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PREFACE 

This volume of INORGANIC SYNTHESES has a large section 
(Chapter Four) devoted to  solid-state syntheses. Many of the 
previous volumes have contained solid-state preparations, and it is 
our hope that this volume will encourage chemists working in this 
area to contribute manuscripts suitable for the series. An 
important aspect of Chapter Four is the inclusion of several 
syntheses which deal with the preparation and characterization of 
single crystals. The preparation of well-characterized single crys- 
tals, suitable for physical measurements, is essential if the results 
of such measurements are to be of interest either from an 
industrial or academic point of view. In addition to chemical 
analyses and spectral data, other physical measurements may be 
used to  identify the nature of the products formed from 
solid-state reactions. These include microscopic identification, 
x-ray analyses, density determination, and magnetic, electrical, 
and optical measurements. These are chosen in sufficient combina- 
tion to  provide ample evidence that the product is single-phase, 
stoichiometric, and homogeneous. 

The arrangement of the syntheses in the first part of Volume 
XIV is divided into three chapters, namely, Phosphorus Com- 
pounds, Non-Transition-Metal Compounds, and Transition-Metal 
Compounds. The reader is advised to seek particular compounds in 
the subject or formula indexes. The indexes at the end of this 
volume are cumulative from Volume XI through Volume XIV. 

xi 



xii Preface 

Inorganic Syntheses, Inc. is a nonprofit organization whose goals 
are to further interest in synthetic inorganic chemistry. Since the 
preparations are detailed and checked, they can probably be 
carried out even by uninitiated workers in a new field. The 
generous cooperation of inorganic chemists is necessary for the 
continued success of this series. 

We should like to thank many of the members of Inorganic 
Syntheses, Inc. for their generous help in making this volume 
possible. In particular, we thank Professors W. C. Fernelius, S .  
Kirschner, T. Moeller, S. Y. Tyree, Dr. G. Parshall, and Dr. W. H. 
Powell for the many hours they have spent helping us with the 
perplexing problems concerning the checking difficulties. We 
should like to thank Dr. D. B. Rogers and his associates at E. I. du 
Pont de Nemours & Company, and our own students as welI, who 
have helped us prepare this volume. Finally, we would like to 
thank Janet W. Cherry for her contributions in preparing the 
manuscript. 

A. Wold 
J. Ruff 



NOTICE TO 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. 
Inorganic Syntheses, Inc. 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 current 
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. 

Inorganic Syntheses, Inc. 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. I t  should also 
include an estimate of the time required for the synthesis, and 

xiii 



xiv Notice to Contributors 

indication of the importance and utility of the product, and an 
admonition if any potential hazards are associated with the 
procedure. The Procedure should present detailed and unam- 
biguous laboratory directions and b e  written so that it anticipates 
possible mistakes and misunderstandings on the part of the person 
who attempts to dupIicate 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 unusual starting materials must be given, 
and, if possible, minimal standards of purity of reagents and 
solvents should be stated. The scale should be reasonable for 
normal laboratory operation, and any problems involved in scaling 
the procedure either up or down should be discussed. 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 relevant 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. 

Inorganic Syntheses, Inc. determines whether submitted syntheses 
meet the general specifications outlined above. Every synthesis 
must b e  satisfactorily reproduced in a different laboratory other 
than that from which it was submitted. 

Each manuscript should be submitted in duplicate to the 
Editorial Secretary, Professor Stanley Kirschner, Department 
of Chemistry, Wayne State University, Detroit, Michigan 48202, 
U.S.A. The manuscript should be typewritten in English. No- 
menclature should be consistent and should follow the rec- 
ommendations presented in “The Definitive Rules for Nomen- 
clature of Inorganic Chemistry,” J. A m .  Chem. Soc., 82, 5523  
(1960). Abbreviations should conform to those used in publica- 
tions of the American Chemical Society, particularly Inorganic 
Chemistry. 
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Chapter One 

PHOSPHORUS COMPOUNDS 

1. PHOSPHINE 

2AlP + 3H2 SO4 - 2PH3 + A12 (SO4 )3 

Submitted by ROBERT C. MARRIOlT,* JEROME D. OWM,* 
and CURTIS T. SEARS, JR* 
Checked by V. D. BIANCOS and S. DORONZOS 

Phosphine has been prepared by the action of either water' or 
hydrochloric acid2 on calcium phosphide or zinc pho~phide;~ the 
reaction of hot basic solutions on elemental phosphorus: the 
pyrolysis of phosphorus acid: and the action of sulfuric acid on 
aluminum phosphide.6 The last method is the most convenient for 
the laboratory preparation of phosphine. 

The method illustrated below is useful for the production of 
phosphine in quantities up to 5 g. It can be used to introduce the 
phosphine in the gas phase directly' into a subsequent reaction. It 
is also adaptable to the synthesis of PD3 by reaction of Alp with 
D2 SO4 -D2 0. 

*University of South Carolina, Columbia, S.C. 29208. 
t Resent address: Department of Chemistry,Ceorgia State University,Atlanta,Ca. 30303. 
SIstituto di Chimica Generalc ed Inorganica, Universita di Bari, Bari, Italy. 

1 
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Edited by Aaron Wold, John K. Ruff 
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2 inorganic Syntheses 

Caution. Phosphine is an extremely toxic gas. Maximum safe 
concentration for constant exposure is 0.3 p.p.m. of vapor in air. 
The crude reaction product is spontaneously flammable in air’ 
because of the presence of trace amounts of P2Hq. The reaction 
and the cleaning of the reaction vessel should be carried out in an 
efficient fume hood. 

Procedure 

A 500-ml., three-necked, round-bottomed flask is equipped with 
a magnetic stirrer, a Claisen adapter in which are inserted two 
pressure-equalizing addition funnels, a nitrogen source, and an 
outlet to a series of traps (Fig. 1). Trap 1 is cooled to -78°C. (Dry 
Ice-acetone mixture) and is attached to a drying tube filled with 
potassium hydroxide. Traps 2 and 3, equipped with stopcocks, are 
cooled to -196OC. (liquid nitrogen*). All connections are made of 

*If it is desired to have the phosphine as it is generated in the gas phase introduced 
into a subsequent reaction mixture, then replace traps 2 and 3 with the appropriate 
reaction vessels. The phosphine may contain a s m a l l  trace of P, H, at this point. 

three -necked, 
(I 24 /40 )  
round-bottomed 

Addltion funnels 
(pressure equollzmg) 

Claisen odopter 

N2 inlet 

500 - ml., 
three -necked, 

% % 4 - % ” m e d w  Trap I flash 11 I Moonetic 

20% cuso, 
solution 

stirring bar - 
m. 1 

2070, cuso, 
solution 



Phosphine 3 

Tygon tubing. The tubing exiting from trap 3 is immersed in a 
20% solution of CuS04 to remove any traces of phosphine which 
are not condensed. The round-bottomed flask is charged with 1.18 
g, (0.02 mole) of aluminum phosphide,* 10 ml. of water is placed 
in one funnel, and 50 ml. of 6 M sulfuric acid is placed in the 
other funnel. The entire system is flushed with nitrogen for 10 
minutes. The nitrogen flow is reduced to a very slow flow rate? 
(one bubble per second from the CuS04 solution). Enough water 
(5-7 ml.) to cover the aluminum phosphide is added quickly to 
the reaction flask without stirring. Evolution of the phosphine 
begins immediately. After the initially vigorous reaction has 
subsided (approximately 5 minutes), stirring is started, and 5 ml. 
of 6 M sulfuric acid is added dropwise over a period of 15 minutes. 
The rate of addition of sulfuric acid is increased so that the 
remainder is added during a period of 10 minutes. After the 
addition is complete, the reaction mixture is stirred an additional 
20 minutes to ensure complete reaction. 

The nitrogen flow is stopped, and the two liquid-nitrogen traps 
are isolated. The phosphine is purified by evacuating the traps 
(still at -196OC.) and distilling into a vacuum line through a 
-131OC. trap (n-C5Hl2 slush) into a -196OC. trap. Typical yields 
by this method are 75-77%. 

Properties 

Phosphine prepared by this method exhibits a vapor pressure of 
170 ?r 1 mm. at  -111.6OC. (CS2 slush). The literature value is 171 
mm.8 Infrared9 and mass spectral" data have been reported. The 
infrared spectrum shows vpH at 2327 cm.-' and also peaks at 
1121 and 900 cm.-'. In the gas phase, all these bands show 
complex fine structure. 

Ventron Corporation, P.O. Box 159, Beverly, Mass. 01915. 
+If the flow rate of nitrogen is too fast, a significant amount of phosphine is swept 

through the liquid-nitrogen traps. 
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2. tert-BUTYLDICHLOROPHOSPHINE AND 
DI-tert-BUTYLCHLOROPHOSPHINE 

Submitted by M. FILD,* 0. STELZER,* and R SCHMUTZLER* 
Checked by C. 0. DOAKT 

The reaction of Grignard reagents with phosphorus trichloride 
usually proceeds all the way to the tertiary phosphine, R3P.I 
Stepwise alkylation is rarely observed. Examples of the latter 
include the formation of small amounts of the monochloro- 
phosphines, (n-C8 HI, )2 PCI2 and (C, HI1 )2 in the reaction of 
the appropriate Grignard reagents with phosphorus trichloride. In 

*Lehntuhl B fur Anorganische Chemie der Technischen Universitat, Pockelsstrasse 4, 

?Department of Chemistry, North Carolina State University, Raleigh, N.C. 27607. 
D 33, Braunschweig, Germany. 
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tert-Butyldichlorophosphine and Di-tert-butylchlorophosphine 5 

these cases, there is evidence that introduction of the third 
hydrocarbon group is difficult for steric reasons. 

The nonformation of tertiary phosphines is particularly evident 
in the reaction of phosphorus trichloride with the Grignard re- 
agents obtained from alkyl halides containing a branched primary, 
secondary, or tertiary alkyl g r ~ u p . ~ * ~ * ' ~ *  Thus, by using the ap- 
propriate molar ratio, PC13 /RMgX, a convenient preparation of 
the chlorophosphines, (CH3 )3  CPC12 and [ (CH3 )3C] PC1, is pos- 
sible from phosphorus trichloride and tert-butylmagnesium chlo- 
ride (tert-butylchloromagnesium). 

Bocedure 

A. tert-BUTYLDICHLOROPHOSPHINE 

1. Reparation of the Crignard Reagent 

In a 1-l., three-necked flask, 100 ml. of absolute diethyl ether 
and 9.2 g. (0.1 mole) of freshly distilled tert-butyl chloride are 
added to 24.3 g. (1 g. atom) of magnesium turnings. The flask is 
equipped with a mechanical stirrer, reflux condenser, and a 
250-ml. dropping funnel. The reaction is initiated by adding a few 
drops of bromine. The rest of the tert-butyl chloride (83.3 g., 0.9 
mole), which has been dissolved in 200 ml. of ether, is added 
through the dropping funnel at such a rate that the reaction 
mixture remains at its boiling point. After the chemicals have been 
added, the mixture is maintained at reflux for an additional hour. 
The Grignard solution is then poured, under a nitrogen 
atmosphere, through a bent tapped adapter into a 500-ml. 
dropping funnel with a pressure-equalizing side arm. A small 
amount of glass wool is placed in the bottom of the dropping 
funnel in order to prevent clogging of the stopcock. 

2. Reparation of tert-Butyldichlorophosphine 

The reaction is conducted in an apparatus identical with that 
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used in the preparation of the Grignard reagent. Phosphorus 
trichloride (137 g., 1 mole), dissolved in 600 ml. of ether, is placed 
in a 2-l., three-necked flask. The Grignard solution, contained in 
the 500-ml. dropping funnel, is added dropwise with stirring to the 
phosphorus trichloride over a period of 3 hours. A stream of 
nitrogen is slowly passed through a T tube on top of the reflux 
condenser, while a bath temperature between -20 and -1OOC. is 
maintained during the addition period. 

The temperature of the reaction mixture is allowed to  rise to  
room temperature. The mixture is then refluxed for 1 hour. Solids 
are removed by filtration through a coarse sintered-glass, fritted 
funnel.* The residue is washed with two 100-ml. portions of ether. 
Ether and other volatile products are removed by distillation, 
first a t  atmospheric pressure, then in uacuo until a pressure of 40 
mm. has been reached. The residual ether solution is added in 
portions to a 100-ml. flask assembled for distillation through a 
12411. Vigreux column. Distillation of the higher-boiling residue 
gives tert-butyldichlorophosphine as a colorless liquid of b.p. 
142-145OC., which solidifies on standing. The yieldt is 70-80 g. 
(44-50%), based on tert-BuMgC1. 

B. DI-tert-BUTY LCHLOROPHOSPHINE 

1. Preparation of the Grignard Reagent 

The Grignard reagent is prepared in a 2-I., three-necked flask, 
fitted with a 500-ml. pressure-equalizing dropping funnel, a reflux 
condenser with a drying tube, and a mechanical stirrer. Magnesium 
turnings (24.3 g., 1 g. atom) and tert-butyl chloride (92.5 g., 1 
mole) contained in a total 1300 ml. of dry ether are employed. 
After the initial addition of 400 ml. of ether, the magnesium 

*See, e.g., D. F. Shriver, “The Manipulation of Air-sensitive Compounds,” p. 147, Figs. 

tThc checker suggests a second distillation in order to obtain a very pure product. 
7,9; McGraw-Hill Book Company, New York, 1969. 
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turnings are etched with a trace of iodine. The reaction is then 
started by the addition of tert-butyl chloride. Subsequently, the 
ether solution of tert-butyl chloride is added gradually so that the 
ether solvent is kept at its boiling point (ca. 3 hours). To complete 
the reaction, the mixture is allowed to  reflux for another hour. 

The immediate use of the Grignard reagent thus obtained is 
imperative. If it is allowed to stand for any period of time, the 
yield in the subsequent reaction with phosphorus trichloride is 
reduced drastically. Furthermore, if formation of larger amounts 
of a white precipitate is observed at  the end of the Grignard 
reaction, the reaction mixture should be discarded. 

2. Reparation of Di-tert-butylchlorophosphine 

This preparation is conducted in the same flask as that in which 
the Grignard reagent has been prepared. Phosphorus trichloride 
(34.4 g., 0.25 mole, in 50 ml. of ether) is added at room 
temperature with stirring to the Grignard reagent. A precipitate is 
formed readily. The reaction mixture is boiled and is allowed to  
reflux for 2 hours. Then the ether solution containing the product 
is separated from the precipitate by careful decanting into a 
500-ml. dropping funnel in which some glass wool has been 
placed. This operation is conducted in a countercurrent of 
nitrogen. The decanted product is then added in portions through 
a 12-in. Vigreux column to a small flask set up for distillation at  
atmospheric pressure. The oily, yellow product thus remaining is 
distilled in uacuo. The product obtained is a colorless liquid of b.p. 
70-72°C. (13 mm.); 100-102°C. (48 mm.). The yield ranges from 
25 to  31.5 g. (55-70%). 

Properties and Uses 

Both chloro phosphines, tert-C4 H9 PClz and ( tert-C4 Hg )z PC1, are 
very sensitive to air and moisture and must be handled in a 
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TABLE I Physical Data for tert-C4H9PCiz and (tert-C4H9)zPCI 

Compound 

tert6,  H, PCI, 

( t e r t 6 ,  H, )* PC 

m.p., "C. 

49' 

51.5-52.5' 
44-48" 

2-3O 

b.p., "C. 

145-150 
(760 mm)' 
1 40-145, 
139'' 

69-70 
(SO/ 12 mm)14 

(10 mm)' 

(13mm)' 

(3  mm)* 

(9 mm)' 

70-72 

48 

68-69 

- 198.6" 

-200" 

-145.0" { 

bH,  p.p.m. $ 

-1.07'' 

-1.22" 

-- 1.19'' 

'JP-H, HZ. 

15.09 

15.0" 
15" 

12.0' 

12.29 

12.0" 

*Relative to an external H, Po, standard. 
t' H and 3' P spectra recorded in benzene solution. 
$Relative to internal Si(CH,),. 
0 Neat liquid. 

nitrogen atmosphere at all times. Distillation is the best method of 
purification for both compounds, but it has been reported that 
tert-C4 H9 PClz may also be sublimed in uucuo (unspecified 
pressure) at 25OC.' 

Physical data, such as melting and boiling points (m.p., b.p.), 
and H and 31 P n.m.r. data, reported by various investigators, are 
listed in Table I. 

The tert-butylchlorophosphines are of importance as versatile 
synthesis intermediates. Thus, dehalogenation of (tert-C4 H9 )z PC1 
and tert-C4H9PClz with sodium in dioxane leads to tetra- 
tert-butyldiphosphine and tetra-tert-butylcyclotetraphosphine 
(tetra-tert-butyltetraphosphetane), respectively.6 Reduction of 
(tert-C4 H9 )z PCI with lithium aluminum hydride [lithium tetra- 
hydridoaluminate( 1 -)] gives the secondary phosphine, (tert- 
C4H9)z PH.' The reaction of ( t e ~ t - C ~ H ~ ) ~  PCI with Grignard 
reagents gives tertiary phosphines, RP(tert-C4 H9 )z. A better route 
to tertiary phosphines, especially (tert-C4 H9)3P, is available in the 
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reaction of (tert-C4 Hg ) 2  PC1 with organolithium compounds.'* l 4  

Tri-tert-butylphosphine is of current interest as a ligand. l 2  

Both chloro phosphines, (tert-C4H9), PC13-, (n = 1,2), serve as 
precursors to  the fluoro phosphines, (tert-C4H9 ), PF, -,, obtained 
by fluorination of the former by using sodium fluoride in 
tetrahydrothiophene 1,l-dioxide (sulfolane) or  acetonitrile." The 
addition of sulfur to (tert-C4 H9 )n PCl,., furnished the corre- 
sponding sulfides, (tert-C, H9 )n  P(=S)C13., .9i11 tert-Butyl- 
phosphonothioic dichloride was also obtained by the reaction of 
tert-C4 H, P(=O)Cl2 with P4 S10.13*14 Hydrolysis of tert-C4 H9PC12 
and (tert-C4 H9)2 PC1 furnished the acids, tert-C4 H9 P(=O)- 
(H)(OH), and ( t e ~ t - C ~ H , ) ~  P(=O)(H).I4 Reaction of tert- 
C4 H9 PCl, with tert-C4 H, Cl-AlC13 gave the Kinnear-Perren 
complex which was hydrolyzed to the phosphinic chloride 
(tert-C4 H9)2 P(=O)Cl.14 Amino derivatives have been obtained by 
the reaction of both tert-C4 H9 PC12 and (tert-C4 H9 ) 2  PCl with 
ammonia and a m i n e ~ . ~ .  l 5 7 I 6  The dichlorophosphine, tert-C4 H, PCl,, 
served as an intermediate in the synthesis of the chloro phosphine, 
(tert-C4 H, ) (CH3)PC1." 
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3. 1 ,ZBIS(PHOSPHINO)FiTHANE 

A 
ZP(OC2 HS )3 + BrC2 H, Br - 

0 0 
1 li 

(c2 H5 O)2 E 2  H4 p(0c2 H5 )2 -I- 2c2 H5 Br 
0 0  
II I1 Et, 0 

Z(C2 Hs 0 ) 2  PC2 H4 P(OC2 H5 )2 + 3LiAlH4 - 
2H2 PC2 H4 PH2 + 2LiA1(OC2 H, )4 + LiAI(OH)4 

Submitted by R CRAIG TAYLOR* and DOUGLAS B. WALTERST 
a e c k e d  by E R. WONCHOBAS and G. W. PARSHALLS 

The importance of ethylenediamine as a chelating agent for metal 
ions is well established.' The compound is an excellent example of 
a simple bidentate hard base. The synthesis of the phosphorus 
analog has been reported only recently by Maier.* Potentially, 
1,2-bis(phosphino)ethane is an excellent example of a simple 
bidentate soft base; however, very little of its chemistry has been 
investigated. In particular, no reactions of the ligand with metal 
ions have been reported. The following detailed procedure is 
submitted with the hope of stimulating research into the derivative 
chemistry of this ligand. The procedure outlined here is similar to 
Maier's, although more details and precautions have been included 
in order to facilitate the synthesis. 

Caution. The lithium aluminum hydride reduction step must 
be carried out in a good hood because of the extreme toxic 
nature of 1,2-bis(phosphino)ethane. The product is spontaneously 

'Chemistry Department, Oakland University, Rochater, Mich. 48063. 
tChemistry Department, University of Georgia, Athens, Ga. 30601. This work w a s  

$Central Research Department, E. I. du Pont de Nemours & Company, Wilmington, 
supported by the National Science Foundation under grant GP-8512. 

Dcl. 19898. 
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flammable in air; hence, manipulations must be carried out under 
a nitrogen atmosphere. 

Procedure 

Although the starting material, tetraethylethylenebis (phospho- 
nate) is commercially available,* its synthesis is reported here. I t  is 
possible to  prepare this intermediate by a number of different 
 method^;^' however, the Arbusov type of rearrangement' is less 
time-consuming than the others which have been reported. 

A mixture of 314 g, (1.89 moles) of triethyl phosphitet and 200 
g. (1.05 moles) of 1,2-dibromoethane is placed in a two-necked, 
500-ml., round-bottomed flask equipped with a thermometer well. 
The flask is attached t o  a Nester-Faust 24-in. intermediate-model 
spinning-band distillation column with a column bore of 8 mm.$ 
The pot temperature is maintained at 145-150°C. After its 
contents are heated at this temperature for 13-2 hours, ethyl 
bromide commences to distill. Approximately 130 ml. (180-190 
g., 1.6-1.7 moles) of ethyl bromide is collected. After the removal 
of ethyl bromide is completed, the reaction mixture is cooled to 
ambient temperature and subsequently fractionated under re- 
duced pressure. The following fractions are obtained: 

b.p., 55'C./mm. 100 g. 
0 
A 
0 0  

b.p., 100-107'C./mm. 30 g. (C2 H, 0 1 2  p c 2  H,Br 

II n 
(C2H,0)2PC2H,P(OC2H~)2 b.p., 155-157'C./mm. 125 g., 44% yields 

*Strem Chemicals, Inc., 150 Andover St., Danvers, Mass. 01923. 
+Although the checkers suggested freshly distilled triethyl phosphite, the authors have 

found the material obtained from Aldrich is quite satisfactory. 
$Any efficient fractionating column may be used in place of the described one. 

However, the checkas found that the bore of the fractionating column was quite critical 
for the success of the synthesis. 

