226 
ThBro[N (Ch,) 412, 12 :230 

C3H7CN analogs, 12:228 

C3H?CN analogs, 12:228 

Tb(thd)a, 11~96 

ThCla.4CHaCN, 12:226 
ThCla[N(CHa)d]z, 12:230 
T ~ C I B [ N ( C Z H ~ ) ~ ] ~ ,  12:280 
ThIACHsCN, 12:220 
ThIe[Ae( CaHa)r]p, 18 :22D 
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TiBr4.2CH3CN, 12:229; C2HbCN and 

TiBr6[N(C2H5)2Hz]2, 12:231 
TiC14.2CH3CN, 12:229; CZH~CN and 

TiCI6[N( C2H5) ZHZ]Z, 12 :230 
[Ti(NCS),]K2, 13:230 
TiS,, 12:158, 160 
Tm(thd)3, 11:96 

C3H7CN analogs, 12:229 

C3H7CN analogs, 12:229 

UBr4.4CHaCN, 12227 
UBr&[N (CzH5)4]2, 12230 
UC14.4CH3CNJ 123227 
UCI,[N(CH3)4]z, 12 ~230 
UCI,[N(CzH5)4]z, 12 :230 
UI6[AS(C6Hs)r]z, 12 230 

[VBr 41 [As (C6H 5) 41 , 13 : 168 
[VBrrl[N(C~Hs)al, 13:168 

VCl8H3,,N3O3 Tris(4-methylamino-3- 
[ V ( ~ S O - C ~ H ~ O H ) ~ C ~ ~ ] C ~ ,  13:177 

penten-2-0nato)vanadium (HI), 
11:81 

VCl,, CHaCN adduct, 13:167 
[VCI,[N(CH?,)s]z], 13:179 
[VCl4][AS(CaHs)4], 13 ~ 1 6 5  
[VC14][N ( C Z H ~ ) ~ ] ,  13 :I68 
[VC14][ (NC2H5) (1, 11 :79 ; compound 

with 2CH3CN, 11530 
V(fod)t, 12~74 
[VO(O,CCH,)z], 13~181 
[VzClg][N(C2H5)4]8, 13~168 

WCI, 12~185 
wc15, 13:150 
WCls, 12:187 
[W(NCS)a]Kz, 13:230 

[W(NO)zBrz],,, 12:264 

WNa,03 Sodium tungsten bronzes, 
[W(NO)zClz],,, 12~264 

12:153 
WO,, 13~142 

XeF,, 11:147 
XeFn, 11:150 
XeF,, 11:205 
Xe03 ,  11:205 
Xe04H-, 11:210 

Xe06Na4*xH20, 11:210 
xeo63-, 1 ~ 2 1 2  

Y (thd) 3, 11 :96 
Yb(NO,),*xHzO, 11~95 
Yb(thd)a, 11:94 

Zn(C5H5N)z(NCS)~, 12:251, 253 
Zn(CzoHlaN4)(CsH4N)a, LY,P,Y,S- 

Tetra (4-pyridyl)porphinezinc, 
12:256 

[ZnC14][Ru(NH3)6], 13:210 
ZrBr4.2CH3CN, 12:227; CJ-InCN I L I I ~  

ZrBr6[N (CzHs)~H2]2, 12 :231 
Zr(C5H702)ZC12, 12238, 93 
Zr(C5H702),Br, 12:88, 94 
Zr(C5H~02)3C1, 12:88, 93 
Zr(C5H?02)31, 12:88,95; compound 

with tetrahydrofuran, 12:95 
ZrC14.2CH3CN, 12:227; CZH~CN arid 

C3H,CN analogs, 12:228 
ZrC16[N (CzH5)zH2]~, 12 :231 
[Zr(NCS)&, 13:230 
ZrSz, 12:158, 162 

C3H7CN analogs, 12:228 
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