§Checkers obtained 71.6 g. (25%). 
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The product obtained in this fashion is suitable for the next step 
in the synthesis. 

The following reaction must be carried out under a nitrogen 
atmosphere. Extreme caution should be exercised during the 
collection of the product because of its toxic and flammable 
nature. 

A 3-l., three-necked, round-bottomed flask is equipped with an  
air-driven mechanical stirrer, a 250-ml. pressure-equalizing 
dropping funnel with a nitrogen inlet attached at the top, and a 
Freiderich's condenser. The gases emanating from the condenser 
outlet are allowed to pass through an empty 1-1. flask and 
subsequently through a series of two 250-ml. Drechsel gas-washing 
bottles fitted with fritted disks and half-filled with bromine 
water.* This precaution effectively traps the toxic vapors 
produced during the reduction step. 

The entire system is flushed thoroughly with dry nitrogen before 
charging with reactants. A suspension of 40 g. (1.05 moles) of 
lithium aluminum hydride in 1 1. of anhydrous diethyl ether is 
introduced into the flask. The dropping funnel is charged with a 
solution of 100 g. (0.33 mole) of tetraethylethylenebis(ph0s- 
phonate) in 180 ml. of diethyl ether. The flask and its contents 
are cooled with an external petroleum ether (100-1 15"C.)-Dry Ice 
bath maintained at 0°C. The solution containing the phosphonate 
is added dropwise with stirring during the course of 3 hours. 

(. Caution. A cracked flask could be dangerous.) The reaction 
mixture is allowed to stand overnight at ambient temperature, 
after which it is hydrolyzed by the slow addition of 800 ml. of 6 
N hydrochloric acid. The ether layer is separated and dried over 
anhydrous sodium sulfate for 8 hours. The dried ether layer is 
transferred, under nitrogen, to a 1 -1., round-bottomed flask with 
24/25 and 10/30 standard-taper (S.T.) outer joints. The mixture is 
fractionated under a slight positive pressure of nitrogen with the 
use of the still and traps previously described. The ether is 

*The checkers found that full-strength Clorox is a satisfactory substitute for bromine 
water. 
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removed by gentle heating. The temperature is raised gradually, 
and ethyl alcohol (a product of the reduction) distills at 78°C. 
Finally, the 1,2-bis(phosphino)ethane distills at 114-1 17°C. (in 
literature,’ 114-1 17”C./725 torr) as a colorless liquid. The yield 
is 18 g. (57%).* It is convenient for future handling purposes to 
collect the product in previously weighed glass ampuls which can 
be sealed off rapidly with a gas-oxygen torch.The use of stopcocks 
should be avoided, for the product attacks most commonly used 
laboratory greases. 

Roperties 

1,2-Bis(phosphino)ethane is a colorless, volatile liquid with the 
very unpleasant odor characteristic of primary and secondary 
phosphines. Its vapor pressure2 may be represented by the 
equation : 

logp  (mm.) = -= + 8.02813 
T 

T = kelvin 

It is immiscible in water but is very soluble in common organic 
solvents, e.g., ethanol, ether, tetrahydrofuran, and benzene. The 
gaseous infrared spectrum’ exhibits a strong P-H stretch at 2292 
cm.-’. Other infrared bands occur at 2920, 1085,930, 838,820, 
and 670 cm.-’. The 31P n.m.r. spectrum shows the expected 
triplet centered at  131 p.p.m., with aJP-H of 193 Hz.? The ‘ H  
n.m.r. spectrum consists of a doublet centered at 3.3 p.p.m., with 

Jp-H = 194 Hz. Each half of this doublet is further split into a 
triplet as a result of the coupling of the phosphorus protons with 
the methylene protons 6 Hz.). The methylene protons exhibit 
a complex pattern centered at 2.22 p.p.m.3 

*The checkers obtained a yield of 16 g. 
tThe”P n.m.r. spectrum was run at 24.288 MHz. on a Hitachi-Pcrkin Elmer R-20 

with 85% H,PO, as an external standard. 
$The H n.m.r. was run at 60 MHz. on the same instrument with TMS as an internal 

standard. 
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4. TETRAMETHYLDIPHOSPHINE AND FLEXIBLE 
ALIPHATIC (DKMETHYLPHOSPHINO) LIGANDS 

Submitted by C. KORDOSKY,* B. R. COOK,* JOHN CLOYD, JR.,* 
and DEVON W. MEEK* . 
Checked by C. W. PARSHALLt and E. R. WONCHOBAt 

Simple trialkylphosphines, R3 P, can be prepared relatively easily 
by using excess Grignard or alkyllithium reagents.’l2 However, the 
synthesis of mixed Rz R‘P monophosphines or chelating aliphatic 
ligands of the type of Rz P(CHz )n A (where A = a donor group and 
n = 2,3,4) have been almost prohibitively difficult, owing to  the 
toxicity, chemical reactivity, oxidation sensitivity, and commercial 
unavailability of likely precursors. 

Recent use of phosphine ligands in the areas of ~ a t a l y s i s , ~ . ~  
pentacoordination,’ p 6  and oxidative-addition reactions’ has 
prompted investigations into variations of donor basicity, chelate 
chain length, and mixed sets of donor atoms. Thus, relatively 
accessible synthetic routes to chelating aliphatic phosphines are 
needed. Removal of sulfur from a diphosphine disulfides and 
subsequent preparation of NaPRz in liquid ammonia provides a 
useful laboratory route to aliphatic phosphines. For example, 

*Ohio State University, Columbus, Ohio 43210. 
tCentral Research Department, E. I.  du Pont de Nemours & Company, Wilmington, 

Del. 19898. 
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tetramethyldiphosphine disulfide, (CH3 ) 2  P-P(CH3 ) 2 ,  and tetra- 

ethyldiphosphine disulfide, (C2 H s  ) 2  P-P(C2 HS ) 2 ,  are commer- 

cially available; in addition, the tetrapropyl-, tetrabutyl-, and 
bis(methylpheny1)diphosphine disulfides are available by a Grignard 
reaction.’ 

Preparations of the following three aliphatic chelating (dimethyl- 
phosphino) ligands illustrate the synthetic route and the procedure 
that can lead to a large number of new phosphine ligands. 

II II s s  
II II s s  

A. TETRAMETHYLDIPHOSPHINE 

(CH3 )2 f ; - p 3  12 + 2(n-C4H9 13 p - 
s s  

(CH3 )2 P-P(CH3 )2  + 2(n-C4 H ,  ) 3  P=S 

Procedure 

8 Caution. Tetramethyldiphosphine and dimethylphosphine 
are toxic and spontaneously flammable in air. These reactions 
should be carried out in a purified nitrogen atmosphere and in a 
very good hood. 

A carefully dried, 500-ml., three-necked, round-bottomed flask 
is fitted with a compact distillation head and condenser, a 
pressure-equalizing addition funnel, and a nitrogen gas inlet tube. 
The nitrogen passes out through the distillation head. If conven- 
tional stopcocks are used, they should be lubricated with 
fluorocarbon or silicone grease. 

Tetramethyldiphosphine disulfide (46.5 g., 0.25 mole) and 11 1 g. 
(0.50 mole plus 10% excess) of tributylphosphine are added 
directly to  the three-necked flask.* The funnel is replaced with a 

‘Tetraethyl- and tetramethyldiphosphine disulfide (Orgmet, Inc., 300 Neck Rd. 
Haverhill, Mass. 01 830), tributylphosphine (Carli.de Chemical Works, Inc., Reading. Ohio 
45215), and 1,3-dichloropropane (Eastman Kodak Company, Rochester, N.Y. 14600) 
were obtained commercially and used without further purification. The first two 
reactants are completely inert to one another at room temperature and can be placed 
in the reaction vessel simultaneously. 
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glass stopper, and the temperature is raised slowly with an oil bath 
to 1 7OoC. At this point, the tetramethyldiphosphine disulfide 
dissolves and reaction commences, as indicated by a gentle 
frothing of the solution. The reaction is essentially complete 
within 3 hour, after which the frothing subsides. The reaction 
mixture is cooled to room temperature, and the distillation head is 
connected to a vacuum distillation setup. The three-necked flask is 
heated in an oil bath to distill tetramethyldiphosphine at 6 1-63"C. 
at 55 torr.* The yield is 24.4-26.8 g. (80-88%).t 

Since tetramethyldiphosphine is so sensitive to air, the following 
procedure is useful for detaching the collection flask from the 
distillation head and for obtaining the weight of the sample. The 
nitrogen flow is continued while the flask that contains the 
tetramethyldiphosphine is cooled to -78°C. (At -78OC. the 
diphosphine is a solid.) Concurrently, a glass, hollow stopper is 
fitted with a septum cap that contains a small syringe needle (A in 
Fig. 2). The needle is attached by Tygon tubing, placed between 
two gas bubblers, and connected to the dry nitrogen gas. This 
arrangement ensures that a stream of dry nitrogen passes through 
the needle when it is not attached to a flask; also it ensures a 
positive nitrogen pressure inside the flask. The flask containing the 
solid tetramethyldiphosphine is removed from the distillation 
apparatus, and the syringe-needle glass stopper is quickly 
attached. After the flask warms to room temperature, the needle is 
removed from the septum, the flask is weighed, and the weight of 
the tetramethyldiphosphine is determined by difference. The 
needle and nitrogen stream are reinserted into the septum, and the 
flask is cooled again to -78OC. The syringe-needle glass stopper is 
removed, and the flask is attached by a curved glass adapter (B in 
Fig. 2) to an addition funnel, preparatory to formation of sodium, 
dimethylphosphide [ (dimethylphosphino)sodium] . The material 

*Tetramethyldiphosphinc distills at 131°C. at ca. 750 ton. However, the vacuum 

tTributylphosphine sulfide. (nC,H,), P=S, remains in the threenecked fIask, since it 
distillation is preferred for safety; also less frothing occurs at the lower temperature. 

distills at 1 1  l"C./O.l ton. 
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N2 

f i g .  2 

N, to 
needle 

Pyrophorlc 
material 

that has been collected as above is used in the three syntheses 
below without additional purification. 

B. 1,3-BIS( DIMETHY LPHOSPHIN0)PROPANE 

“CH3 12 PI 2 + m a  - 2N*(CH3 12 
2 (CH3 )2 PNa + CICHz CH2 CH2 C1 - 

(CH3)2PCH2CH2CH2P(CH3)2 + 2NaCl 

Bocedure 

A 500-ml., three-necked, round-bottomed flask is charged with 
300 ml. of anhydrous liquid ammonia and equipped with a Dry 
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Ice-acetone condenser, a mechanical stirrer, a nitrogen gas 
inlet-outlet system, and the pressure-equalizing addition funnel 
containing the tetramethyldiphosphine. The liquid ammonia is 
maintained a t  -78OC. during the reactions. Freshly cut pieces of 
sodium (8.4 g., 0.37 mole) are added to the liquid ammonia, 
which produces a blue solution. The tetramethyldiphosphine (22.6 
g., 0.1 85 mole) is added dropwise. A deep-green solution develops 
as the diphosphine is added. The addition funnel is rinsed with 25 
ml. of anhydrous diethyl ether t o  remove the remaining tetra- 
methyldiphosphine, and it is then recharged with 20.7 g. (0.18 
mole) of 1,3-dichloropropane in 50 ml. of ether. This solution is 
added dropwise, whereupon the color of the liquid-ammonia 
solution becomes bright red. Addition of the 1,3-dichloropropane 
solution is stopped when the liquid ammonia-(CH3)* PNa solution 
becomes colorless, since the excess would react with the product 
to produce phosphonium salts. The cold bath and COz condenser 
are removed and the ammonia is allowed to evaporate into a hood. 
When the flask reaches room temperature, 200 ml. of dry ether is 
added. The resulting slurry, which contains the liquid bis(phosphine) 
and the precipitated sodium chloride, is transferred to  a closed 
filtering flask containing 5-6 g. of anhydrous sodium sulfate (A in 
Fig. 3). The filtering flask is attached to  a 5O-ml., three-necked, 
round-bottomed flask which is equipped with a micro distillation 
head, short Vigreux column, and nitrogen inlet tube. The ether is 
removed and the 1,3-bis(dimethylphosphino)propane is distilled at 
62-63OC./4 torr. The yield is ca. 24.3 g. (80%). 

Boperties 

1,3-Bis(dimethylphosphino)propane is a colorless liquid that is 
very sensitive to air and other oxidizing agents. A proton n.m.r. 
spectrum of the neat liquid has two doublets centered at 9.067 
and 8.577 = 2.9 Hz.), which are assigned to  the methyl and 
methylene protons, respectively, on the basis of the 2.O:l.O 
integration. 
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Hg. 3. Distil&tion appamrus for the ligands. 

The disulfide derivative of the ligand is prepared by adding 0.23 
g. of recrystallized sulfur to 0.6 g. of the diphosphine in 50 ml. of 
dry benzene. An exothermic reaction occurs, and a white solid is 
deposited. The disulfide is recrystallized from dichloromethane; 
m.p. = 226-227.5"C. The infrared P=S stretching frequency occurs 
at 575 cm.-'. Anal. Calcd. for C7HI8P2S2: C, 36.83; H, 7.95;S, 
28.09. Found: C, 36.25; H, 8.01; S, 28.74. 

The bis(phosphine) forms stable complexes with a large number of 
transition metals. For example, the five-coordinate [ML2 X]+(M = 
Ni, Co) and the six-coordinate truns-[CoL2 X2 1' complexes have 
been characterized.'O 
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C (1-DIMETHY LPHOSPHINO)(3-DIMETHY LARSIN0)- 
PROPANE 

(CH3 )2 PNa + ClCH2 CH2 CH2 As(CH3 )2 - 
(CH3 )2 PCHz CH, CH2 As(CH3 ) z  + NaCl 

hocedure 

A sodium dimethylphosphide solution is prepared as in Sec. B 
from 4.6 g. (0.20 mole) of sodium, 200 ml. of anhydrous liquid 
ammonia, and 12.2 g. (0.10 mole) of tetramethyldiphosphine. 
Then 36.5 g. (0.20 mole) of (3-chloropropyl)dimethylarsine" is 
added dropwise to the reaction mixture. The color of the reaction 
mixture changes slowly from green to red and finally becomes 
colorless when the addition is complete. The liquid ammonia is 
allowed to evaporate into a hood at room temperature, and the 
remaining oil is distilled under vacuum; b.p. 43-44OC.Ito1-r. The 
yield is ca. 26 g. (0.125 mole, 63%). 

Properties 

(l-Dimethylphosphino)(3-dimethylarsino)propane is a colorless 
liquid that is sensitive to  air and other oxidizing agents. A proton 
n.m.r. spectrum of the neat liquid exhibits a singlet at 9.127, 
a doublet at 9.077 UP-., = 3 Hz.), and a complex multiplet 
centered at 8-52?, which are assigned the As-CH3, P-CH3, and 
methylene protons, respectively. 

The disulfide of (CH3 )z PCHz CH2 CH2 As(CH3 ) z  is prepared by 
adding 0.005 mole of the ligand to 0.32 g. (0.01 mole) 
recrystallized sulfur in 25 ml. of warm benzene. The crystals, 
which begin to appear almost immediately, are recrystallized from 
ethanol and dried in uacuo. The yield is 1.24 g. (91%); m.p., 
234-236OC. Anal. Calcd. for C7HI8AsPS2: C, 30.88; H, 6.62; S, 
23.53. Found: C, 30.60; H, 6.68; S, 23.79. The mass spectrum of 
the disulfide shows the parent ion peak at m/e = 272 and major 
peaks at 225 (C6H15PAsS+), 135 ((CH,),PCH,CH,CH,+) and 93 
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((CH ) F). The infrared P=S and As=S stretching frequencies are 

at 555 and 466 cm.-', respectively. 
The bis(methy1 iodide) quaternary salt of the arsenic phosphorus 

figand is prepared by adding the ligand (0.005 mole in 5 ml. of eth- 
anol) to a 50-ml., round-bottomed flask containing 20 ml. of methyl 
iodide. Immediately a white precipitate forms, which is stirred for 
20 minutes at room temperature and then collected on a filter. The 
white solid is recrystallized from hot ethanol by adding ether until 
a slight turbidity is apparent. The mixture is then cooled slowly, 
and the resulting crystals are collected and dried in uacuo. Yield, 
2.4 g. (97%); m.p. 259-26OoC. Anal. Calcd. for C9H24A~12P: C, 
21.95; H, 4.88; I, 51.62. Found: C, 21.91; H, 4.84; I, 51.37. The 
above salt exhibits a divalent electrolyte conductance behavior 
in nitromethane. 
(l-Dimethylphosphino)(3-dimethylarsino)propane forms stable 

complexes with a large number of transition metals; the four- 
coordinate NiLX2, the five-coordinate [ C0L2 XI', and the six- 
coordinate [ RhL2 X2 ]' complexes are illustrative of the types that 
have been characterized.'2* l3  

2 1 1  
S 

D. (l-DIMETHYLPHOSPHIN0)(3-DIMETHYLAMINO)- 
PROPANE 

2ClCHz CH2 CH2 N(CH3 )2*HCl+ Na2 C03 - 
(CH3 )2 PNa + ClCH, CH2 CH2 N(CH3 )2 - 
Rocedure 

2ClCH2CH2CH2N(CH3)2 + H2O + C02 + 2NaCI 

(CH3 )2 PCH2 CH2 CH2 N(CH3 )2 + NaCl 

9 Caution. The free amine is related to nitrogen mustardsand 
must be handled carefully in an efficient hood. 

Freshly distilled 3-chloro-N,N-dimethylpropylamine* (21.5 g., 
0.18 mole) is added dropwise to a sodium dimethylphosphide 

*Commercial Schloro-N.Ndimethylpropylamine hydrochloride (Michigan Chemical 
Corporation, 351 E. Ohio St., Chicago, Ill. 60611) was added to cold (OOC.), saturated 
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solution that is prepared as in Sec. B from 10.8 g. (0.09 mole) of 
tetramethyldiphosphine. During the addition of 3-chloro-N,N-di- 
methylpropylamine, the color of the reaction mixture changes 
from green to red to orange to a white turbid suspension. The 
liquid ammonia is allowed to  evaporate into the hood, and the 
resulting oil is extracted from the sodium chloride with the three 
75-ml. portions of anhydrous deaerated ether.* The ether extract 
is dried over anhydrous sodium sulfate for 2 hours, and then the 
ether is removed by distillation. The oil that remains is vacuum- 
distilled at 36OC./3 torr.? The yield is 16.7 g. (68%). 

Properties 

(l-Dimethylphosphino)(3-dimethylamino)propane is a colorless 
liquid that is sensitive to air oxidation. The proton n.m.r. 
spectrum of the neat compound has a six-proton doublet (Jp-H = 
2.5 Hz.) at 9.077, a four-proton multiplet centered at 8.607, a 
six-proton singlet at 7.887, and a two-proton multiplet at 7.777, 
which are assigned to the ,P-CH3, ,PCH2 CH2 -, , N-CH3, and 
N-CH2 - protons, respectively. The mass spectrum of the ligand 
shows the parent ion at m/e = 147 and major peaks at m/e = 132 

\ \ \ 

( C g H l s N P ) ,  89 ((CH3)2PCH2CH2+), 75 ((CH3)2PCH2+), 61 
((CH3 )2 q, 58 ((CH3 12 NCH2+), and 44 ((CH3 12 N+). 

The bis(methy1 iodide) derivative of (CH3 )2  PCH2 CH2 CH2 N- 
(CH3)2 is prepared by adding 0.5 g. of the compound to a 
50-ml. flask containing 20 ml. of stirred methyl iodide. The white 
solid, which appears immediately, is stirred for 2 hours, collected 
on a filter funnel, and recrystallized two times from absolute 
ethanol, m.p., 270-27 l0C.  Anal. Calcd. for C9 H2412 NP: C, 25.08; 
H, 5.61; I, 58.87. Found: C, 25.35; H, 5.49; I, 58.67. 

The white salt is a divalent electrolyte in nitromethane, and 

sodium carbonate solution covered with ether. After stirring for 5 minutes, the ether 
layer containing the free amine was separated, dried over potassium carbonate, and 
3chloro-N.Ndimethylpropylamine distilled at 65°C. at 68 tom. 

T h e  sodium chloride may also be removed by filtration with the filtering flask, as 
shown in Fig. 3. 

tThe checkers report a b.p. of 75-76°C. at 26 ton. 
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its proton n.m.r. spectrum in D20 has a doublet at 8.027 
14 Hz.), a singlet at 6.787, a complicated multiplet centered at 
7.807, and a complicated multiplet centered at 6.487. The doublet 
and singlet are assigned easily to  the (CH3)3P+- and (CH3)3N+- 
groups, respectively. 
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5. AMIDO(PHOSPHONITRIL1C CHLORIDE-CYCLIC TRIMER) 
AND 1,l -DIAMIDO(PHOSPHONITRILIC CHLORIDE- 

CYCLIC TRIMER) 

Submitted by GERALD R. FEISTEL,. MARLENE K. FELDTJ 
RONALD L. DECK,$ d THERALD MOELLERS 
Checked by GARY L. LUNDQUIST and C. DAVID SCHMULBACH 0 

Only three amido derivatives of phosphonitrilic chloride- 
cyclic trimer have been described, namely, the compounds 

*Ndco Chemical Company, 6225 W. 66th Pl., Chicago, Ill. 60638. 
tHighland Drive, Route 1, Belle Mead, N J. 08502. 
$Arizona State University, Tempe, Ariz. 85281. 
§Southern Illinois University, Carbondale, 111. 62901. 
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N3P3ClS(NH2), l,l-N3P3C14(NH2)2, and N3P3(NH2)6. The di- 
amido compound has been prepared by the reaction of an 
ethereal solution of phosphonitrilic chloride-cyclic trimer with 
either gaseous'-3 or aqueous'-' ammonia. No other ammonolysis 
product has been isolated from either reaction. The aqueous- 
ammonia procedure has the advantages of ease of handling and 
larger yield. The monoamido compound was first obtained, but 
only in small yield, as a pyrolysis product of the diamido 
deri~ative.~ However, the controlled removal of a single amido 
group from the diamido compound by using gaseous hydrogen 
chloride gives a larger yield of pure product?*' The hexaamido 
derivative is a product of the exhaustive ammonolysis of the 
trimeric cyclic chloride with liquid a m m ~ n i a . ~ ~ ~  

A. 1,l-DIAMIDO(PHOSPHONITR1LIC CHLORIDE- 
CYCLIC TRIMER) 

NjPjC16 + 4NH3 - l,l-N3P3Cls(NH2)z + 2NH4C1 

Procedure 

One hundred fifty grams (0.43 mole) of phosphonitrilic 
chloride-cyclic trimer" is placed in a single-necked, 2-l., 
round-bottomed flask which is equipped with a reflux condenser 
and a magnetic stirrer. Diethyl ether (500 ml.) is added to dissolve 
the solid. Four hundred and fifty grams of 15 M aqueous ammonia 
is added slowly through the reflux condenser while the contents of 
the flask are being stirred. After addition is complete, the mixture 
is heated at reflux for one hour while stirring is continued. The 
resulting two-phase system is transferred to a separatory funnel, 
where the ether layer is removed and washed several times with 
water. The ether solution is then dried over anhydrous calcium 
chloride, which is followed by solvent removal with a rotary 
evaporator. The resulting white solid is heated with 200 ml. of 
n-heptane to dissolve unreacted phosphonitrilic chloride-cyclic 
trimer. (The checkers report that the product at this stage melts at  



Amido(Phosphonitri1ic Chloride- Cjdic Trimer) 25 

163-165OC.) The solid remaining after filtration of the cooled 
suspension is recrystallized from diethyl ether by cooling the 
saturated solution to -7OOC. Yield, based upon phosphonitrilic 
chloride-cyclic trimer, is 80-95 g. (60-72%); m.p., 163-165OC. 
Anal. Calcd. for N3P3C14(NH2)2: N, 22.68; H, 1.31. Found: N, 
22.94; H, 1.35. The checkers report equally good results, working 
on one-third of the above scale. 

hoperties 

1 ,1-Diamido(phosphonitri1ic chloride-cyclic trimer) is a white, 
crystalline substance that melts over the range of 163-165OC. The 
compound is soluble in diethyl ether. Thermal decomposition is 
appreciable at room temperature but slow at -1OOC. That this 
procedure yields only a single compound suggests that the 
substance has the 1,1,  or geminal, molecular structure, rather than 
the 1,3 structure that allows for cis-trans i s o m e r i ~ m . ~ * ~  Although 
31P n.m.r. data for the compound itself do not distinguish 
between the 1,l and 1,3 configurations, comparable data for the 
compound N3P3C1,(N=PC13)2, formed as a product of the 
reaction of the diamido compound with phosphorus(V) chlo- 
ride:-' confirm the 1,l arrangement of amido  group^.^^^*" 
Nuclear magnetic resonance data for phenylated derivatives of 
N3 P3 C14 (N=PC13 )z 6 * 7  and data for phenoxy derivatives of the 
diamido compound12 also support the geminal molecular struc- 
ture. Group chemical shifts in the 31 P n.m.r. spectrum are PCl2, 
-18.3 p.p.m., and P(NH2)2, -9.03 p.p.m. (both versus 85% 
H3P04)?*5 Important bands in the infrared spectrum are 3340 
and 3240(vs) (N-H stretching), 1535(s) (N-H deformation), cu. 
1200(vs) (P-N ring stretching), 825(s) (P-C12 vibration), 650(m), 
600(vs), and 518(vs) cm.-' .6 

B. AMIDO(PHOSPHON1TRILIC CHLORIDE- 
CYCLIC TRIMER) 

N3 P3 C 4  (NH2 )2 + 2HC1 - N3 P3 CIS (NH2 ) + NH4 C1 
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Procedure 

One hundred grams (0.32 mole) of 1,l-diamido(phosphonitri1ic 
chloride-cyclic trimer) is placed in a 500-ml., three-necked flask 
and dissolved therein in 250 ml. of freshly distilled 1,4-dioxane.* 
A reflux condenser and magnetic stirrer are attached. The flask is 
equipped with a gas inlet tube, and the apparatus and its contents 
are weighed. Hydrogen chloride gas is bubbled through the 
solution. The flask, its contents, and the inlet tube are weighed 
frequently, and the flow of hydrogen chloride is terminated when 
a stoichiometric quantity has been added (total increase in weight 
= 23.4 g.).? The solution is heated under reflux and with constant 
stirring for 8 hours. (Checkers found 64 hours to be adequate.) 
The  hot suspension is filtered to remove ammonium chloride. The 
yellow filtrate is freed of solvent with a rotary evaporator. The 
resulting brown solid-oil mixture (checkers report off-white solid) 
is treated with 250 ml. of boiling carbon tetrachloride. The 
resulting solution decolorizes (imperfectly) under reflux with 
activated charcoal. The charcoal is removed by filtration through 
diatomaceous earth. The carbon tetrachloride is removed by 
careful evaporation to yield the crystalline product. Yield, based 
upon the diamido compound, is 70-76 g. (67-73%); m.p., 
138-139OC. Anal. Calcd. for N3P3C15 (NH,): N, 17.06; P, 28.30; 
C1, 54.00; H, 0.61. Found: N, 17.01; P, 28.41; C1, 53.08; H, 0.65. 
(Checkers report excellent results on a scale in quantity.) 

Properties 

Amido(phosphonitri1ic chloride-cyclic trimer) is a white crys- 
talline, slightly hygroscopic solid, which melts at 138-139OC. and 
dissolves in both 1,4-dioxane and carbon tetrachloride. Slow 

*The checkers found that removing peroxides by passing dioxane through an activated 
alumina column prior to distillation greatly reduced discoloration of the reaction 
solution which develops during reflux. 

?An excess of hydrogen chloride decreases the yield markedly. 
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decomposition on standing at room temperature releases hydrogen 
chloride. I t  reacts readily with phosphorus(V) chloride to yield the 
(trichlorophosphazo) derivative N3 P3 CIS (N=PCIJ )? -6 Group 
chemical shifts in the 31 P n.m.r. spectrum are PC12, -20.4 p.p.m., 
and PC1(NH2), -19.0 p.p.m. (both versus 85% H J P O ~ ) . ~ ? '  
Important bands in the infrared spectrum are 3200(vs) (N-H 
stretching), 1535(vs) (N-H deformation), 1200(vs) (P-N ring 
stretching), 979(s) (P-NH2 stretching), 855(s) (P-Clz vibration), 
and 740(s) cm.-'.6 (Checkers report 3350, 3250, 1542, 1200, 
988,860 and 848 doublet, 750,600,528 cm.-' .) 
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Chapter Two 

NON-TRANSITION-METAL COMPOUNDS 

6. PERCHLORYL FLUORIDE 

KC104 + 2HF + SbFs - c 1 0 3  F + KSbF6 + H2O 

Submitted by C. A. WAMSER,* B. SUKORNICK,T W. B. FOX,$ 
and D. COULD 0 
(hecked by A. F. CLIFFORD( and J. W. THOMPSON7 

Perchloryl fluoride, C103F, has been prepared by the action of 
elemental fluorine on potassium perchlorate,' by the electrolysis 
of sodium perchlorate in anhydrous hydrogen fluoride,2 and by 
reactions of various metal perchlorates with fluorosulfuric acid3 
or antimony(V) fluoride." Although the latest methods (with 
HS03 F or SbFS or both) are more convenient than the first ones, 
they suffer the disadvantages that elevated temperatures are 

*Allied Chemical Corporation, Industrial Chemicals Division, Syracuse, N.Y. 13209. 
+Allied Chemical Corporation, Specialty Chemicals Division, Buffalo, N.Y. 14200. 
$US. Naval Research Laboratory, Washington, D.C. 20590. 
§Allied Chemical Corporation, Corporate Chemical Research Laboratories, Moms- 

town, N J. 07960. 
Virginia Polytechnic Institute and State University, Blacksburg, Va. 24061. 
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required, yields are poor, and secondary reactions give impure 
products. A recent study of the solvolysis of perchlorates in 
fluorinated solvents5 has led to the development of a method 
more conveniently suited to the 1a.boratory preparation of 
perchloryl fluoride. The method is based on the reaction of 
potassium perchlorate with the highly acidic system HF-SbF5, 
which produces perchloryl fluoride in good yield and reasonable 
purity under mild conditions. 

The new compound perbromyl fluoride, BrOJ F, was recently 
successfully synthesized in high yield by an adaptation of this 
procedure with potassium perbromate used in place of the 
perchlorate.6 

Procedure 

Caution. Perchloryl fluoride is moderately toxic and has 
strong oxidant properties. Anhydrous hydrogen fluoride and 
antimony pentafluoride are hazardous, and proper precautions 
should be observed in their handling. The solution of antimony 
pentafluoride in anhydrous hydrogen fluoride is one of the 
strongest acids known. It is an extremely corrosive mixture, not 
only because of its acidity but also because of its powerful 
fluorinating action. In  addition, the solution containing potassium 
perchlorate is a very powerfully oxidizing mixture, and every care 
should be taken to prevent contact with organic materials. 
Precautions should be taken to avoid not only the liquid hydrogen 
fluoride itself, but  also jets of hydrogen fluoride vapor which m a y  
escape through leaks in the equipment. Burned areas of skin 
should be immersed in lukewarm running water immediately upon 
detection and be kept completely immersed until any whitish 
areas which have developed go away. The burns should then be 
covered with a dry gauze bandage. Do not treat with lime water or 
other bases, which merely aggravate the burn. Calcium gluconate 
injections should be used only as a last resort. 
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Fig. 4. Appnratus for the preparation of perchlotyl fluoride. 

The apparatus consists of a simple vacuum manifold similar to 
that shown in Fig. 4. The vacuum manifold should be fabricated 
from nickel or Monel metal, with silver-soldered or Swagelok 
connections. Valves should be of Monel metal, and the traps and 
scrubber, the function of which is to remove hydrogen fluoride 
vapor from the C103 F product, may be constructed conveniently 
of poly(chlorotrifluoroethy1ene) (Kel-F) tubing. A nickel cylinder 
of 500-ml. or 1-1. capacity serves as a reaction vessel, and a 500-ml. 
Monel bulb or similar vessel may be used as a product receiver. 
The scrubber* (about 1-in. 0.d.) is charged with pellets of sodium 
fluoride prepared in a separate operation by heating sodium 

*The checkers replaced the scrubber section with a 500-ml., 3 16 stainless-steel, 
Whitney double-ended cylinder, which allowed the C10, F to pass through more slowly 
and allowed it to be collected Cree of hydrogen fluoride. The cylinder was wrapped with 
heating tape, which need not be used during reactions unless large amounts of hydrogen 
fluoride are to pass through the cylinder. In this case the temperature should be kept at  
about 95'C. The tape was used to heat the cylinder to 250-300'C. with nitrogen passing 
through to regenerate the sodium fluoride for subsequent runs. 
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hydrogen fluoride pellets* in an iron tube to 250-300°C. in a 
stream of dry air or nitrogen until hydrogen fluoride ceases to be 
evolved. 

For the preparation of about 1-1. of gaseous perchloryl fluoride 
(1 atmosphere, ambient temperature), 6 g. (0.045 mole) of 
potassium perchlorate is introduced into the reactor. The reactor 
is connected to  the apparatus as shown and provided with a 
poly(chlorotrifluoroethy1ene) (Kel-F) reservoir containing about 
4-5 ml. of liquid antimony(V) fluoride. The reactor is evacuated 
and cooled to  about -4OOC. Then about 50 g. of anhydrous 
hydrogen fluoride is condensed onto the potassium perchlorate in 
the vessel by conventional vacuum-line techniques. After closing 
the reactor valve, the KClO4-HF mixture is allowed to warm to 
room temperature with occasional agitation to promote dissolu- 
tion of most of the potassium perchlorate (solubility of potassium 
perchlorate in hydrogen fluoride is 9.7% by weight at OOC.). The 
reactor is cooled to -4OoC., and about 4 ml. of the liquid 
antimony(V) fluoride is drawn into the vessel. With the reactor 
inlet and outlet valves both closed, the reaction mixture is warmed 
to room temperature for one hour. Yields of 60-70% perchloryl 
fluoride (based on potassium perchlorate) are normally obtained; 
increases in yield to 85-90% perchloryl fluoride may be realized if 
the reaction mixture is warmed to 40-50°C. After reaction, the 
mixture is cooled to -3OOC. to reduce the vapor pressure of 
hydrogen fluoride prior to transferring the product perchloryl 
fluoride into the product receiver. The traps are cooled to -4O"C., 
and the trap-scrubber column and product receiver evacuated. 
(The sodium fluoride scrubber is operated at ambient tempera- 
ture.) The product-receiver valve is opened fully, which is followed 
by the slow opening of the reactor outlet valve to initiate the 
transfer of perchloryl fluoride into the product receiver. The bulk 
of the accompanying hydrogen fluoride vapor will condense in the 
cold traps, while the remainder will be absorbed by the sodium 
fluoride in the scrubber. When the reactor outlet valve is fully 

*Harshaw Chemical Company, 1933 E. 97th St.. Cleveland, Ohio 44100. 
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opened, the lower portion of the product receiver is cooled with 
liquid nitrogen and the valve closed in 1-2 minutes.* 

The product yield may be established by pressure measurements 
on the receiver of known volume or by weighing. The purity of 
the product may be confirmed by infrared spectrophotometry' or 
mass spectrometry. The only significant impurity found was 
hydrogen fluoride in trace amounts. This may be determined 
acidimetrically by passing a measured quantity of the product 
through water. 

fioperties 

Perchloryl fluoride is thermally stable up to 50OoC. and very 
resistant to hydrolysis. It is a colorless gas in ordinary conditions 
with b.p., -46.7"C., and m.p., -147.8"C. It is a powerful oxidant 
at elevated temperatures. It exhibits selective fluorination prop- 
erties and has been used as a perchlorylation reagent for 
introducing the C103 group on carbon in organic compounds. It is 
moderately toxic (maximum allowable concentration, 3 p.p.m.' ). 
A comprehensive review of the production, physical properties, 
and reactions of perchloryl fluoride is a~ai lable .~ 
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T h i s  operation ensures the transfer of the bulk of the perchloryl fluoride from the 
reaction vessel and associated lines. Concurrently, some anhydrous hydrogen fluoride 
from the -4OOC. traps will tend to transfer also (vapor pressure of hydrogen fluoride at 
-4OOC. = cu. 50 mm.) but will be absorbed in the sodium fluoride scrubber. 
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7. CHLORODIFLUOROAMINE AND 
DIFLUORODIAZENE 

Submitted by LEON M. ZABOROWSKI,* RONALD A. DE MARCO,* 
and JEANNE M. SHREEVE* 
Checked by MAX LUSrrCt 

Chlorodifluoroamine has been prepared by reaction of difluoro- 
m i n e  with boron trichloride,' phosgene (carbonyl chloride),? or 
hydrogen chloride: treating a mixture of sodium azide and 
sodium chloride with f l ~ o r i n e ; ~  reaction of chlorine trifluoride 
with ammonium fluoride: reaction of chlorine with difluoro- 
mine  in the presence of potassium fluoride: and photolysis of 
tetrafluorohydrazine and sulfinyl chloride (thionyl chloride).6 

Difluorodiazene has been prepared by the thermal decomposi- 
tion of fluorine electrolysis of ammonium hydrogen 
fluoride,8 reaction of nitrogen trifluoride with mercury vapor in 
an electric discharge,' dehydrofluorination of difluoroamine," 
treatment of a solution of 1,l-difluorourea with a concentrated 
potassium hydroxide solution," reaction of sodium azide with 
fluorine,'* decomposition of N2 F3 Sb2 F l l  ,13  and reaction of 
tetrafluorohydrazine with excess aluminum chloride at -78'. l4 

However, each of these methods suffers from one or more 
disadvantages, including low4~8~9~11~ '2*14 or erratic? t 3  yields, 
tendency to e x p l ~ d e , ~ . ~ * ~  use of a very hazardous reagent1*2p5~'0 
(difluoroamine is extremely shock sensitive as a solid), and 
indirect method of preparati~n. '~ 

The following are convenient methods for the preparation of 
chlorodifluoroamine and difluorodiazene in reproducibly good 
yields by the reaction of N,N-difluorohydroxylamine-0-sulfonyl 
fluoride with sodium chloride and the photolysis of a tetrafluoro- 
hydrazine with bromine. 

*University of Idaho, Moscow, Idaho 83843. 
tMemphis State University, Memphis, Tenn. 38 11  1. 

Inorganic Syntheses, Volume XIV 
Edited by Aaron Wold, John K. Ruff 

Copyright © 1973 by McGraw-Hill, Inc.



CRlorodifluoroamine and Difruorodiazene 3 5 

Caution. Care should be exercised in handling tetrafluoro- 
hydrazine, chlorodifluoroamine, and difluorodiazene because 
N-halogen compounds are known to exhibit explosive properties; 
safety shielding and gloves should be used. Any apparatus used 
should be clean and fie. of organic materials. Liquid nitrogen 
should be used for condensing reagents. 

In the following procedures a standard glass vacuum line with 
high-vacuum stopcocks (lubricated with Kel-F-90 grease*) is used. 
Because of the reactivity of many of the compounds with 
mercury, it is convenient to use a null-point pressure device, such 
as a Booth-Cromer16 pressure gage or spiral gage. A mercury 
manometer covered with Kel-F-3 oil* can be used. 

Procedure 

A. CHLORODIFLUOROAMINE 
(Nitrogen Chloride Difluoride) 

hv 
2N2 F4 + 2S03 - 2NF2 OS02 F + N2 F2 

CH3 CN 
NF2 OSO2 F + NaCl - NF2 C1+ NaOS02 F 

N,N-Difluorohydroxylamine-0-sulfonyl fluoride is prepared by 
the photolysis of tetrafluorohydrazine and sulfur trioxide (55% 
yield)" or essentially quantitatively by the reaction of N2 F4 and 
peroxodisulfuryl difluoride ( S z  O6 F2 )." 

A 300-ml. Pyrex glass vessel fitted with a Teflon resin stopcock? 
and containing a Teflon resin-coated stirring bar is charged with 
excess reagent-grade sodium chloride (0.052 mole). After evacua- 
tion on the vacuum line, 3 ml. of dry acetonitrile and then 
N,N-difluorohydroxylamine-0-sulfonyl fluoride (0.0 10 mole) are 
distilled into the vessel, which is at -195OC. The mixture is 
warmed to room temperature and is stirred with a magnetic 
stirring device for 2 hours (behind a safety shield). The volatile 
compounds are removed under static vacuum from the reaction 

*SM, Minnesota Mining and Manufacturing Company, St. Paul, Minn. 551 19. 
tFischer and Porter Company, Warminster, Pa. 18974. 
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vessel, which is held at -78°C. (to retain acetonitrile), to a trap at 
-195OC. Then as the latter warms from -195OC., the material is 
separated by passing through traps at -135 and -195OC. The first 
trap will contain acetonitrile and small amounts of unreacted 
starting material, whereas the trap at -195°C. will contain pure 
chlorodifluoroamine (0.0094 mole, >go%). l9 Chlorodifluoroamine 
passes the trap at -135°C. slowly under good vacuum. Although 
chlorodifluoroamine can be stored for long periods in Pyrex glass 
at -195OC., for reasons of safety it is suggested that only small 
amounts (<O.O 1 mole) be retained. 

B. DIFLUORODIAZENE 
(Dinitrogen Dduoride) 

hv N2 F4 - N2 F2 + complex products 
Br, 

Reagent-grade bromine is used without further purification. It 
can be stored under static vacuum for long periods at room 
temperature in an ordinary Pyrex glass tube equipped with a 
Teflon resin* stopcock. Tetrafluorohydrazine-f is used without 
further purification. 

Photolysis is carried out in an 850-ml. Pyrex glass vessel equipped 
with a water-cooled quartz probe. The ultraviolet light source is a 
450-watt lamp$ with a Vycor filter$. To reduce the dangers from a 
possible explosion or eye damage from ultraviolet radiation, the 
reaction vessel shown in Fig. 5 is contained in a wooden box. 

The photolysis bulb is connected to the vacuum line by a 10/30 
S.T. joint and is evacuated. Bromine (0.004 mole) and tetrafluoro- 
hydrazine (0.002 mole) are condensed into the cold finger, A in 
Fig. 5, at -195OC. The mixture expands into the bulb as it warms 
to room temperature. The lamp is turned on only after the Vycor 

*Fischer and Porter Company, Warminster, Pa. 18974. 
+Air Products and Chemicals, Box 558, Allentown, Pa. 18100. 
$Hanovia L-679A36 and filter 7910, Hanovia Lamp Division, Engelhard Industries, 

100 Chatnut St., Newark, N J. 07100. 
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Fig. 5. Pyrex g&ssphotolysis yes- 
sel with water-cooled quartz probe. 

n 

filter is in place, the cold tap water is passing through the water 
jacket, and the reagents are at room temperature. Photolysis time 
for an 850-ml. bulb is about 90 minutes. 

After the photolysis is completed, the reaction mixture is 
transferred under dynamic vacuum to a trap at -195°C. The small 
amount of nitrogen formed in the reaction is expelled by the 
pumping system. The mixture is allowed to warm slowly to room 
temperature (an empty Dewar flask cooled to -195°C. with liquid 
nitrogen is convenient), and a trap-to-trap separation is performed 
by using traps at -140 and -195°C. The first trap contains N 2 0 4  
and Br2. The photolysis vessel contains a white solid, probably 

Difluorodiazene contaminated with SiF4 and NF3 is held at 
-195°C. This mixture is passed through a sodium fluoride trap to 
remove SiF4 by the formation of Naz SiF6. Difluorodiazene may 
be separated from nitrogen trifluoride by gas chromatography 
with the use of a 25-ft. X 0.25-in. aluminum or copper column 

SiF6. 
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packed with 20% FC-43* on acid-washed Chromasorb P. A helium 
flow rate of 0.5 cc./second is used, and the column is held at 
-63°C. Nitrogen trifluoride, trans-difluorodiazene, and cis- 
difluorodiazene elute in that order. The yield is 70% difluoro- 
diazene (53% trans). With a 5-1. bulb, and with 0.015 mole 
bromine and 0.009 mole tetrafluorohydrazine, the same yield 
results after 90 minutes of photolysis. 

Although difluorodiazene can be stored for long periods in 
Pyrex glass at -195°C. or in metal at room temperature, for 
reasons of safety it is suggested that only small amounts (<0.01 
mole) be retained. 

Properties 

Chlorodifluoroamine is a white solid at -195°C. and a colorless 
liquid at -184°C. Its normal boiling point is -67°C. The 
vapor-pressure curve is given by the equation log Pmm. = -950/T 
+ 7.478. The infrared spectrum consists of the following peaks: 
1853(w), 1755(w), 1695(w), 1372(w), 926(s), 855(s), 746(m), 
694(s) cm.-' .' The '' F n.m.r. shows a broad triplet centered at 
-141.5 p.p.m. relative to an internal reference of CC13 F. 

cis-Difluorodiazene is a colorless liquid at -195°C. with a 
boiling point of -105.7"C. The vapor-pressure curve follows the 
equation log Pmm. = 803.O/T + 7.675. The infrared spectrum con- 
sists of the following peaks: 1538(w), 1513(w), 954(s), 904(s), 
883(s), 738(vs) cm:' .20 The l9 F n.m.r. shows a broad triplet cen- 
tered at -1 36.1 p.p.m., relative to an internal reference of CC13 F. 

trans-Difluorodiazene is a white solid, melting at -172°C. to a 
liquid that boils at -1 11.4"C. The vapor-pressure curve is given by 
the equation log Pmm. = -742/T + 7.470. The infrared spectrum 
is a strong band at 995 cm.-' .20 The 19F n.m.r. spectrum is a 
broad triplet centered at -94.4 p.p.m. relative to an internal 
reference of CC13 F. 
*SM, Minnesota Mining and Manufacturing Company, St. Paul, Minn. 55119. The 

checker reports substantially identical results with perfluorotri-tert-butylamine on 
Chromasorb P. 



Dioxygenyl Salts 39 

References 

1. R. C. Petry,]. A m  Chem. Soc.. 82.2400 (1960). 
2. E. A. Lawton and J. Q. Weber, ibid.. 85,3595 (1963). 
3. T. A. Austin and R. W. Mason, Inorg. Chem.. 2,646 (1963). 
4. D. M. Gardner, W. W. Knipe, and C. J. Mackley, &id., 2,413 (1963). 
5. W. C. Firth, Jr., ibid., 4,254 (1965). 
6. L. M. Zaborowski, K. E. Pullen, and J. M. Shreeve, ibid, 8,2005 (1969). 
7. J. F. Haller, doctoral dissertation, Comell University, Ithaca, N.Y., 1942. 
8. C. B. Colbum, F. A. Johnson, A. Kennedy, K. McCallum, L. C. Metzger, and C. 0. 

Parker,]. Am. Chem. Soc.. 81,6397 (1959). 
9. J. W. Frazer, 1. Inorg. Nucl. Chem., 11, 166 (1959). 

10. E. A. Lawton, D. Pilipovich, and R. D. Wilson, Inorg. Chem., 4,118 (1965). 
11. F. A. Johnson, ibid., 5 ,  149 (1966). 
12. H. W. Roesky, 0. Glemser, and D. Bormann, Chem. Ber., 99, 1589 (1966). 
13. J. K. Ruff,Inorg. Chem., 5, 1791 (1966). 
14. G. L. Hurst and S. I. Khayat,]. Am. Chem. Soc.. 87,1620 (1965). 
15. R. C. Petry, ibid,  89,4600 (1967). 
16. S. Cromer, ‘The Electronic Pressure Transmitter and Self Balancing Relay,” US. 

At.  Energy Comm.. MDDC-803, declassified Mar. 20,1947. 
17. C. W. Fraser, J. M. Shreeve, M. Lustig, and C .  L. Bumgardner, Inorganic Syntheses, 

12,299 (1970). 
18. M. Lustig and G. H. Cady, Inorg. Chem.. 2.388 (1963). 
19. J. K. Ruff, ibid., 4, 1788 (1965). 
20. C. B. Colbum, Aduun. Fluorine Chem., 3, 104 (1963). 

8. DIOXYGENYL SALTS 

1 
2 O2 + -F2 + AsFS - O2+AsF6- 

Submitted by JACOB SHAMIR* and JEHUDA BINENBOYMY 
aecked  by J. G. MALMS a d  C. W. WILLIAMS$ 

The few dioxygenyl salts described in the literature require the 
preparation of some highly unstable fluorinating agents, such as 

*Department of Inorganic and Analytical Chemistry, The Hebrew University. 

tPresent Address: Department of Inorganic Chemistry, Soreq Nuclear Research 

*Chemistry Division, Argonne National Laboratory, Argonne, Ill. 60439. 

Jerusalem, Israel. 
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platinum(V1) fluoride' or O2 F2 .293 The synthesis of either of 
these requires special equipment and is rather difficult to handle. 
The platinum(V1) fluoride is very easily reduced, and the O2 F2 is 
stable only at low temperatures. 

A simple synthesis of these salts became available with the 
recognition that oxygen, fluorine, and arsenic or  antimony- 
(V) fluoride, at pressures near atmospheric, react to  form the 
appropriate dioxygenyl salts when exposed to ordinary sunlight 
filtered by Pyrex glass.4 Thus, the atmospheric-pressure, photo- 
chemical synthesis is the safest and most convenient one to  date. 

Procedure 

A 500-ml. Pyrex bulb, equipped with a male joint, is connected 
through a female joint to a glass, vacuum stopcock, and this, in 
turn, is connected with a proper joint to  a vacuum line. The 
stopcock and the joints are lubricated with Kel-F grease. I t  is best 
to  use an  all-metal, vacuum line for the handling of fluorine and its 
reactive compounds. Such lines have been described in this s e r i e ~ . ~  
The reaction vessel should be cleaned of all organic material, dried 
thoroughly by flaming or baking under vacuum, and treated once 
or twice with fluorine at about 100-mm. pressure in sunlight for 
about an hour. 

Caution. Fluorine must be  handled with great care and with 
special apparatus. See descriptions of apparatus and precautions 
for such handling in other contributions to  this 

Arsenic(V) fluoride is introduced into the Pyrex bulb to a 
pressure of 250 mm.* The stopcock is closed and the bulb 
immersed in Dry Ice or  liquid nitrogen. [Antimony(V) fluoride 
has only a few millimeters of vapor pressure at 25"C., but i t  can 
easily be distilled into the bulb and the quantity determined by 

*A suitable quantity of material for the preparation in a Pyrex vessel is about 250-mm. 
pressure of each gas. 
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weighing.] Equal amounts of fluorine and oxygen are mixed in the 
metal line in sufficient amount to give the desired pressure when 
expanded into the glass bulb. The stopcock is then closed, and the 
vessel is warmed to 25"C., detached from the line, and placed in 
daylight for direct exposure. The reaction takes place in a very 
short time. On a bright day the reaction is completed in a matter 
of minutes. An initial mixture of 1 : 1 : 1 of O2 /F2 /AsF5 (SbF5 ) will 
leave some unreacted fluorine, which is removed by pumping. The 
solid formed is decomposed by moisture and must be handled in 
an inert-atmosphere dry-box. The yields are greater than 95%. 
Anal. Calcd. forO2+SbF6- : Sb, 45.47; F, 42.58. Found: Sb, 48.1 1; 
F, 44.58. 

Properties 

Dioxygenyl hexafluoroarsenate(V) or antimonate(V) is a white 
~ o l i d . ~ , ~  It can be stored in predried nickel, glass, Kel-F, or Teflon 
vessels. It hydrolyzes in water or moist air, which produces equal 
amounts of oxygen and ozone (2O2+AsF6- + H 2 0  + O2 + O3 + 
2HAsF6). The compounds can be easily identified by their 
Raman spectra, which show, in addition to the three MF6- bands 
(v ,  , v 2 ,  and vS ), a strong line at 1858-1862 cm,' .6 X-ray 
indicate that both compounds are cubic; a. = 8.10 A. for 
dioxygenyl hexafluoroarsenate(V), and a. = 10.30 A. for di- 
oxygenyl hexafluoroantimonate(V). The paramagnetic susceptibil- 
ity has been determined' and obeys the equation: 

0.309 
= T -  0.07 
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9. BIS(TRIFLUOR0METHY L) SULFOXIDE 

CF3SC1 + AgOCOCF3 - CF3SOCOCF3 + AgCl 

CF3SOCOCF3 CF3SCF3 + C 0 2  

-78°C. to 25°C. 
CF3SCF3 + 2ClF 10hr. CF3 SF2 CF3 + Cl2 

CF3SF2CF3 + HCl [CF3 SCl2 CF3 ] + 2HF 

4HF + Si02 - 2H2 0 + SiF4 

[CF3 SCl2 CF3 3 + H2 0 - CF3 S(0)CFj  + 2HC1 

Submitted by DENNIS T. SAUER* and JEAN’NE M. SHREEVE+ 
checked by M A X  LUSTIG? 

Bis(trifluoromethy1) sulfoxide has been prepared’ previously by 
the direct fluorination of bis(trifluoromethy1) sulfide at -78°C. in 
hexafluoroethane followed by hydrolysis of the bis(trifluor0- 
methy1)sulfur difluoride (difluorobis(trifluoromethy1)sulfur). This 
method suffers because elemental fluorine must be used, and the 
yields are low. 

Oxidation of bis(trifluoromethy1) sulfide with commercially 
obtainable chlorine monofluoride in the absence of solvent yields 
bis(trifluoromethy1)sulfur difluoride in >90% yield.2 p 3  Pure bis- 
(trifluoromethy1)sulfur difluoride is resistant to  hydrolysis and is 
stable in Pyrex glass at 25°C. for extended periods of time. 
Reaction of bis(trifluoromethy1)sulfur difluoride with anhydrous 

*University of Idaho, Moscow, Idaho 83843. 
tMemphis State University, Memphis, Tenn. 381 11. 
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hydrogen chloride in a clean Pyrex bulb results in the formation of 
bis(trifluoromethy1) sulfoxide in good yield. This preparative 
method has been extended and results in the preparation of 
CF3 S(O)C2 F5, CFJ S(0)C3 F 7 ,  and C2 FS S(0)C2 F5 . 2 * 3  

Bis(trifluoromethy1) sulfide was prepared by the photolysis of 
S-trifluoromethyl trifluoromonothioperoxyacetate (trifluoroacetic 
trifluorosulfenic anhydride)? Other preparative methods5 v 6  have 
been difficult to reproduce, or they produce the monosulfide in 
small yield. Oxidation of bis( trifluoromethyl) sulfide with chlorine 
monofluoride proceeds smoothly when the metal reactor contain- 
ing the mixture is slowly warmed from -78 to 25°C. over 10 
hours. No  cleavage products are formed, and the desired bis(tri- 
fluoromethy1)sulfur difluoride is isolated in >90% yield. The 
reaction of the sulfur difluoride with anhydrous hydrogen chloride 
to produce bis(trifluoromethy1) sulfoxide is presumed to proceed 
through the bis(trifluoromethy1)sulfur dichloride intermediate. 
Since hydrogen fluoride is produced when hydrogen chloride reacts 
with bis(trifluoromethy1)sulfur difluoride in Pyrex glass, water is 
formed, which results in hydrolysis of the bis(trifluoromethy1)- 
sulfur dichloride intermediate. Attempts to isolate the sulfur 
dichloride intermediate by reaction of hydrogen chloride and 
bis( trifluoromethy1)sulfur difluoride in the presence of sodium 
fluoride in a nickel bomb resulted in the formation of bis(tri- 
fluoromethyl) sulfide and chlorine quantitatively. 

A. S-TRIFLUOROMETHYL 
TRIFLUOROMONOTHIOPEROXYACETATE 
(Trifluoropcetic Trifluomdenic Anhydride) 

Procedure 

Ten mmoles of trifluoromethanesulfenyl chloride,* CF3 SC1, is 
allowed to react with excess silver trifluoroacetate* at 25°C. for 

*Peninsular Chemical Products Company, 6801 E. 9 Mike at Weiner, Warren, Mi&. 
48089. 
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10 minutes in a 1-1. Pyrex vessel to produce S-trifluoromethyl 
trifluoromonothioperoxyacetate, CF, SOCOCF, . The reaction is 
quantitative. The CF3 SOCOCF, may be freed from trace amounts 
of trifluoromethanesulfenyl chloride, CF, SCl, by passage through 
a -78°C. Dry Ice-acetone bath, which retains the pure CF3- 
SOCOCF, . 
Properties 

S-Trifluoromethyl trifluoromonothioperoxyacetate is a colorless 
liquid at 25°C. The 19F n.m.r. resonances occur at 47.3 p.p.m. 
(CF3S) and 76.5 p.p.m. (CF,C(O)O) relative to CC13F. No 
coupling is observed between the trifluoromethyl groups? The 
infrared spectrum consists of bands at 1835(m), 1805(w,sh), 
1317(w), 1246(m-s), 1202(vs), 1190(s,sh), 1120(m-s), 1069(s), 
835(w), 765(w-m), and 720(w) cm-' . 

B. BIS(TRIFLUOR0METHY L) SULFIDE 

Caution. The volatile reactants and products are toxic and 
contact with these reagents should be avoided. 

Procedure 

Ten mmoles of S-trifluoromethyl trifluoromonothioperoxy- 
acetate are photolyzed €or $ hour through Pyrex glass with a 
Hanovia Utility ultraviolet quartz lamp (140 watts), which 
produces bis( trifluoromethyl) sulfide and carbon dioxide quan- 
titatively. Pure bis(trifluoromethy1) sulfide is retained in a 
-120°C. slush bath' (diethyl ether) while carbon dioxide slowly 
sublimes into a -183°C. bath during trap-to-trap distillation. 

boperties 

Bis(trifluoromethy1) sulfide exists as a colorless gas at room 
temperature and condenses to a colorless liquid. The vapor 
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pressure of bis(trifluoromethy1) sulfide is given by the equation 
log Pmm. = 7.82 - 1239.1/T, from which the b.p. is calculated as 
-22.2°C.5 The l9 F n.m.r. spectrum consists of a single resonance 
at 38.6 p.p.m. relative to CC13 F. The infrared spectrum contains 
bands at 1220(s), 1198(vs), 1160(s), 1078(vs), 758(m), and 
475(w) cm-' . 

C. BIS(TRIFLUOR0METHY L)SULFUR DIFLUORIDE 

8 Caution. Chlorine monofluoride is toxic and exceedingly 
damaging to the skin. 

Procedure 

Reaction of bis( trifluoromethyl) sulfide with chlorine mono- 
fluoride* is carried out in a 75-ml. stainless-steel Hoke bomb. The 
bomb is evacuated, and in a typical preparation, 10 mmoles of 
bis(trifluoromethy1) sulfide and 22 mmoles of chlorine monofluo- 
ride are added at -183OC. The vessel is warmed to -78°C. and 
allowed to warm slowly to 25OC. over a 10-hour period. The 
product mixture is first separated by fractional condensation. The 
bis(trifluoromethy1)sulfur difluoride (CF3 SF2 CF3) is retained in a 
-98°C. slush bath, while any unreacted CF3SCF3, CIF, and C12 
pass into a -183°C. bath. The CF3SF2CF3 may be purified 
further by gas chromatography utilizing a 17-ft., 20% Kel-F oil+ 
on Chromasorb P column. Final purification gives CF3 SF2 CF3 in 
X O %  yield based on the amount of monosulfide used. 

Properties 

At 25°C. bis( trifluoromethy1)sulfur difluoride is a colorless gas 
which condenses, on cooling, to a colorless liquid. A boiling point of 

*Ozark-Mahoning Company, 1870 S. Boulder Ave., Tulsa, Okla. 74119. 
t3M, Minnesota Mining and Manufacturing Company, St. Paul, Minn. 551 19. 
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21°C. is calculated from the Clausius-Clapeyron equation log Pmm. 
= 8.00 - 1507/T. The l9 F n.m.r. resonances at 58.0 (CF, ) and 14.2 
p.p.m. (SF2 ) relative to CC13 F integrate to the proper 6:2 ratio 
with JSF,-CF, = 19.5 Hz. The infrared spectrum contains bands 
at 1281(vs), 1260(s), 1215(m-s), 1144(m), 1081(vs), 766(m), 
677(s), and 507(m) cm-' . 

D. BIS(TRIFLUOR0METHY L) SULFOXIDE 

Procedure 

Four mmoles of bis(trifluoromethy1)sulfur difluoride react with 
16 mmoles of anhydrous hydrogen chloride* in a clean, 1-1. Pyrex 
vessel for 24 hours to give bis(trifluoromethy1) sulfoxide in 70% 
yield. The bis(trifluoromethy1) sulfoxide is purified by fractional 
condensation. The desired sulfoxide is retained in a -78OC. bath 
while unreacted hydrogen chloride and bis(trifluoromethy1)sulfur 
difluoride pass into a -183°C. bath. Further purification by gas 
chromatography, utilizing a 17-ft., 20% Kel-F oil on Chromasorb P 
column, enables isolation of pure CF3 S(0)CF3. When the reaction 
is carried out in a metal bomb, no sulfoxide is formed. The 
products isolated were identified as CF3 SCF3, chlorine, and 
unreacted hydrogen chloride. 

Properties 

Bis(trifluoromethy1) sulfoxide is a colorless liquid at 25OC. A 
normal boiling point of 37.3"C. is calculated from the Clausius- 
Clapeyron equation log Pmm = 7.66 - 1483/T. Confirmatory 
spectral properties include a molecular ion in the mass spectrum 
(2.1%) and a single l9 F resonance at 64.5 p.p.m. relative to CC13 F. 
The infrared spectrum contains bands at 1244(vs), 1191, 1187 
(doublet, s), 1121(m-s), 1105(vs), 752(w), and 468(w) cm-' . 

*Matheson Gas Products, East Rutherford, N J. 07073. 
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10. ALUMINUM TRIHY DRIDE-DIETHY L ETHERATE 
(Etherated Alone) 

diethyl ether 3LiA1H4 + AICl, - 4[AlH3 -0.3(C2H5)20] + 3LiCI 

Submitted by D. L. SCHMIDT,* C. B. ROBERTS,* and P. F. REIGLER* 
O w k e d  by M. F. LEMANSKI, JR.,? and E. P. SCHRAMf 

Methods for the preparation of aluminum trihydride-diethyl 
etherate, AlH, -0.3 [ (C, H5 )2 01 ,$ have been published,'S2 but the 
absence of complete experimental details makes duplication 
difficult. The following procedure is a modification of that 
reported by Finholt, Bond, and Schlesinger.' Problems inherent 
in previous methods, such as premature precipitation, decomposi- 
tion of the alane, and lithium chloride contamination, are avoided. 

Premature precipitation is controlled by maintaining a low 
temperature (-5'C.) in the reaction mixture. Purified reactants, as 
well as minimal exposure to light and higher temperatures, 

*The Dow Chemical Company, Midland, Mich. 48640. This work was supported by 

+Ohio State University, Columbus, Ohio 43210. 
SEbdiometric molecular weight determinations obtained in diethyl ether (concentra- 

tion range, 0.25-1.0 M) indicates molecular weights only slightly higher than 30. This is 
consistent with studies reported by Wiberg and U ~ o n . ~  It  must be assumed that in 
solution, AM, exists essentially as the monomeric form. 

ARPA and the Air Force under contracts AF 33(616)-6149 and AF 04(611)-7554. 
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decrease the decomposition of aluminum trihydride. Lithium 
chloride contamination is avoided by a subsequent treatment of 
the solvated aluminum trihydride solution with sodium tetra- 
hydroborate. 

Bocedure 

All operations must be performed in the absence of water, 
oxygen, and other species reactive with the starting materials or 
products. The reactions are carried out in a nitrogen- or 
argon-filled dry-box, with the concentration of oxygen and water 
no higher than 3-4 p.p.m.* Commercially available diethyl ether, 
LiAlH4, and AlClj require further purification. Since small 
amounts of impurities cause decomposition? of the aluminum 
trihydride, all reagents must be anhydrous and contamination 
minimized. Glass apparatus should be washed with red fuming 
nitric acid or hydrofluoric acid and rinsed copiously with distilled 
water. The apparatus is dried at 1 10-120°C. before being placed in 
the dry-box. 

Diethyl ether (analytical reagent) is purified by distillation, 
under either a nitrogen atmosphere or vacuum, from lithium 
tetrahydroaluminate (lithium aluminum hydride), LiAlH4, and is 
then collected in the additional funnel. The ether may also be 
dried by passing it through a 40-cm. column of molecular sieves 
(type 13X, i-in. pellets, Lindez). Because diethyl ether is highly 
flammable, its purification should be carried out in a hood. The 
LiAlH4 is recrystallized by dissolving it in diethyl ether, filtering 
through a medium-porosity glass frit, and removing the solvent 
under reduced pressure. Aluminum chlorides is obtained by 

*Water can be determined by a Gilbarco sorption hygrometer model SHL-100. Oxygen 
can be monitored by means of an analytic system analyzer. Dry-boxes should be vented 
into a hood. 

?Transition metals are especially harmful. See reference 4. 
SJ. T. Baker Co., Phillipsburg, N J. 
§A solvent-free dry-box should be used to handle AlCl,. 
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high-vacuum sublimation at 1 10-1 20°C. of reagent-grade material. 
At this temperature a sublimation of 50 g. requires about 
24 hours. Passing the vapor through about 1-2 cm. of activated 
coconut charcoal (50-200 mesh*) increases the purity of AlC13 
and the stability of the resulting aluminum trihydride. A con- 
venient sublimation apparatus which can easily be taken through a 
dry-box vacuum interchange is shown in Fig. 6. 

Chloride is removed from the ether solution of aluminum 
trihydride by the addition of sodium tetrahydroborate. The 
LiBH4 remains in solution, while the sodium chloride precipitates 
and is removed by filtration. Best results are obtained when 
NaBH4t is dried under vacuum at 6OoC. for 8 hours and ground 
to 1 pm. or smaller. This last step is particularly important since 
both the reaction rate and efficiency of chloride removal are a 
function of NaBH4 particle size. 

In a dry-box, a magnetic stirring bar and 32.3 g. (0.242 mole) of 
aluminum chloride, AlC13, are placed in a 500-ml., round- 
bottomed flask fitted with a 35/25 ball joint. The capped flask is 
removed from the dry-box and quickly attached to an addition 
funnel containing ether under low nitrogen pressure ( i -1  p.s.i.). 

The 500-ml. flask and magnetically stirred contents are cooled in 
a Dry Ice-methylene chloride bath, which is followed by slow 

*Fisher Scientific Co., Pittsburgh, Pa. 15219. 
tSodium tetrahydroaluminate (NaAM, ) may be substituted. 

Connection 
to vacuum 

Dry Ice 
AICI, 

Ffg. 6. Apparatus 
non of AICI,. 

for Gloss 
(Heot to 
above gbss 
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addition of 300 ml. of distilled ether from the addition funnel. 
After the ether has been cooled, the bath is removed. If the 
ensuing exothermic aluminum chloride solvation reaction causes 
bubbling of the ether, the flask is cooled again. After dissolution 
of the AIC13, the solution is allowed to warm to room tempera- 
ture, tightly capped, and placed in a dry-box. 

The LiAlH4 solution is prepared by dissolving 28.2 g. (0.743 
mole) of purified LiA1H4 in about 750 ml. of distilled ether in a 
1500-ml. Florence flask. Ether solutions of both LiAlH4 and 
AlC13 are cooled to  -5OC. by exposing them to a nitrogen purge 
which cools by evaporation.* Ether must be added during this 
period to keep the volume of the solutions reasonably constant. 

The NCl3 solution is added slowly to the magnetically stirred, 
cold LiAlH4 solution. After addition is complete, the reaction 
mixture is filtered by means of 3-5 p.s.i. nitrogen pressure through 
a medium-porosity glass frit into a 1500-ml. Florence flask 
containing 10 g. of NaBH4 (particle size, 1 pm. or less) and a 
magnetic stirring bar. After being stirred for 3-4 minutes under a 
nitrogen purge, the solution is filtered again into a second 
1500-ml. Florence flask, which removes excess NaBH4 and 
precipitated sodium chloride. 

The volume of clear aluminum trihydride solution is reduced to 
about 600 ml. by nitrogen-stream evaporation and then allowed to 
warm to room temperature. After 6 to 8 hours, the aluminum 
tnhydride-diethyl etherate precipitates, which leaves the small 
amount of soluble LIB& and aluminum trihydride-diethyl ether- 
ate in the ether solution. The product is filtered, washed 
twice with 100 ml. of anhydrous ether, and dried under high 
vacuum for 10  to 12 hours. A yield of approximately 30 g. (58%) 
isobtained. Anal. Calcd. for AlH3 '0.3[(C2Hg)20] $: Al, 50.78; C, 
28.21 ; H, 11.61; Hydrolytic H 2 ,  5.69. Found: Al, 50.60; C, 28.08; 
H, 11 -62; Hydrolytic H2,  5.68. 

*The cold solution is necessary to prevent premature precipitation of the aluminum 

$Calculated for 0.312((C2H,),0]. 
hihydride. 
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Properties 

The aluminum trihydride-diethyl etherate is a 
colorless solid which reacts violently with water 
or in a damp atmosphere. (m Caution. Some- 
times this reaction is explosive!) The material is 
unstable to  prolonged exposure to  light at 
ambient temperatures, but can be stored at 
-1OOC. in a sealed container up t o  one year. The 
ratio of aluminum trihydride to ether (C2 H2 )2 0 
in the solid varies between 0.29 and 0.33, 
depending upon the time under vacuum. The 
solubility of aluminum trihydride-diethyl ether- 
ate in diethyl ether is 0.2M; it is very soluble in 

T A B L E  I X-Ray 
Powder Diffrac- 
tion Pattern- 
1443 Phase 

d ,  A Iff 
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2.31 4 
1.54 2.7 
1.495 3.3 

tetrahydrofuran.* Its infrared spectrum has broad bands in the 

*m Caution. Solid aluminum trihydride tetrahydrofuran often decomposes explo- 
sively when exposed to a high vacuum. 
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e. 7. Infmred spectm of ethemte I443 and I444 of aluminum hydride. Top: 
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regions of 1650-1850 and 600-800 cm.-' (Fig. 7). It can be 
identified by its x-ray powder pattern given in Table I. The 
principal impurities are Li, C1, and B; in a typical example, <O. 1% 
Li, <0.01% C1, and <0.02% B were found. 
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1 1 .  TRIMETHYLAMMONIUM TETRAPHENYLBORATE 
(A Rendy Source of Triphenylborone' ) 

4LiC6H5 + BCl3-ether - LiB(C6H5)4 + ether + 3LiCl 
LiB(C, H5 )4 + (CH3 )3 NHCl - (CH3 )3 NHB(C6 H5 )4 + LiCl 

Submitted by K. E. REYNARD,* R. E. SHERMAN,* HAMPTON D. SMITH, JR,* 
and L. F. HOHNSTEDT* 
Checked by G. CASSENHEIMERt and T. WARTK? 

Wittig and co-workers2 have shown that triphenylborane can be 
readily synthesized in high yield by simple thermal decomposition 
of trimethylammonium tetraphenylborate. They obtained the 
latter compound by collecting the precipitate which was formed 
on mixing aqueous solutions of trimethylammonium chloride and 
lithium tetraphenylborate. The lithium salt was isolated from the 
products of the reaction of boron trifluoride-etherate with 

*St. Louis University, St. Louis, Mo. 63103. 
fPennsylvania State University, University Park, Pa. 16802. 
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phenyllithium analogous to the above equation. A modification of 
the Wittig procedure2 is described. The procedure requires about 4 
hours, and the product obtained is a stable salt which does not 
demand the special handling and storage required for triphenyl- 
borane. As a dry solid, samples may be stored in screw-cap bottles 
exposed to the atmosphere, and the compound appears to be 
stable indefinitely at room temperature. 

Samples of triphenylborane are obtained readily by thermal 
decomposition of trimethylammonium tetraphenylborate pre- 
pared by the method described. Preparation of triphenylborane by 
this method eliminates the tedious and somewhat hazardous 
treatment of the reactive residues produced during the formation 
of the triphenylborane by the Grignard r n e t h ~ d . ~  

Procedure 

Phenyllithium* (0.586 mole in 296 ml.) in a 7:3 volume mixture 
of benzene and ether is placed in a reaction flask fitted with a 
pressure-equalizing dropping funnel containing boron trichloride 
in excess ether (54.8 ml. of solution containing approximately 
0.143 mole BC13) and with a reflux condenser equipped to 
provide a dry nitrogen atmosphere. The solution of boron 
trichloride-etherate is prepared with vacuum-line procedures simi- 
lar to those reported for the preparation of boron trifluoride- 
etherate: but measured amounts of excess ether and boron 
trichloride are mixed. The resulting solution is allowed to warm to 
room temperature and is used without further purification. Boron 
trichloride-etherate is added at a rate sufficient to maintain gentle 
reflux, which is prolonged by external heating for 30 minutes after 
addition. The reaction mixture is allowed to cool to room 
temperature, and the solvent is removed by distillation at 
atmospheric pressure. The residue retains some solvent and has an 
appearance similar to a clay mud. Addition of 500 ml. of water 

*Alfa Inorganics, Vcntron Corporation, P.O. Box 159, Beverly, Mass. 01915. 
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produces no evidence of reaction, and the residue dissolves upon 
vigorous stirring. A less-dense liquid phase separates from the 
mixture and is discarded. A solution of trimethylammonium 
chloride (16.0 g. in 100 ml. of water) is added slowly to the stirred 
aqueous phase. Immediately, trimethylammonium tetraphenyl- 
borate precipitates as a siltlike, white solid. It is recovered by 
filtration. The solid is washed with water and dried in a vacuum 
desiccator over phosphorus pentoxide. The product, obtained in 
72% yield, melts over a range of several degrees around 160°C.s** 
and gives good yields of triphenylborane. It has an infrared 
spectrum indistinguishable from that of the white solid obtained 
by mixing aqueous solutions of trimethylammonium chloride and 
sodium tetraphenylborate. A purified sample may be prepared by 
dissolving some of the crude product in dichloromethane, reducing 
the volume of solvent by evaporation under reduced pressure, and 
drying the recovered solid in a vacuum desiccator until a constant 
melting point, 165-166OC.,’ is obtained. Anal. (purified sample) 
Calcd. for C2,HmBN: C, 85.50; H, 7.96; B, 2.85; N, 3.69. Found: 
C, 84.86; H, 8.01; B, 2.87; N, 3.88 (boron analyzed by atomic 
absorption spectrophotometry with tetraethylammonium tetra- 
hydroborate as a standard). 

The procedure gives satisfactory results on reduced scales, e.g., 
one-fourth or one-sixth the quantities given above. In addition, a 
saturated solution of boron trichloride in ether may be used in 
place of the solution described. A saturated solution may be 
prepared by allowing boron trichloride gas to bubble into ether at 
room temperature until excess boron trichloride-etherate settles 
out of the liquid phase. 

Properties 

Trimethylammonium tetraphenylborate is a white, crystalline 
solid. I t  is very soluble in acetone and moderately soluble in 
dichloromethane. It is difficult to dry at room temperature. 

*Wendlant and Dunham observed that the melting point of the samples depended on 
the rate of heating. 
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1 2. TETRAKIS( ACETAT0)DI-p-AMIDO-DIBORANE 

2(BCNH), + 12CH3COOH - 3[(CH3COO)2BNH2]2 + 6HC1 

Submitted by D. T. HAWORTH* 
aiecked by L. A. MELCHERt and K. NIEDENZW 

The procedure described represents the conversion, through a 
change in the coordination number of boron and nitrogen, of a 
six-membered boron nitrogen ring to a four-membered boron 
nitrogen ring.' The absence of other reaction products in the 
direct union simplifies the purification problem. 

Procedure 

A 250-ml., three-necked flask is fitted with a reflux condenser 
topped with a calcium chloride drying tube, a dropping funnel, 
and a nitrogen gas inlet tube. Under a blanket of nitrogen, the 
reaction flask is charged with 5 g. (0.027 mole) of 
2,4,6-trichloroborazine$ ,2-4 and the dropping funnel with 75 ml. 
of glacial acetic acid. The gas inlet tube is removed, a magnetic 
stirring bar is added to the flask, and this neck of the flask is 
stoppered. While its contents are being stirred, the glacial acetic 

*Marquette University, Milwaukee, Wis. 53233. 
tuniversity of Kentucky, Lexington, Ky. 40506. 
$US. Borax Research Corp., Anaheim, Calif. 
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acid is added to the flask over a 15-minute period. The solution is 
heated to gentle reflux for 30 minutes, which is followed by 
filtration while still warm through a coarse filter into a 500-ml. 
flask. The clear filtrate is cooled to room temperature, and the 
excess solvent is removed by vacuum distillation on a rotary 
evaporator. The resulting white crystals (7.2 g.) are washed with 
small portions of ether, filtered, and dried under vacuum 
overnight. The yield of the product is 61.5%; m.p. 140-142OC. If 
an oily paste is obtained on removal of the solvent, this paste 
should be washed several times with ether, filtered through a frit, 
and dried in vacuum. 

Properties 

Tetrakis(acetat0)di-p-amido-diborane is a white crystalline com- 
pound which is not too sensitive to moisture. It can be stored in a 
nitrogen atmosphere in a refrigerator for long periods without 
decomposition. It is sparingly soluble in most organic solvents and 
slowly dissolves in glacial acetic acid and acetic anhydride. 
Monoclinic and triclinic crystalline forms were obtained by 
recrystallization from acetic anhydride and glacial acetic acid, 
respectively.' The infrared spectrum recorded (Beckman i.r.-12) 
by the KBr pellet technique contains major absorption bands (at 
frequencies cm.-' ) 3280(s), 3230(s), 3100(s), 1740(w,sh), 
1715(m), 1430(sh), 1390(vs), 1300(m), 1240(m), 1125(m), 
1050(m), 1035(m), 900(w,sh), 775(w), and 700(w). The ' H 
n.m.r. spectrum of the compound in CDC13 has a broad 
absorption at -4.9 p.p.m. (NH,) and a singlet at -2.1 p.p.m. 
(CH,). TMS is used as an internal standard. 
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Chapter Three  

TRARSITION-METAL COMPLEXES 

13. A GENERAL NONAQUEOUS PREPARATION OF 
COBALT( 111) AND NICKEL( 11) DIAMINE 

AND TRIAMINE COMPLEXES 

Submitted by KARL H. PEARSON,* WILLIAM R. HOWELL, JR.,t 
PAUL E. REINBOLD,? and STANLEY KIRSCHNERS 
aecked by J. W. HART, JR.,$ J. KIM,S R. PARKER,$ 
S. YASSINZADEH,$ and C. DAVID SCHMULBACH8 

Previous syntheses of cobalt(II1) and nickel(I1) diamine and 
triamine complexes that have been carried out in aqueous solution 
require several hours, and can give products with varying quan- 
tities of water of hydration, depending on the drying techniques 
employed. For example, Jqhgensen' prepared [ C ~ ( e n ) ~  ] C13 by 
heating [Co(NH3 )' Cl] C12 with ethylenediamine (which involves a 
separate synthesis of the pentaammine complex), and Grossman 
and Schuck? Werner,3 Mann? Work,' Jenkins and Monk,6 
State,7 and Schlessinger' all used aqueous techniques, with air, 
oxygen, or peroxide oxidations for the cobalt(II1) complexes. By 

*Cleveland State University, Cleveland, Ohio 441 15. 
+Texas A and M University, College Station, Tex. 77843. 
$Wayne State University, Detroit, Mi&. 48202. 
$Southern Illinois University, Carbondale, Ill. 62901. 
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using nonaqueous techniques and different oxidants, the authors 
have found it possible to synthesize these complexes in a relatively 
short time (ca. 15-45 minutes), in relatively high yield (ca. 
85-95%), with a very high degree of purity (see Tables I and 11), 
and with no solvation problems. 

For the cobalt(I11) complexes this method offers the additional 
advantage of rapid, controlled oxidation of the cobalt(I1) inter- 
mediate complex to the cobalt(II1) complex through the direct use 
of the elemental halogen corresponding to the anion of the desired 
salt, which eliminates the long air oxidation and the possible 
undesirable side reactions. 

A. COBALT COMPLEXES 

Procedure 

1. Cobalt(II1) Bromides 

C0C03 + 2HBr - CoBr, + H 2 0  + COz 
2CoBr2 + 6(amine) + Br2 - 2 [C~(amine )~  ] Br3 

C, H, OH 

Reagent-grade cobalt(I1) carbonate (2.38 g., 0.02 mole) is 
dissolved in 6.7 ml. of concentrated hydrobromic acid in a 1-l., 
three-necked, round-bottomed flask on a heating mantle. The flask 
is fitted with a dropping funnel and reflux condenser, and its 
contents are stirred with a magnetic stirrer. After complete 
dissolution of the salt, 500 ml. of absolute ethanol is added, and 
the mixture is allowed to reflux for 10-15 minutes. To the reflux- 
ing solution the desired redistilled, reagent-grade amine is added 
dropwise. Table I shows the volume of the amine to be used in all 
preparations of the cobalt complexes. Then 1.6 g. (0.52 ml.) of 
reagent-grade bromine, dissolved in 100 ml. of absolute ethanol, is 
added dropwise (over 20-30 minutes) to the refluxing solution. 
After the addition of the bromine is complete, the hot solution is 
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filtered through a sintered-glass Buchner funnel. The crystals are 
then washed with absolute ethanol and then acetone, and dried at 
5OoC. 

2. Cobalt(I11) Iodides 

CoCO, + 2HI - Co12 + H20 + C02 
2CoI2 + 2x(amine)* + I2 c,H,o~~- 2[Co(arnine),]I3 

Reagent-grade cobalt(I1) carbonate (2.38 g., 0.02 mole) is 
dissolved in 11 ml. of concentrated hydriodic acid in an 800-ml. 
beaker placed in a steam bath. Then 250 ml. of absolute ethanol is 
added. While the hot solution in the steam bath is being stirred 
with a magnetic stirrer, the desired redistilled, reagent-grade amine 
is added, which is followed immediately by the addition of 2.54 g. 
of reagent-grade iodine previously dissolved in 100 ml. of hot, 
absolute ethanol. Table I shows the volume of amine to be used. 
After standing with stirring for 10 minutes in the steam bath, the 
solution is cooled and filtered through a sintered-glass Buchner 
funnel. The collected product is washed with absolute ethanol and 
then acetone, and dried in an oven at 5OoC. 

Roperties, Analyses, and Yields 

All the cobalt(II1) complexes mentioned in Table I are obtained 
as fine golden crystals. They are sparingly soluble in the light 
alcohols, and are essentially insoluble in most other organic 
solvents. They are all quite soluble in water, except for [Co(chxn)3] - 
I, ,t which is sparingly soluble. 

The spectral properties, microanalyses, and yields obtained for 
the various complexes are reported in Table I. 

*For the bidentate chelating agents, x is 3; for the tridentate, x is 2. 
jchxn = tram-1 ,Zcyclohexanediamine. 
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B. NICKEL COMPLEXES 

hocedure 

1. Nickel(I1) Bromides 

NiC03 + 2HBr - NiBr2 + H2 0 + C02 
NiBr2 + x(amine)* - [Ni(amine),] Br2 

C, H, OH 

Reagent-grade nickel(I1) carbonate (1.19 g., 0.01 mole) is added 
slowly to 3.8 ml. (0.03 mole) of reagent-grade concentrated 
hydrobromic acid in a 250-ml. beaker. After complete dissolution 
of the first mixture, 100 ml. of reagent-grade absolute ethanol is 
added, and any spattering is rinsed down carefully. The solution is 
stirred magnetically. The specified volume given in Table I1 of the 
desired, redistilled, reagent-grade amine is added slowly, and the 
mixture continues to be stirred until precipitation is complete 
(absence of the blue color of the nickel ethanol complex in the 
supernate). In some instances it may be necessary to chill the 
solution to ensure complete precipitation. The propylenediamine 
and cyclohexanediamine complexes have been found to be soluble 
in the absolute ethanol. The precipitated product is filtered, 
washed with reagent-grade ethanol, and dried in an oven at 50°C. 

2. Nickel(I1) Iodides 

NiC03 + 2HI - Ni12 + H 2 0  + C02 
Ni12 + x (amine)* - [Ni(amine),] 1, 

C, H, OH 

The direct preparation of the iodides may be accomplished in 
the same manner as the bromides, with the use of 5.5 ml. of 
reagent-grade hydriodic acid (47-50%) in place of the hydro- 
bromic acid. The diethylenetriamine complex was found to be 

*For the bidcntate chclating agents, x is 3; for the tridentate, x is 2. 
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soluble in the absolute ethanol and required chilling before 
filtering. 

Properties, Analyses, and Yields 

All the nickel(I1) complexes are obtained as fine violet crystals. 
They are insoluble in acetone, and all but the [Ni(chxn),]12* 
complex are water-soluble. The spectral properties, elemental 
analyses, and yields obtained for the various complexes are 
reported in Table 11. 
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syntheses with trans-dichlorobis(ethylenediamine)cobalt(III) chlo- 
ride as the initial starting material. The main reason for using this 
particular compound is that it has until recently been one of the 
most available dianionobis(ethylenediamine)cobalt(III) com- 
pounds. However, trans-dichlorobis(ethylenediamine)cobalt(III) 
chloride is, by the traditional method, only obtained in a yield of 
about 50% of a crude product that often contains an impurity of 
cobalt(I1) which is used in excess.' Consequently, preparations of 
dianionobis(ethy1enediamine)cobalt (111) complexes that use the 
trans-dichloro salt as the starting material are bound to give low 
yields based upon original cobalt(I1) salt and ethylenediamine. 

In the following, a series of preparations of dianionobis(ethy1- 
enediamine)cobalt(III) compounds, all starting with (carbonat0)- 
bis(ethylenediamine)cobalt(III) chloride are given. (Carbonato)bis- 
(ethylenediamine)cobalt(III) chloride has been prepared with a 
high yield (80%) by a new method based upon the use of 
cobalt(I1) chloride and the equivalent amount of (2-aminoethy1)- 
carbamic acid. The carbonato compound is easily converted into 
a number of dianionobis(ethylenediamine)cobalt(III) compounds 
with high yields. In some of the following procedures it was 
possible to use the carbon dioxide-ethylenediamine reaction 
mixture directly. 

Besides (carbonato)bis(ethylenediamine)cobalt(III) chloride and 
the corresponding bromide salt, the following complexes are 
described: cis- and trans-dichlorobis(ethylenediamine)cobalt(III) 
chloride, cis-aquachlorobis( ethy1enediamine)cobalt (111) sulfate, cis- 
b i s ( e t h y 1 e ned iam ine )d initrocobalt(II1) nitrite, cis-aquabis- 
(ethylenediamine)hydroxocobalt(III) dithionate, and cis-diaqua- 
bis(ethylenediamine)cobalt(III) bromide. 

A. (CARBONATO)BIS(ETHYLENEDIAMINE)COBALT(III) 
CHLORIDE AND BROMIDE 

H2 NCH2 CH2 NH2 + C02 - H2 NCHz CH2 NHCOOH 
2CoCl2 + 2LiOH + 4H2 NCH2 -CH2 *NHCOOH + H2 O2 - 

2[Co(en)2 C 0 3 ]  C1+ 2C02 + 2LiCl+ 2Hz 0 
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The following procedure is based on the reaction of an aqueous 
solution of cobalt(I1) chloride with the equivalent amount of 
(2-aminoethy1)carbamic acid, followed by oxidation with hydro- 
gen peroxide and the subsequent formation of bis(ethy1ene- 
diamine)cobalt(III) ions. The bis(ethylenediamine)cobalt(III) 
species are converted to the carbonato complex by reaction with 
lithium hydroxide and carbon dioxide. During the entire prepara- 
tion a vigorous stream of carbon dioxide is bubbled through the 
reaction mixture. This procedure appears to be essential in order 
to minimize the formation of tris(ethylenediamine)cobalt(III) 
chloride as a by-product. However, the formation of a negligible 
amount of the tris salt cannot be avoided. The crude salts have a 
purity suitable for preparative purposes. The pure salts are 
obtained by recrystallization from aqueous solution. 

The optical antipodes have been obtained recently by resolution 
using the (+)D -(ethylenediamine)bis(oxalato)cobalt(III) anion, and 
have been isolated as the iodide salt.* The exchange reaction with 
carbonate and the racemization reaction in aqueous solution have 
been investigated kineti~ally.~ 

Procedure 

A stream of carbon dioxide is bubbled through a mixture of 133 
ml. (1.64 moles) of ethylenediamine monohydrate and 133 ml. of 
water* cooled in ice. The stream of carbon dioxide is maintained 
during the entire preparation. A solution of 195 g. (0.82 mole) of 
cobalt(I1) chloride hexahydrate in 175 ml. of water at room 
temperature is added to the cold solution, which is continually 
stirred. The addition of the cobalt(I1) salt causes a violent 
evolution of carbon dioxide gas, and the solution becomes 
red-violet. (Sometimes the mixture coagulates and becomes 
gel-like.) The cooling and the stirring are continued, and the 
mixture is oxidized by dropwise addition of 200 ml. of 30% 

*Alternatively, 112 ml. of 98% ethylenediamine (1.64 moles) and 160 ml. of 
water may be utilized. 
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hydrogen peroxide for approximately 45 minutes. (If a gel has 
been formed, manual stirring is necessary during the addition of 
approximately the first 50 ml. of hydrogen peroxide, until the 
mixture again appears to be homogeneous.) During the addition of 
hydrogen peroxide the temperature increases to about 35OC., and 
the solution becomes a deeper red. The mixture is heated for 
about 15 minutes to a temperature range of 70-75°C. and is kept 
at that temperature for an additional 15 minutes before being 
filtered and cooled in an ice bath to  about 2OoC. At this 
temperature, 34.4 g. (0.82 mole) of finely powdered lithium 
hydroxide monohydrate is added under a vigorous stream of 
carbon dioxide, with thorough stirring and no cooling. The 
temperature rises to about 35OC., and the solution becomes a pure 
red. The mixture is allowed to remain at room temperature, with 
constant stirring for half an hour, whereupon fine red crystals of 
[Co(en)z (CO,)] C1 begin to form. Five hundred milliliters of 
methanol is added, and the mixture is then cooled for 2 hours in 
an ice bath to effect complete precipitation. It is not advisable to  
leave the mixture for crystallization overnight, since the yield of 
the carbonato salt will not increase, but minutc amounts of 
tris(ethylenediamine)cobalt(III) chloride may crystallize out. The 
stream of carbon dioxide is maintained during the cooling. Cooling 
without the addition of methanol produces the solution to be used 
i n  t h e  preparations of trans-dichlorobis(ethy1enediamine)- 
cobalt (111) chloride and cis-bis(ethy1enediamine)dinitrocobalt (111) 
nitrite described below, where this solution is referred t o  as 
solution A. The precipitate is filtered, washed with 200 ml. of 50% 
v/v ethanol, and dried in air. The yield is 179 g. (80%). The crude 
product is almost pure. Anal. Calcd. for [Co(en)2C03]C1: Co, 
21.46; N, 20.40; C, 21.87; H, 5.87; C1, 12.91. Found: Co, 21.59; 
N, 20.33; C, 21.61;H, 5.88;C1, 12.99. 

The pure chloride salt is obtained by reprecipitation from water. 
A 5-g. quantity is dissolved in 30 ml. of water at approximately 
90°C. The solution is filtered quickly. To the hot (50-60°C.) 
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solution is added 30 ml. of methanol with stirring, and the 
mixture is cooled in an ice bath for one hour. The precipitate is 
filtered, washed with two 5-ml. portions of 95% ethanol, and 
allowed to dry in air. The yield is 4.3 g. (86%). The visible 
absorption spectrum is not changed upon further recrystalliza- 
tions. Anal. Found: Co, 21.45; N, 20.62; C, 21.81; H, 5.90; C1, 
13.05. 

The preparation of the bromide salt follows the above synthesis 
for the chloride salt with minor modifications. With the above 
quantities, a solution of 268 g. (0.82 mole) of cobalt(I1) bromide 
hexahydrate in 300 ml. of water is substituted for the cobalt(1I) 
chloride solution. With one exception, the above directions are 
followed exactly. The bromide salt is isolated by cooling in an ice 
bath without the addition of methanol. The precipitate is filtered, 
washed with 200 ml. of 50% v/v ethanol and two 200-ml. portions 
of 95% ethanol, and allowed to dry in air. The yield is 186 g. 
(71%).* Anal. Calcd. for [Co(en)2 (C03)]Br: Co, 18.47; N, 17.56; 
C, 18.82; H, 5.06; Br, 25.05. Found: Co, 17.65; N, 15.27; C, 
17.72; H, 5.10; Br, 26.82. 

The pure bromide salt is obtained by recrystallization from 
water. Four grams is dissolved in 34 ml. of water at 90°C., and the 
filtered solution is cooled in an ice bath for 2 hours. The 
precipitate is filtered, washed with 2 ml. of 50% v/v ethanol and 
two 2-ml. portions of 96% ethanol, and dried in air. The yield is 
2.5 g. (63%). The visible absorption spectrum is not changed upon 
further recrystallization. Anal. Found: Co, 18.53; N, 17.54; C, 
18.78; H, 5.05; Br, 24.99. 

hoperties 

An aqueous solution of the (carbonato)bis(ethylenediamine)- 
cobalt(II1) ion is rather   table.^ The visible absorption spectrum of 

scaled to f of those specified. 
*The checkers report that the same percentage yield is obtained by using quantities 
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the chloride salt in water showed (e,X*),,. : (132.7, 511.5), 
(121.1,359.5); : (16.1, 427), (41.6, 322). Found for the 
bromide salt: ( C , A ) ~ ~ ~ . :  (131.7, 51 1.5), (120.4, 359.5); 
(15.2,427), (40.7, 322). The experimental reproducibility of the E 

values of a definite sample can be characterized by a standard 
deviation of 0.3%. However, from this point on, when it is stated 
that a spectrum of a given salt does not change upon further 
recrystallization, a deviation of 0.8% in the E values (for both 
maxima and minima) for two consecutive crops has been accepted. 
The e values noted above for the chloride and the bromide salts 
are seen to deviate more than 0.876, especially for the e values at 
the minima. The bromide salt is believed to be the more nearly 
pure, since the ratio E ~ ~ . / E ~ ~ .  here is smaller. 

B. t~~~~-DICHLOROBIS(ETHYLENEDIAMINE)COBALT(III) 
CHLORIDE 

[ C ~ ( e n ) ~  (CO, )]  C1+ 3HC1+ H2 0 - 
t r ~ n s - [ C o ( e n ) ~ C l ~ ]  C1.2Hz0*HC1 

t r ~ n s - [ C o ( e n ) ~ C l ~  ] C1*2H2 O*HCl+ COz 

t r ~ n s - [ C o ( e n ) ~  C12 ] C1+ HC1+ 2H2 0 

The traditional method of isolating the truns-dichlorobis- 
(ethylenediamine)cobalt(III) chloride salt by evaporation of the 
reaction mixture to  dryness in the steam bath gives some 
reduction to cobalt(I1). To avoid this, the chloride salt in the 
following procedure is isolated by saturation of the reaction 
mixture with hydrogen chloride gas and by precipitation with 
standing at room temperature. As an alternative method, the 
reaction mixture from the preparation of (carbonato)bis(ethylene- 
diamine)cobalt(III) chloride can be used as the starting material. 

*A in nanometers. 
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Procedure 

1. Preparation from (Carbonato)bis(ethylenediamine)cobalt(III) Chloride 

A 27.5-g. (0.1-mole) quantity of (carbonato)bis- 
(ethylenediamine)cobalt(III) chloride is added to 45 ml. of 
ice-cold 12 M hydrochloric acid in a 100-ml. Erlenmeyer flask with 
stirring and cooling in an ice bath. The carbonato complex is 
dissolved with evolution of carbon dioxide gas and formation of a 
red-violet solution. With continued cooling, the cold (approxi- 
mately 10°C.) solution is saturated with hydrogen chloride gas, 
and is then allowed to  reach room temperature. The flask is closed 
and allowed to stand in the dark for 3-4 days. During this time, 
dark green crystals of t r ~ n s - [ C o ( e n ) ~  C12 ] C1-2H2 0-HCl separate. 
The precipitate is filtered from the mother liquor, which is slightly 
blue from a trace of cobalt(I1). Washing three times with 40-ml. 
portions of 12 M hydrochloric acid and two 50-ml. portions of 
absolute ethanol and drying at llO°C. yields 27.2 g. (95%) of 
bright green metamorphs of t r a n s - [ C ~ ( e n ) ~ C l ~  ] C1. Anal. Calcd. 
for t r ~ n s - [ C o ( e n ) ~ C l ~ ] C l :  Co, 20.64; N, 19.63; C, 16.83; C1, 
37.26; H, 5.65. Found: Co, 20.67; N, 19.70; C, 16.88; C1, 37.26; 
H, 5.50. 

2. Preparation from Cobalt(I1) Chloride Hexahydrate 

To one-fifth of solution A (0.164 mole of cobalt(I1) salt, see 
preparation A) is added 60 ml. of ice-cold 12 M hydrochloric acid. 
The solution is filtered, cooled to a temperature of 5-10°C., and 
saturated with hydrogen chloride gas as above. The trans-dichloro 
salt is isolated as before. The yield is 35.1 g.* (75% based upon 
cobalt(I1) chloride). Anal. Found: Co, 20.61; N, 19.66; C, 16.89; 
C1, 37.25; H, 5.57. 

*When addition of lithium hydroxide in the preparation of solution A is excluded, 
the yield of the trunrdichloro salt is lowered to 69%. 
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Properties 

The visible absorption spectra of aqueous solutions (extrapo- 
lated to t = 0) of the samples from the above preparations are 
identical; (37.2, 618); ( ~ , h ) ~ , , . :  (5.1, 525); 
(E,h) (28.2, 455), (37.8,400). 

C. cis -DICH LOROBIS(ETHY LENE DIAM1NE)COBA LT( 111) 
CHLORIDE 

[ c ~ ( e n ) ~ ( C O ~ ) ] C l +  2HC1 - ~ i s - [ C o ( e n ) ~ C l ~ ] C l - H ~ O  + C 0 2  

Procedure 

To 27.5 g. (0.1 mole) of crude (carbonato)bis(ethylenediamine)- 
cobalt(II1) chloride is added 200 ml. of 1.00 N hydrochloric acid. 
The carbonato complex is dissolved with evolution of carbon 
dioxide gas and formation of a red solution consisting primarily of 
the corresponding cis-diaqua species. The solution is evaporated in 
the steam bath until an almost dry paste has been formed. The 
purple residue is filtered and washed with three 20-ml. portions of 
ice-cold water. Drying in air yields 19.5 g. of purple crystals of 
cis-dichlorobis(ethy1enediamine)cobalt (111) chloride. The mother 
liquor and the washings are again evaporated almost to  dryness to  
yield a second crop of crystals, 5.9 g. The total yield is 25.4 g. 
(84% based on  (carbonato)bis(ethylenediamine)cobalt(III) chlo- 
ride). The analysis and the visible absorption spectrum of the two 
fractions are identical. Anal. Calcd. for [ Co(en), C12 ] C1-H2 0: Co, 
19.42; N, 18.46; C, 15.82; C1, 35.05; H, 5.98. Found: Co, 19.50; 
N, 18.57; C, 15.77; C1, 35.15; H, 6.01. 

Boperties 

The spectrum was measured in 12 M hydrochloric acid to 
prevent hydrolysis. However, even in this medium an extrapola- 
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tion of the spectrum back to time of dissolution (a correction 
of about 1%) is required because of the isomerization reac- 
tion, (e,X),,; (98.9, 534.5); 
(91.4,388). For other properties, see reference 1. 

(16.6, 451); 

D. cis-AQUACHLOROBIS(ETHYLENEDIAMINE)COBALT(III) 
SULFATE 

[Co(en)z (C03 )]  C1+ Hz SO4 + 2Hz 0 - 
cis-[Co(en)z (H, O)C1] SO4 .2Hz 0 + COz 

The bromide or chloride salt can be prepared easily from the 
sulfate ~ a l t . ~ ~ 9 '  Werner has resolved the bromide salt into its 
optical antipodes through the (3-bromo-2-oxo-8-bornanesulfonic 
acid).6 The bromide salt is converted by heat into a mixture of the 
corresponding cis- and trans-bromochloro complexes.' 

Procedure 

A 41.2-g. (0.15-mole) sample of crude (carbonato)bis- 
(ethylenediamine)cobalt(III) chloride is added, with caution, 
portionwise to 40 ml. of 4 M sulfuric acid in a 500-ml. conical 
flask at room temperature. The carbonato complex dissolves with 
evolution of carbon dioxide gas and formation of a red solution of 
the corresponding cis-diaqua species. The flask is fitted with a 
condenser, and the mixture is then heated in the water bath at 
85'C. for hour. The solution turns from red to red-violet. The 
reaction mixture is transferred from the water bath to an ice bath 
and cooled to room temperature. Without cooling, 20 ml. of 96% 
ethanol is added to the stirred solution. The Erlenmeyer flask is 
closed, and after 1-2 hours the precipitation of red-violet crystals of 
cis-aquachlorobis(ethylenediamine)cobalt(III) sulfate commences. 
To complete the precipitation, the reaction mixture is allowed to 
remain at room temperature in darkness with continued stirring 
for 3-4 days. The precipitate is filtered, washed thoroughly with 
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three 45-ml. portions of 33% v/v ethanol and two 75-ml. portions 
of 96% ethanol. The bis(ethylenediamine)cobalt(III) in the mother 
liquor and the washings may be recovered as truns-dichlorobis- 
(ethylenediamine)cobalt(III) chloride. Before doing this, it is 
advisable to  remove the ethanol at low temperature in order to 
minimize the reduction to cobalt(I1). Drying in air yields 39 g. 
(71%) of the almost pure sulfate salt. Anal. Calcd. for 
[CO(~~)~(H,O)C~]SO~.~H~~: Co, 16.16; C, 13.17; N ,  15.36; C1, 
9.72; H, 6.08. Found: Co, 16.19; C, 13.10;N,  15.41;C1,9.51;H, 
6.07. 

Properties 

The sulfate is sparingly soluble in water. In aqueous solution, it 
hydrolyzes much more slowly than does the corresponding 
cis-dichloro complex with respect to substitution of its first 
chloride by water. The visible spectrum in water showed 

(87.9, 516); (72, 375). This spectrum is in fair 
agreement with that reported in the literature7 for the pure 
chloride salt, (85.5,516). 

E. c~-BIS(ETHYLENEDIAMINE)DINITROCOBALT(III) 
NITRITE 

[ C ~ ( e n ) ~  (C03 )]' + 2H++ H, 0 - 
~is-[Co(en),(H,O),]~+ + 3N02- - ~is-[Co(en)~(H,O),  13+ + CO, 

cis-[Co(en)* (NO,),] NO, + 2 H 2 0  

Procedure 

A 137.3-g. (0.5-mole) sample of crude (carbonato)bis(ethyl- 
enediamine)cobalt(III) chloride is added with stirring to 275 
ml. of 4 M hydrochloric acid cooled to 0-5°C. in an ice bath. The 

*A in nanometers. 



Diiznionobis(ethylenedmmine)cobalt(II.I) Complexes 73 

carbonato complex dissolves with evolution of carbon dioxide gas 
and formation of a red solution of the corresponding cis-diaqua 
complex. The cooling is maintained for about 20 minutes, after 
which period the solution is filtered. A hot solution (70-72OC.) 
composed of 550 g. (8.0 moles) of sodium nitrite dissolved in 475 
ml. of water is added to the cold red solution (5-10°C.) of the 
cis-diaqua complex. The addition is made carefully over a period 
of 1-2 minutes without further cooling, but with adequate 
stirring. Because of vigorous frothing a large beaker (4-6 1.) is used 
for the mixing. The solution turns from red to orange-brown, and 
at the beginning vigorously produces nitrogen oxides. During the 
mixing, yellow crystals of cis-bis( cthy1enediamine)dinitro- 
cobalt(II1) nitrite begin to precipitate. The temperature is 
50-55°C. immediately after the mixing. The reaction mixture is 
kept at that temperature for 15 minutes and then cooled in an ice 
bath for 3 hours to complete the precipitation. The precipitate is 
filtered, washed with one 100-ml. portion of ice-cold water and 
two 100-ml. portions of 96% ethanol, and allowed to dry in air. 
The yield is 136 g. (86%) of cis-bis(ethy1enediamine)dinitro- 
cobalt(II1) nitrite. Anal. Calcd. for [ C ~ ( e n ) ~  (NO2 )2  ] NO2 : Co, 
18.58; C, 15.15; H, 5.09; N, 30.92. Found: Co, 18.80; C, 15.13; 
H, 5.09; N, 30.95. 

Preparation from Cobalt(I1) Chloride 

One hundred fifty milliliters of 12 M hydrochloric acid is added 
to a solution containing 195 g. (0.82 mole) of cobalt(I1) chloride 
hexahydrate in 175 ml. of water. The cobalt(I1) chloride solution 
is cooled in an ice bath and stirred during addition of the acid. 
This solution is treated with a solution of 900 g. (13.1 moles) of 
sodium nitrite in 775 ml. of water, and cis-bis(ethy1enediamine)- 
dinitrocobalt(II1) nitrite is isolated as described above. The yield is 
178 g. of the impure nitrite salt (68.5% based on cobalt(I1) 
chloride). Anal. Found: Co, 18.98; C, 14.85; H, 5.08; N, 29.51. 

The cis configuration has been confirmed by conversion of the 
crude nitrite salts into the bromide salt and resolution of the 
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optical antipodes that are formed, according to the method of 
Dwyer and Garvan's.' 

Properties are reported in previous volumes in this 

F. cis-AQUABIS(ETHY LENEDIAM1NE)HY DROXO- 
COBALT(II1) DITHIONATE 

[ C ~ ( e n ) ~  (CO, )]+ + 2H+ + H2 0 - 
~ i s - [ C o ( e n ) ~ ( H ~ 0 ) 2 ] ~ +  +OH- + [S2O6I2- - ~is - [Co(en)~  (H2 0),13+ + C02 

~ i s - [Co(en )~  (OH)(H2 O)] [S2 O6 ] + H2 0 

Procedure 

A 16.5-g. (0.06-mole) sample of crude (carbonato)bis- 
(ethylenediamine)cobalt(III) chloride is dissolved in 40.0 ml. of 2 
M sulfuric acid at room temperature. The carbonata complex 
dissolves, producing carbon dioxide gas and a red solution 
of the corresponding cis-diaqua complex. To remove all the 
carbon dioxide, a stream of nitrogen gas is bubbled through 
the solution, which is cooled in an ice bath for one hour. This 
procedure is necessary to avoid partial formation of the carbonato 
complex by the subsequent addition of sodium hydroxide. A 
solution of 14.6 g. (0.06 mole) of sodium dithionate dihydrate in 
175 ml. of water (2OOC.) is added, and the filtered solution is 
cooled to 5-10°C. Now 50 ml. of ice-cold, 2 N sodium hydroxide 
is added to the stirred solution with continued cooling. 
Microscopic pink crystals of cis-aquabis(ethy1enediamine)- 
hydroxocobalt(II1) dithionate are immediately precipitated. After 
the suspension has cooled for another 5 minutes, the precipitate is 
filtered and washed with four 25-ml. portions of water and 96% 
ethanol. Drying in air yields 15.9 g. (71%) of the almost pure 
dithionate salt. Anal. Calcd. for [Co(en2 )(OH)(H2 O)] S2 O6 : Co, 
15.75; C, 12.84; N, 14.97; H, 5.12. Found: Co, 15.96; C, 12.74; 
N, 15.09; H, 5.12. 
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The pure sample is obtained by reprecipitation. Ten grams of the 
crude product is dissolved in 60.0 ml. of ice-cold 0.5 N 
hydrochloric acid with cooling in an ice bath. Then 15 ml. of 
ice-cold 2 N sodium hydroxide is added to the filtered solution 
with stirring and cooling, and cis-aquabis(ethy1enediamine)- 
hydroxocobalt(II1) dithionate is isolated as above. Yield is 8.4 g. 
(84%). The visible absorption spectrum in acidic or basic solution 
of the sample reprecipitated twice in this manner does not change 
after the second precipitation. Anal. Found: Co, 15.74; C, 12.72; 
N, 14.87; H, 5.10. 

Properties 

The dithionate salt is almost insoluble in water. It dissolves in 
acid or base with formation of the corresponding cis-diaqua and 
cis-dihydroxo species, respectively. l 1  The absorption spectrum in 
0.12 M perchloric acid showed (78.5,492), (61.5, 358); 
( E , X ) ~ ~ ~ . :  (13.6, 414), (10.2, 305). The absorption spectrum in 
0.1 N sodium hydroxide showed (E,A)~,,;  (94.4, 517), (102.3, 
371); (E,X),,,~,,.: (15.8,433), (19.0, 319.5). 

In 1 M sodium nitrate, the acidity constants for cis-diaqua and 
cis-aquahydroxo ions are pK1 = 6.06 and pK2 = 8.19." 

G. cis-DIAQUABIS(ETHYLENEDIAMINE)COBALT(III) 
B R 0 MID E 

~i s - [Co(en )~(OH)(H~0) ]  [ S 2 0 6 ]  + 3HBr + H2O- 
~is - [Co(en)~  (H2 O), ] Br3 -H2 0 + H2 Sz 0 6  

Procedure 

Twenty grams (0.0535 mole) of crude cis-aquabis(ethy1ene- 
diamine)hydroxocobalt (111) dithionate (preparation F) is dissolved 
in 60 ml. of ice-cold (0-5OC.) 1 M hydrobromic acid. To the 
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filtered solution is added, with stirring and cooling in an ice bath, 
120 ml. of ice-cold concentrated hydrobromic acid* (sp. gr., 
1.73). After some minutes red crystals of cisdiaquabis(ethy1ene- 
diamine)cobalt(III) bromide separate. The cooling is continued for 
half an hour to complete the precipitation. The sample is filtered, 
washed thoroughly with 96% ethanol, and dried in an evacuated 
desiccator over 5 M sulfuric acid at 5OC. This procedure yields 
21.0 g. (80%) of red crystals of the almost pure bromide salt.* 
Anal. Calcd. for [ Co(en)? (H2 O)* ]Br3- H2 0: Co, 12.46; N, 11.85; 
C, 10.16;Br, 50.70. Found: Co, 12.39;N, 11.73;C,9.88;H,4.87; 
Br, 49.97. 

Properties 

To prevent substitution by bromide, the sample is kept in a 
refrigerator at -15OC. At this temperature it is stable for some 
months. The above crude product of the bromide salt is 
contaminated with a negligible amount of cis-aquabromobis- 
(ethylenediamine)cobalt(III) bromide, which is not removed by 
reprecipitation. However, the bromide salt has a purity suitable for 
further synthetic work, e.g., preparation of cis-aquabis(ethy1ene- 
diamine)hydroxocobalt (111) bromide.12 

The visible absorption spectrum in acidic solution differs slightly 
from the spectrum of the pure cisdiaqua complex.+ Found in 
0.12 M perchloric acid: ( E , X ) - ~ ?  (76.3, 492), (60.8, 358); 

(13.1,414), (22.5, 313). 
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15. BIS( ETHY LENED1AMINE)SULFITO COMPLEXES 
OF COBALT(II1) 

Submitted by ROBERT D. HARGENS,* WOONZA MIN,* and ROBERT C. HE"EY* 
Checked by T. M. BROWN? and A. GALLIARTt 

Disodium cis-bis(ethylenediamine)disulfitocobaltate(III) nitrate 
and also the perchlorate have not been reported before and are 
recommended as sources of the cis-bis(ethy1enediamine)disulfito- 
cobaltate(II1) ion, which has been prepared by Baldwin' by 
proceeding through a difficult series of complex salts. The 
cis-azidobis(ethylenediamine)sulfitocobalt(III) is also newly re- 
ported; it can be converted into a relatively pure sodium 
truns-bis(ethylenediamine)disulfitocobaltate(III), which has pre- 
viously been made from dichlorobis(ethy1enediamine)cobalt (111) 
chloride' and tetraammine(carbonato)cobalt(III) chloride.' 

A. DISODIUM &-BIS(ETHY LENEDIAM1NE)DISULFITO- 
COBALT@) NITRATE AND PERCHLORATE 

2[Co(H20),]  (NO3), + 4Na2S03 + 4en + 0 2  + 2HN03- 

Na2 [Co(en)' (SO3 )' ] NO3 %-I2 0 + NaC104 'H2 0 - 2Naz [ C ~ ( e n ) ~  (SO3 )' ] NO3 '3H2 0 + H2 0 2  + 4NaN03 + 6H2 0 

+ Hz 0 Na2 [ C ~ ( e n ) ~  (SO3)' ] C104 *3H2 0 + 

*Mankato State College, Mankato, Minn. 56001. 
tAnzona State University, Tempe, A h .  85281. 
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Procedure 

A mixture of 25 g. (0.20 mole) of sodium sulfite and 100 ml. of 
water is added to 29 g. (0.10 mole) of cobalt(I1) nitrate 6-hydrate 
dissolved in 25 ml. of water, which gives a pink, mushy precipitate 
of cobalt(I1) sulfite. Then 6 ml. of concentrated nitric acid in 10 
ml. of water is added dropwise to 12 g. (0.20 mole) of 98% 
ethylenediamine and mixed with the cobalt sulfite, which im- 
mediately dissolves t o  form a brown solution. (. Caution. Spat- 
tering occurs during the addition of the nitric acid.) Air is bubbled 
through the solution with a wash-bottle attachment for one hour, 
and the solution is filtered t o  remove any residue of cobalt oxide. 

The filtrate may be treated with 15 g. (0.11 mole) of sodium 
perchlorate l-hydrate to obtain light-brown crystals of disodium 
cis-bis(ethylenediamine)disulfitocobaltate(III) perchlorate 3-hy- 
drate, or it may be concentrated under reduced pressure in a 
flash evaporator until small crystals or a yellow powder of 
disodium cis-bis(ethylenediamine)disulfitocobaltate(III) nitrate 
3-hydrate appear. In either case the solution is cooled in an ice 
bath for one hour before filtering; the crystals are washed with 
alcohol and ether and dried at 125°C. At this temperature each 
salt gives up three water molecules and darkens in color. Since the 
crude nitrate is difficult to recrystallize, the nearly pure per- 
chlorate salt is preferable for most purposes. Yield of the 
anhydrous nitrate salt is 4-7 g. (9-15%). A d .  Calcd. for 
Na2 [ C ~ ( e n ) ~  (SO,), ] NO3 : Co, 13.2; Na, 10.3; NO3-, 13.9. 
Found: Co, 12.5; Na, 10.1; NO3-, 14.8. Yield of the anhydrous 
perchlorate salt is 25-30 g. (52-62%). Anal. Calcd. for Na2- 
[ C 0 ( e n ) , ( S O ~ ) ~ l C 1 0 ~ :  Co, 12.2; N, 11.6; Na, 9.5. Found: Co, 
12.1; N, 11.6; Na, 9.5. 

B. cis-AZIDOBIS( ETHY LENEDIAMINE)SULFITOCOBALT(III) 

c i s - [ C ~ ( e n ) ~ ( N ~ ) ~ ] N O ~  + Na2S03 - 
cis-[Co(en)2N3 (SO,)] + NaN3 + NaN03 
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Procedure 

A mixture of 20 g. (0.062 mole) of cis-diazidobis(ethy1ene- 
diamine)cobalt(III) nitrate3** and 40 ml. of warm water is placed 
in a steam bath. Sodium sulfite 7.8 g. (0.062 mole) is stirred 
slowly into the mixture, and stirring is continued for 2 minutes. 
The hot solution is filtered quickly to remove cobalt oxide. Red 
crystals of cis-azidobis(ethylenediamine)sulfitocobalt(III) start to 
precipitate immediately and, after cooling in an ice bath for one 
hour, they are filtered. After recrystallization from boiling water 
(20 ml./g. of crude product), the yield is 4-5 g. (22-27%). If it is 
desired to prepare sodium truns-bis(ethy1enediamine)disulfito- 
cobaltate(III), one may triple the amounts of reagents to obtain a 
sufficient yield. Anal. Calcd. for [ c ~ ( e n ) ~ N ~ ( S O ~ ) l  : Co, 19.6. 
Found: Co, 19.5. 

C. SODIUM trans-BIS(ETHY LENEDIAM1NE)DISULFITO- 
COBALTATE(II1) 

c i s - [ C ~ ( e n ) ~ N ~ ( S O ~ ) ]  + Na2S03 + 3HzO- 
tr~ns-Na[Co(en)~ (SO3 )2 ] .3H2 0 + NaN3 

Procedure 

A sample of 11.6 g. (0.039 mole) of cis-azidobis(ethy1enedi- 
amine)sulfitocobalt(III) is dissolved in 15 ml. of water. The 
solution is heated to boiling, and 5 g. (0.040 mole) of sodium 
sulfite is slowly stirred in. After being boiled for 3 minutes, the 
solution is cooled in an ice bath. Bright yellow crystals of sodium 

*The checkers suggest that in following the directions of Staples and Tobe’ for the 
preparation of this salt, the concentrated HNO, be diluted with an equal volume of 
water before adding it to the ethylenediamine. 
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truns-bis(ethylenediamine)disulfitocobaltate(III) 3-hydrate form 
immediately and after a few minutes are filtered off, washed with 
ethanol and ether, and dried at 120°C., at which temperature the 
three water molecules are driven off. The yield is 7-8 g. (50-57%). 
Anal. Calcd. for Na[Co(en), (SO,),] : Co, 16.3; N, 15.5; Na, 6.4. 
Found: Co, 16.1; N, 15.6; Na, 6.7. 

hoperties 

Polarographic analysis of the cis-bis(ethy1enediamine)disulfito- 
cobaltate(II1) ion indicates a sulfite/cobalt ratio of 2 and identifies 
the complex ion as that in the compound described by Baldwin as 
sodium cis-bis(ethylenediamine)disulfitocobaltate(III). Baldwin's 
tentative assignment of the cis configuration is supported by 
lability studies by Stranks and Yand~ l l .~  The ion has an 
absorption maximum at 442 nm. (440 reported by Baldwin). The 
x-ray diffraction pattern of the nitrate salt does not disclose any 
evidence of sodium nitrate crystals. The nitrate can be converted 
to the perchlorate by dissolving it in hot water, adding sodium 
perchlorate, and cooling. The equivalent weight of the anhydrous 
perchlorate salt determined by cation exchange is 238 (calcd., 
242). The anhydrous salts rapidly absorb three water molecules 
when exposed to the atmosphere. 

The cis-azidobis(ethylenediamine)sulfitocobalt(III) exhibits an 
absorption maximum at 502 nm. The infrared spectrum shows 
expected bands for the sulfito and azido groups. Polarographic 
analysis indicates a cobalt/sulfite ratio of 1. The assignment of the 
cis configuration is tentative, based on the generally complex 
infrared ~pec t rum.~  

The sodium truns-bis(ethylenediamine)disulfitocobaltate(III) is 
identical in all respects with the product prepared by Baldwin's 
method, although the absorption peak for the product obtained 
by either method is observed at 439 nm., compared with 431 
reported by Baldwin. The complex ion undergoes rapid acid or 
base hydrolysis to form the aquabis(ethy1enediamine)sulfito- 
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cobalt(II1) ion. If recrystallization is indicated, losses caused by 
hydrolysis can be minimized by recrystallizing from 0.5 M sodium 
sulfite solution. 
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16. NJTROSYLIRON, -COBALT, AND 
-NICKEL IODIDES 

Submitted by B. HAYMORE* anb R. D. FELTHAMf 
Checked by B. E. MORRIS$ and R. A. CLEMENT$ 

The compounds [ Fe(N0)2 I] 2 ,  [CO(NO)~ I] , and [Ni(NO)I] 
have been prepared before with gas-solid reactions at elevated 
temperatures.' However, the syntheses were complicated and the 
yields were relatively low, expecially for the cobalt and nickel 
compounds. In addition, the syntheses of these compounds 
required equipment not available in every laboratory. The synthe- 
ses described herein require only readily available glassware and 
chemicals. If desired, these compounds can be prepared in macro 
quantities by the methods described below. 

*Chemistry Department, Northwestern University, Evanston, Ill. 63301. 
?Chemistry Department, University of Arizona, Tucson, Ariz. 85721. 
$E. I .  du Pont dc Nemours & Company, Wilmington, Dcl. 19898. 
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Procedure 

A. IRON DINITROSYL IODIDE 
(Iodadinitroeyliin) 

(CH, 1% CO Fe + I2 - Fe12 

[Fe(NO)2 I1 2 
(CH, )2 co Fe12 + Fe + 4N0 - 

The entire synthesis of the iron dinitrosyl iodide can be carried 
out in a lOOO-ml., three-necked, round-bottomed flask equipped 
with a gas inlet, a 500-ml., pressure-equalizing addition funnel, and 
a mechanical stirrer as shown in Fig. 8. A magnetic stirrer must 
not be used during the preparation of Fe12 and [ Fe(N0)2 I] 2 ,  for 
the large excess of iron powder will prevent efficient stirring.* 
Because of the toxic nature of nitric oxide, the entire reaction 
should be carried out in an efficient hood. For best results, all 
joints should be lubricated with high-vacuum silicone grease. 
Regulated cylinders of nitrogen and nitric oxide? should be 

T h e  checkers find that a reflux condenser is desirable. 
?Matheson Gas Products, East Rutherford, N J. 07073. 

Hwd 

500-ml. pressure -equalized 
dropping funnel 

C 

Dry Ice trap UJ 
1000-rnl. flask 

F&. 8 Apparatus for the preparation of iron dinitrosyl iodide. 
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attached as indicated, by polyvinyl tubing. Gases exit through the 
water condenser and the bubble tube, which is attached to the 
condenser with polyvinyl tubing, or through the unstoppered 
dropping funnel, as required. Care must be taken that air does not 
reenter the flask through this bubble trap during subsequent 
operations. 

A strong nitrogen flow is set, the dropping funnel is removed, 
and to the flask are added anhydrous-grade acetone (250 ml.), 
deoxygenated by bubbling dry nitrogen through it, and 33.5 g. 
(0.3 mole) of reagent-grade iron powder. The dropping funnel is 
replaced, and the system is purged with nitrogen, the gas exiting 
through the unstoppered dropping funnel and the bubble tube. A 
solution containing 38.1 g. (0.1 mole) of reagent-grade iodine in 
300 ml. of anhydrous, deoxygenated, peroxide-free ether is added 
to the addition funnel. The addition funnel is then stoppered and 
the nitrogen flow reduced. 

The iodine solution is added dropwise at such a rate that the 
entire quantity of iodine is added over a period of 45-74 minutes. 
If the iodine is added too rapidly, iodination of acetone will take 
place. Caution. Iodoacetone species are extremely powerful 
lacrimaton. During the addition of the iodine solution, a very 
slow flow of nitrogen should be maintained (1-5 bubbles per 
minute). The resultant product should consist of a dark brown 
solution and unreacted iron (150-mole % excess). This excess iron 
powder is necessary for the over-all reaction, for reducing the 
iodination of acetone, and for improving the yield of product. 

After the final addition of the iodine solution, the nitrogen gas is 
displaced by nitric oxide. The reaction of the nitric oxide is 
immediate. The flow of this gas should be maintained through the 
bubble trap so that there is always a positive pressure of nitric 
oxide inside the flask. A very large flow of nitric oxide can be 
maintained into the flask at high stirring rates, but only a few 
bubbles of nitric oxide need to be passed through the bubble trap 
(ca. one bubble per second). However, when the stirring rate is 
decreased, the flow of nitric oxide must be decreased simulta- 
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neously or else large amounts of nitric oxide will be wasted. 
Vigorous stirring should be maintained throughout the addition of 
the nitric oxide, because the rate of nitric oxide consumption is 
dependent upon the rate of mixing between the gas and liquid. 
Depending upon the stirring rate, the reaction with nitric oxide 
will take between 60 and 120 minutes. The end of the reaction is 
marked by the cessation of absorption of nitric oxide, determined 
by use of the bubble trap. When the reaction is complete, the 
nitric oxide is displaced by nitrogen. Care must be taken in 
handling this solution, since in solution the iron nitrosyls are very 
sensitive to  water, oxygen, and especially nitrogen dioxide (from 
air oxidation of nitric oxide). 

Under a flow of nitrogen, a magnetic stirring bar is added to  the 
flask, while the dropping funnel and mechanical stirrer are 
replaced with glass stoppers. The Dry Ice trap is replaced with a 
1000-ml. filtering flask immersed in liquid nitrogen, and the nitric 
oxide cylinder is replaced with a mechanical vacuum pump. The 
nitrogen inlet and exit to the bubble trap are clamped off, and the 
ether and acetone are removed carefully by vacuum distillation 
into thc filter flask. These ether and acetone distillates should be 
handled with care since they will contain small amounts of a 
powerful lacrimator. 

After the black solid is completely dry, determined by the lack 
of further condensate in the filter flask and b y  the formation of a 
black sublimate in the flask, the flask is filled with nitrogen. The 
filter flask is replaced with a small liquid-nitrogen trap. The center 
stopper is replaced with a Pyrex glass cold finger, constructed by 
making a test-tube end on the bottom of a ground joint with a 
reduced-diameter lower tube (Fig. 9). The flask is immersed in a 
3-1. beaker containing enough mineral oil to come to just below 
the necks of the 1-1. flask. The beaker and flask are placed upon a 
magnetic-stirring hot plate where the oil bath is stirred magnet- 
ically. 

The remaining traces of acetone and other volatile products are 
removed by vacuum distillation into the liquid-nitrogen trap by 
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/,Vacuum pump 
/ 

Fig. 9 Sublimation apparatus. 

raising the temperature of the mineral oil to 70°C. It is absolutely 
essential to handle this higher-boiling fraction in an efficient hood, 
since it contains most of the lacrimator produced. If all the 
volatile components are not removed from the flask before the 
cold finger is charged with carbon dioxide, these liquids will reflux 
on the cold finger and prevent sublimation of the product. When 
this happens, remove the solid carbon dioxide from the cold 
finger, and continue the distillation into the liquid-nitrogen trap 
until the solid is completely free of these liquids. The heating rate 
of the flask should be approximately Z"C./minute. This slow 
heating rate is necessary to ensure uniform heating of the crude 
product. Explosive decomposition can take place (and has, in one 
case) when the heating rate is excessive. The temperature of the 
mineral oil is increased until a dark brown or black solid appears in 
the liquid-nitrogen trap (ca. 90°C.). Solid carbon dioxide is then 
added to the cold finger, and a small quantity of acetone is added 
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to improve contact between the Dry Ice and the walls of the cold 
finger. The bath temperature is slowly increased until a large 
amount of sublimate begins to appear on the cold finger (ca. 
110OC.). Because of the large quantities involved, two batches of 
sublimate must be collected. The product can be scraped from the 
cold finger into a bottle in air, providing the bottle is flushed 
before and after filling it with dry nitrogen. Although solutions of 
the compound are very sensitive to  air, the sublimed solid may be 
handled for short periods of time in dry air. Alternatively, the 
flask can be cooled, placed in a dry-bag or dry-box, and the solid 
transferred from the cold finger to  a convenient storage bottle. 

The sublimation gives dense, black, lustrous crystals with 
metallic reflecting surfaces. The yield is 59.8 g. (or 82%) based on 
iodine. The product was identified by its mass spectrum,2 infrared 
spectrum, and elemental analysis. Anal. Calcd. for [ Fe(N0)2 I] : 
Fe, 23.0; I, 52.3; mol. wt. (monoisotopic), 486. Found: Fe, 23.4; 
I, 51.8; mol. wt., 486. Infrared spectrum, observed: v N o ,  1810 
and 1770 cm.-' ; in  literature: v N o ,  1818 and 1 7 7 1  cm.-'. 

B. COBALT DINITROSY L IODIDE 
(IododinitrosylwbaIt) 

The cobalt analog of the iron dinitrosyl iodide is prepared 
according to  the above procedure with only minor modifications, 
which are outlined below. Anhydrous deoxygenated reagent-grade 
acetone and 35.4 g. of cobalt powder? are added to  the 1000-ml. 
flask and allowed to react with the ether solution of iodine (38.1 
g. (0.15 mole) of iodine in 300 ml. of ether) over a period of 30 
minutes. Then nitric oxide is admitted to the flask. The reaction 

*Equation as represented is balanced for the monomer. 
tFischer Scientific Company, Burlingame, Calif. 94010. 



Nitrosyliron, cobalt, and -nickel Iodides 87 

of nitric oxide with cobalt(I1) iodide is complete after 30 minutes. 
After removal of all the volatile liquids by vacuum distillation, the 
temperature of the flask is raised slowly to  100°C. Almost no 
sublimation of the cobalt complex takes place at this temperature 
in contrast with the iron dinitrosyl iodide, which will entirely 
sublime under these conditions. The majority of the cobalt 
dinitrosyl iodide must be sublimed by using a bath temperature 
between 130 and 140°C. The cobalt compound sublimes onto the 
cold finger, cooled to -78"C., as lustrous black crystals similar in 
appearance and crystal habit to those of the iron complex. 
However, if the cold finger is maintained at 0°C. with ice, then the 
cobalt complex sublimes in the form of fine brown needles. This 
brown phase also appears on the surface of the black sublimate at 
-78°C. when the black sublimate is thick enough to serve as 
insulation for the cold finger. When the black, low-temperature 
modification is allowed to  warm to room temperature on the 
probe, it converts to  the brown form. The conversion can be easily 
followed visually. The cobalt complex can also be sublimed by 
using boiling methanol in the cold finger. Under these conditions, 
a third high-temperature black form results. On cooling to  room 
temperature, this high-temperature black form also reverts t o  the 
brown form. These phase changes are reversible, and the same 
phenomena can be observed after several sublimations. The crystal 
structure of the brown form has been determined.3 This brown 
modification consists of infinite chains of Co-I-Co-I-, etc. In 
solution and in the gas phase this cobalt nitrosyl iodide is dimeric, 
as is the iron complex. It would appear that the black low- 
temperature modification probably consists of the dimeric species 
which is deposited directly from the gas phase, whereas the 
structure of the high-temperaturc modification is unknown. The 
yield of CO(NO)~I is 33.8 g. (or 46%) based on iodine. Anal. 
Calcd. for [CO(NO)~ I] : Co, 23.97; mol. wt. (monoisotopic), 
492. Found: Co, 23.4; mol. wt. (mass spectrometry), 492.* 

*Molecular weight of dimer form. 
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C. NICKEL NITROSYL IODIDE 
(Iodonitrosylnickei) 

The nickel complex, [Ni(NO)I], can also be prepared by the 
procedures outlined above. The compound is formed readily in 
reasonable yields, but it is significantly less stable than the iron 
and cobalt compounds. Moreover, although some of it can be 
sublimed, it decomposes slowly even below its sublimation 
temperature. The gram quantities used are the same as for cobalt, 
and no modification of the procedure is necessary until the 
sublimation step. N o  sublimation of the nickel complex takes 
place until the bath temperature reaches 155-165OC. At this 
temperature a small amount (2.5 g.) of product sublimes onto the 
cold probe. Anal. Calcd. for Ni(N0)I: Ni, 27.22; I, 58.86. Found: 
Ni, 26.8; I, 56.5. 

Owing to  the low volatility and decomposition of the product, 
the following procedure is preferred. After removal of all the ether 
and acetone by vacuum distillation, the flask is equipped with a 
reflux condenser and gas outlet under a strong nitrogen flow. 
Next, 300 ml. of dry, deoxygenated, peroxide-free tetrahydro- 
furant is added to the flask, and the mixture is refluxed for 2 
hours. After cooling to  room temperature, the solution is decanted 
into a Schlenk tube4 filled with dry nitrogen. This compound 
cannot be exposed at any time to oxygen or water. The solid must 
be transferred by the techniques described above or in a dry-bag or 
dry-box. The solution is cooled to  -78°C. and yields a large 
amount of a green powder. Green crystals are obtained upon slow 

*Equation balanced for the monomer. 
tDetails for the purification of tctrahydrohran are given in Inorganic Syntheses, 12, 

317 (1970). 
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crystallization at -78°C. (24 hours). (The checkers found that the 
solution supercools and that crystallization is slow.) The solution 
is quickly filtered through a glass frit of coarse porosity under 
nitrogen. (The checkers removed the solvent under N2 flow by use 
of a syringe.) The green solid is a tetrahydrofuran complex which 
is stable in the absence of air and water and in the presence of the 
equilibrium vapor pressure of its tetrahydrofuran. However, all the 
tetrahydrofuran can be removed from this green solid by heating 
the solid in a vacuum to 5OoC., as evidenced by the lack of carbon 
and hydrogen in the sample (<2%). Further material can be 
obtained by a second extraction, which gives a total yield of 
Ni(N0)I of 31.8 g. (or 49%) based on iodine. 

Properties 

The iron compound readily sublimes and yields well-formed, 
black lustrous crystals. The cobalt complex will also readily 
sublime, but dependent upon the temperature at which the 
crystals are formed, they can be either black or brown in color. 
The crystal structures of both the cobalt and iron complexes have 
been determined.3 The nickel complex sublimes only in small 
amounts with difficulty. All three complexes are unstable to air 
and water, and the nickel complex readily undergoes thermal 
decomposition above 1 OOOC. All three compounds will also readily 
form complexes with a variety of donor ligands such as tertiary 
arsines or phosphines. The nickel compound usually forms 2: l  
adducts such as [ (C, H5 )3 P] Ni(NO)I, while the iron and cobalt 
complexes often undergo di~proportionation.~ 

References 
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1 7. POTASSIUM TRICHLORO(ETHY LENE)PLATINATE(II) 
(Zeise 's Salt) 

SnC12 
Kz PtCl4 + Cz H4 + H2 0 - K[ PtCl, (Cz H4 )] 'Hz 0 + KCl 

Submitted by P. B. CHOCK,; J. HALPERN,; and F. E. PAULIK; 
Checked by SAUL 1. SHUPACK? and THOMAS P. DeANGELISt 

T h e  original method' of preparation of Zeise's salt, 
K[Pt(Cz H4 )C13 ] -H2 0, and subsequent modifications 
all require either prolonged reaction times (7-14 days) or the use 
of high pressures. Furthermore, these procedures tend to  yield 
products contaminated with potassium chloride and unreacted 
potassium tetrachloroplatinate(I1). The improved procedure de- 
scribed below, which utilizes tin(I1) chloride to  catalyze the 
reaction between ethylene and the tetra~hloroplatinate(II),~ * 6  

results in the formation of Zeise's salt of high purity and in high 
yield within a few hours at atmospheric pressure. 

Procedure 

To 45 ml. of 5 M aqueous hydrochloric acid in a 125-ml. 
Erlenmeyer flask is added 4.5 g. of potassium tetrachloro- 
platinate(I1) (0.00108 mole). The flask is sealed with a rubber, 
serum cap and deoxygenated immediately by flushing for 30 
minutes with nitrogen or ethylene through a polyethylene tube 
extending into the solution and attached to  a needle inlet, with 
another needle as gas outlet. (Some undissolved potassium 
tetrachloroplatinate(I1) may remain at this stage.) Forty milli- 

*University of Chicago, Chicago, Ill. 60637. 
+Villanova University, Villanova, Pa. 19085. 

Inorganic Syntheses, Volume XIV 
Edited by Aaron Wold, John K. Ruff 

Copyright © 1973 by McGraw-Hill, Inc.



Potassium Trichloro(ethylene)plolinate(II) 9 1 

grams of hydrated tin(I1) chloride, SnClz * 2 H 2 0  (0.0002 mole)* is 
placed in a 5-ml. flask which is sealed with a serum cap and 
deoxygenated by flushing with pure nitrogen with needles as gas 
inlet and outlet. With a hypodermic syringe, 5 ml. of deoxy- 
genated distilled water is added to  the tin(I1) chloride, and the 
resulting suspension is transferred, also by means of a hypodermic 
syringe, to  the flask containing the chloroplatinate(I1). A stream 
of ethylene is bubbled slowly through the resulting reaction 
mixture, which is shaken periodically. During the course of 2-4 
hours, the initially red-brown suspension turns yellow, and most 
of the solid dissolves as reaction proceeds. The reaction mixture is 
warmed to 40-45’C. and clarified by filtering through a sintered- 
glass filter (do not use paper). Cooling the filtrate in an ice bath 
yields a yellow precipitate of needle-shaped crystals of Zeise’s salt, 
K[PtC13 (C2H4)] * H 2 0 ,  which is separated by filtration, washed 
with a small amount of ice water, and air-dried at room 
temperature. The yield is 3.6 g. (86%).t (Prolonged refrigeration 
of the mother liquor yields some additional product.) The infrared 
and visible-ultraviolet spectra (A,,,., 333 nm.; emax., 230) of this 
product (which is unaffected by further recrystallizations from 5 
M HCl) are in excellent accord with literature data.’” 

Pumping in uucuo for 16 hours results in removal of the water of 
hydration, which yields K[PtC13 (C2H4)].  Anal. Calcd. for 
C2H4C13KPt: C, 6.55; H, 1.09;C1,29.0. Found: C, 6.65;H, 1-09; 
C1, 28.52.z 

*Although the amount of tin(I1) chloride used, and thereby the rate of the subsequent 
reaction, can be increased, the use of higher levels may be detrimental to the purity of 
the product and is not recommended. 

+The checkers report that initial cooling in Dry Ice resulted in the precipitation of 
only 2 g. of Zeise’s salt. Evaporating the filtrate and adding just enough methanol (cu. 
10-15 d.) to dissolve the solids, filtering off the KCI and other impurities such as tin(II) 
chloride and unreacted K, PtCI, , followed by rapid evaporation of the methanol, yielded 
a further 1.5 g. of Zeise’s salt. Total yield, 85%. 

$The checkers report that, using essentially the same method, they were able to 
prepare the analogous cis-2-butene platinum complex in 70% yield. 
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Properties 

Zeise's salt is obtained as well-formed, yellow, needle-shaped 
crystals. The compound is stable in the solid state at  room 
temperature and decomposes with loss of ethylene at about 
1 8OoC. The chemical, physical, and structural properties have been 
characterized thoroughly and are described in the l i t e r a t ~ r e . ~ ' ~  
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1 8. CHLOROBIS(CYCLOOCTENE)RHODIUM( I) 
AND -IRIDIUM(I) COMPLEXES 

Submitted by A. van der EN"* and A. L. ONDERDELINDEN* 
Checked by ROBERT A. SCHUNNT 

The cyclooctene compounds [MCI(C8H,4)2 3 n ,  with M = R, or Ir, 
are important starting materials for the preparation of rhodium(1) 

*Unilever Research, Olivier van Noortlaan 120, Vlaardingen, The Netherlands. 
tCentral Research Department. E. I. du Pont de Nemours & Company, Wilmington. 

Del. 19898. 
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and iridium(1) complexes.'*2 The compound [RhCl(C8H14)2 1, can 
be separated in varying yields (35-60%) from solutions of 
rhodium(II1) chloride 3-hydrate and cyclooctene in ethanol3 after 
standing 3-5 days. Di-p-chlorobis [bis(cyclooctene)iridium] can be 
prepared in 40% yield by refluxing chloroiridic(1V) acid and 
cyclooctene in 2-propanol." The resulting product is always 
contaminated with an iridium hydride complex. The following 
modifications give better yields (70-80%) and an iridium(1) com- 
plex of higher purity. 

A. CHLOROBIS(CYCLOOCTENE)RHODIUM(I) 

RhC13 + 2C8 H14 + CH3 CH(OH)CH, 
RhCl(CSH14)2 + CH3COCHj + 2HC1 

Procedure 

In a 100-ml., three-necked, round-bottomed flask, 2 g. (7.7 
mmoles) of rhodium(II1) chloride 3-hydrate is dissolved in an 
oxygen-free mixture of 40 ml. of 2-propanol and 10 ml. of water. 
Cyclooctene (6 ml.) is added. The solution is stirred for about 15  
minutes under nitrogen. The flask is then closed and allowed to 
stand at room temperature for 5 days. The resulting reddish-brown 
crystals are collected on a filter, washed with ethanol, dried under 
vacuum, and stored under nitrogen at  -5°C. The yield is 2.0 g. 
(74%). A n d .  Calcd. for RhC16H28C1: Rh, 28.72; C, 53.56; H, 
7.81;C1,9.91. Found: Rh, 28.55;C, 53.76;H, 7.89;C1,9.76. 

Properties 

The solubility of [RhCl(C8H14)2] in benzene and chloroform 
is too low for molecular-weight measurements. Its reddish-brown 
color darkens slowly in air. 
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B. DI-c(-CHLOROBIS[ BIS-(CYCLOOCTENE)IRIDIUM] 

2(NH4 )3 IrC16 + 4Cs H14 + ZCH3 CH(OH)CH3 - 
[ I X € I ( C ~ H ~ ~ ) ~ ]  + 6NH4C1 + ZCH3COCH3 + 4HC1 

Procedure 

In a 250-ml., three-necked, round-bottomed flask, fitted with a 
nitrogen inlet and a reflux condenser, 6 g. (0.01 mole) of 
ammonium hexachloroiridate(III)* (43.1 % Ir) is suspended in an 
oxygen-free mixture of 30 ml. of 2-propanol and 90  ml. of water.? 
Cyclooctene (12 ml.) is added. The mixture is refluxed on  a water 
bath under a slow stream of nitrogen and with vigorous stirring for 
3-4 hours. After cooling, the alcohol-water mixture is decanted, 
the last few milliliters being pipetted off. The orange oil remaining 
in the flask is allowed to crystallize under ethanol at O°C. The 
yellow crystals are collected on  a filter, washed with cold ethanol, 
dried under vacuum, and stored under nitrogen at room tempera- 
ture. The yield is 4.7 g. (go%).$ Anal. Calcd. for Ir2C32H56C12: 
C,42.89;H,6.25;Cl, 7.93. Found: C,43.12;H,5.97;Cl, 7.84. 

hoperties 

The results of molecular-weight measurements on a freshly 
prepared solution in benzene suggest a dimeric structure (found: 
M = 886; calcd., M = 895). In the solid state, [ I I € I ( C ~ H ~ ~ ) ~ ] ~  
decomposes slowly under the influence of atmospheric moisture. 
The compound is moderately soluble in benzene, chloroform, and 
carbon tetrachloride, but  in general, these solutions are unstable 
for long periods of time. In comparison with the corresponding 

*Available from Johnson, Matthey Company, Ltd., London, England. 
tSimilar results are obtained by using sodium or potassium chloroiridate(II1). 
$Checkers found a yield of 74%. 
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rhodium complex, this compound is more reactive in oxidative 
addition reactions. This is demonstrated by the formation of 
iridium hydrides during reaction with hydrogen and hydrogen 
chloride, respectively. 
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19. COPPER(1) AMMONIUM TETRATHIOMOLYBDATE(V1) 

MoS4 *- + CU' + NH4' - CUNH~ MoS4 

Submitted by M. J. REDMANS 
Checked by ROSS H. PLOVMCKf 

When hydrogen sulfide is passed into a strongly ammoniacal 
solution of copper(I1) and molybdate(V1) ions, the initial copper- 
(11) sulfide precipitate is redissolved, the copper is reduced to the 
copper(1) state by sulfide ion, and the compound CuNH4MoS4, 
copper(1) ammonium thiomolybdate(VI), precipitates. The com- 
pound has been reported previously by Debray,' who was unable 
to characterize it. The following method of preparation is based 
upon Debray's work and gives superior yields and higher purity. 

Rocedure 

The procedure should be carried out in an efficient fume hood. 
A solution of ammonium hydrogen sulfide is prepared by 
saturating a concentrated ammonium hydroxide solution with 

*Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Mass. 021 70. 
tCorneU University, Clark Hall, Ithaca, N.Y. 14850. 
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hydrogen sulfide. To 150 ml. of this stirred solution (containing 
23-26 g. of hydrogen sulfide as determined from weighing the 
ammonia solution before and after treatment) is added a solution 
consisting of 75 ml. of concentrated ammonia, 75 ml. of distilled 
water, 20 g. (0.016 mole) of reagent-grade hexaammonium hepta- 
molybdate (paramolybdate), (NH4 )6M07 0 2 4  -4H2 0, and 15 g. of 
reagent-grade copper(I1) sulfate 5-hydrate, CuSO4.5H, 0 (0.06 
mole). Alternatively, the sulfide solution can be added to the 
molybdate solution without any loss of yield. 

A black precipitate appears which dissolves almost immediately 
to form a deep-red solution. The solution is boiled with stirring for 
2-4 minutes, during which time a crystalline precipitate forms, 
which appears green in reflected light and purplish-red in 
transmitted light. The precipitate is filtered under suction and 
washed with 30 ml. of concentrated ammonia followed by 30 ml. 
of water and finally with 30 ml. of ethanol. It is then allowed to  
dry in air and finally in a desiccator. Yields of product range from 

Alternatively, the compound can be obtained by letting the 
deep-red solution, obtained after mixing the solutions, stand at 
room temperature for 2-4 hours. In this case the product is 
usually contaminated with crystals of ammonium tetrathio- 
molybdate(VI), (NH4)2MoS4. The compound also can be ob- 
tained in poor yields b y  dissolving freshly precipitated copper(I1) 
sulfide in ammoniacal ammonium molybdate solution saturated 
with hydrogen sulfide. Undissolved copper(I1) sulfide is removed 
b y  filtration after 3-5 minutes, and the copper(1) ammonium 
thiomolybdate(VI) is obtained by boiling as above. 

Copper(1) ammonium tetrathiomolybdate(VI) is diamagnetic, 
which suggests that copper(1) rather than copper(I1) is present. A 
typical analysis gives a composition of C U ( N H ~ ) ~ . ~ ~ M O ~ . ~ ~  S4.w. 
Anal. Calcd. for CuNH4MoS4: Cu, 20.79; Mo, 31.38; S, 41.97; 
NH4, 5.89. Found: Cu, 19.80; Mo, 31.39; S, 40.78; NH4(deter- 
mined as NH3), 5.98. The remaining material (2%) is possibly 
retained moisture. 

14.4 to 17.6 g. (79-96%). 
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Properties 

The deep green crystals are converted to a red powder on 
grinding. The material is unaffected by air, but with water it 
decomposes slowly to form soluble ammonium thiomolybdate and 
insoluble copper(1) sulfide. The compound crystallizes in the 
tetragonal space group IT with unit-cell dimensions of a = 8.000 f 
0.004 A. and c = 5.409 f 0.003A.2 These lattice constants were 
obtained by a method of least squares with data from x-ray 
diffraction patterns taken with a Norelco 1 14.6-mm.-diam. camera 
at 25°C. with K a  cobalt radiation [X(Ka,)1.7889 A., 
X(Ka2 )1.7928 A.] . 
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Chapter Four 

SOME S I G N I F I C A N T  SOLIDS 

In recent years the area of solid-state chemistry has become 
increasingly important to  chemists. The development of memory 
cores for computers, phosphors, transistors, lasers, etc., has 
resulted in the synthesis of many new materials. Methods have had 
to be developed for both the preparation and characterization of 
these compounds. 

In the past, most solids were prepared on a large scale by 
standard ceramic techniques, in which accurate control of the 
composition, as well as uniform homogeneity of the product, were 
not readily achieved. Unfortunately, this has sometimes led to 
uncertainty in the interpretation of the physical measurements. In 
recent years more novel methods have been developed to  facilitate 
the reaction between solids. This is particularly true for the 
preparation of polycrystalline samples, on which the most 
measurements have been made. I t  is of utmost importance to 
prepare pure single-phase compounds, and this may be very 
difficult to  attain. Even for a well-established reaction, careful 
control of the exact conditions is essential to  ensure reproducible 
results. For any particular experiment, it is essential to  devise a set 
of analytical criteria to which each specimen must be subjected. I t  
will be  seen from the solid-state syntheses included in this volume 
that one or more of the following common tests of “purity” are 
used to  characterize a product. 
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1 .  Chemical analysis for cation composition, cation/anion ratio, 
and chemical impurities. 

2. Crystallographic investigation, including the determination of 
lattice parameters, absence of foreign phases by x-rays, density 
determination, and optical examination. 

3. Electrical conductivity (a.c. and d.c.), Hall measurements, 
and determination of Seebeck voltage. 

4. Check of known magnetic properties, e.g., magnetic moment, 
Curie temperature determination, etc. 

5.  Optical properties, e.g., transmission, fluorescence, phos- 
phorescence, and photoconductivity. 

Obviously, it would be impractical to  perform all the above tests 
on each new compound synthesized. The selection of appropriate 
characterization techniques is dependent upon the nature and 
properties of the compound being studied. 

Most methods for synthesizing polycrystalline samples are basi- 
cally similar and depend upon well-known ceramic techniques. 
The reactants are weighed out carefully, mixed, and placed in a 
suitable container. They are heated at a temperature high enough 
t o  initiate solid-solid reactions. This process is repeated several 
times until there is evidence of complete reaction. Among the 
many factors which must be controlled carefully are an accurate 
control of purity and composition of starting materials, an 
avoidance of impurities during the mixing process, a careful 
control of the atmosphere in the furnace to  prevent oxidation or 
reduction, the firing temperatures and times, and the cooling rates. 
At  present, the exact procedure for any particular compound must 
be carefully worked out and followed by analysis of the product. 

For some investigations single crystals are esscntial, and for 
many they are desirable, both to determine the effects of 
anisotropy and to  obtain higher purity. If the compound to  be 
prepared melts congruently, large single crystals can generally be 
obtained by slow cooling of, or  pulling from, the melt. Another 
common and simple method of growing crystals is from solution, 
either by evaporation or slow cooling of a molten flux. So far, 
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most work with fluxes has been based on the slow-cooling method 
of crystallization, but there seems to be no reason against using 
controlled evaporation of the solvent at constant temperature, as 
is done for aqueous solutions. 

In recent years, more novel methods have been developed by 
chemists in order to hasten the reaction between solids or to grow 
single crystals of new and exotic solids. Among those included in 
the following syntheses are electrolysis of fused salts, chemical 
transport, and hydrothermal crystal growth. 

I. HALIDES AND OXYHALIDES 

20. JRON(I1) HALIDES 

Submitted by G. WINTER. 
Checked by D. W. THOMPsONt and J. R. LOEHEt 

Iron(I1) chloride and bromide may be obtained from the reaction 
of the metal with the appropriate hydrogen halide at elevated 
temperatures.' The chloride has also been made by the reduction 
of iron(II1) chloride with hydrogen,' from iron(II1) chloride and 
the metal in tetrahydrofuran,2 and by the reaction of iron(II1) 
chloride with chloroben~ene.~ The iodide has been prepared from 
the metal and iodine in a sealed tube at  elevated temperatures.' 

The simplest procedure, dissolution of metallic iron in the 
aqueous mineral acid, suffers from the risk of accidental oxida- 
tion. The following relatively simple procedure overcomes this 
difficulty. This method, with minor modifications, has also been 
used successfully by the author for the preparation of chromium- 
(11) halides. 

*Division of Mined Chemistry, CSIRO, P.O. Box 124, Port Melbourne, Victoria 

tCollege of William and Mary, Williamsburg, Va. 23185. 
3207, Australia. 
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Procedure 

A. IRON(II) HALIDES 

Fe + 2HC1 - FeC12 + H2 
Fe + 2HBr - FeBr2 + H2 

Fe + 2HI - Fe12 + H2 

The apparatus shown in Fig. 10 is flushed with nitrogen, and 
vessel B is stoppered. With the plug removed, a stream of nitrogen 
is passed through the sidearm and so provides an efficient gas 
curtain to prevent diffusion of atmospheric oxygen. Then 10 g. 
(0.18 g. atom) of iron powder (hydrogen reduced) is placed in 
vessel A ,  followed by 100 ml. of methanol* and the mineral acid, 
see Table I. The ensuing reaction is maintained under a nitrogen 
atmosphere at a vigorous rate by immersion of vessel A in hot 
water. It is completed within 2-3 hours. Cessation of hydrogen 
evolution must be ensured to prevent pressure from developing 
during later stages when the apparatus is closed. 

*Methanol is used in preference to water to facilitate evaporation. Deaeration is not 
necessary. 

+-Slopper 

-El19 

Fig. I0 

Y 
45mm. 
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T A B L E  1 

Approx. 
strength, 

% 

- 

Acid 

- 
HCI 
HBr 
HI 

Approx. yield I X, % Amount, 
of FeX, , cc. 

g. Calcd. Found 

32 
5 0  
55 

40  21 56.5 56.2 
45 40 74.1 73.7 
60 45 81.9 81.0* 

*The checkers report a value of 78.2% I present in their samples 
of FeI, . 

The stream of nitrogen is discontinued and the apparatus closed 
by replacing the key in the tap. The greenish-gray solution is 
filtered through the sintered-glass disk into vessel B, and the 
filtrate cooled by immersion in a Dry Ice-alcohol slush bath. With 
the tap in the open position, the apparatus is evacuated through 
the sidearm by an efficient mechanical pump. The apparatus is 
sealed by closing the tap, and the solvent is evaporated from vessel 
B and condensed in vessel A by immersing A in the Dry Ice slush 
bath and slowly warming B to 100°C. When all the green 
crystalline hexamethanol solvate is converted into the white di- 
methanol solvate (about 3 hours), nitrogen is admitted. With the 
key of the tap removed and a stream of nitrogen flowing through 
the sidearm, the solvent collected in vessel A is poured out and 
discarded. The final desolvation is accomplished by heating the 
product in vessel B for 4 hours at 16OoC. under vacuum. (For the 
iodide, heating for 2 hours at 100°C. is sufficient; excessive 
heating may result in loss of iodine.) This is conveniently achieved 
by connecting the apparatus to  a mechanical pump protected by a 
suitable vapor trap, and immersing vessel B in an oil bath or small 
furnace. After cooling, nitrogen is again admitted, and the product 
is transferred to storage containers. 

The amounts of mineral acid recommended for 10 g. of iron 
powder, the approximate yield of product, and halogen analyses 
are shown in Table 1. 
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B. IRON(I1) IODIDE 

Fe + I2 - FeIz 

For the preparation of Fe12 an alternative procedure involving 
reaction of the elements may be used. 

The apparatus (Fig. 10) is flushed with nitrogen and protected 
from ingress of oxygen as described in Procedure A. Five grams 
(0.09 g. atom) of iron powder (hydrogen reduced) is placed in 
vessel A ,  and then 100 ml. of methanol and 2 ml. of 55% 
hydroiodic acid to  activate the iron. Finely powdered, sublimed 
iodine, 23 g. (0.09 mole), is added over a period of hour, the 
methanol being maintained at  its boiling point by occasional 
immersion of vessel A in hot water. The dark green solution is 
filtered through the sintered-glass disk into vessel B. The evapora- 
tion of the solvent and desolvation of the product are performed 
as described in Procedure A. Approximate yield is 23 g. Anal. 
Calcd. for Fe12 : I, 81.9. Found: I, 81.5. 

hoperties 

Iron(I1) chloride is a pale buff-colored solid, iron(I1) bromide is 
pale yellow, and iron(I1) iodide is deep red. They can be stored in 
air, provided moisture is rigorously excluded. 
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21. NIOBIUM(1V) FLUORIDE AND NIOBIUM(V) FLUORIDE 

5SnF2 + 2Nb - 5Sn + 2NbFS 
4NbF, + Si - 4NbF4 + SiF4 

Submitted by PRANK P. GORTSEMA* 
Checked by JAMES B. BEAL, JR.,? and KARL SCHMIDT? 

The compound niobium tetrafluoride is of importance because of 
the increased interest in reactions of metal tetrafluorides with 
basic ligands. Previous syntheses given for this compound are time 
consuming, generally cannot be scaled up to prepare larger 
quantities, or require expensive equipment not always readily 
available. In this synthesis, simple methods are described for the 
preparation of niobium(V) fluoride and niobium(1V) fluoride, 
which should make these compounds readily available to chemists 
for further comparison studies with other metal tetrafluorides. 

The following preparative method (of general utility) includes 
the reduction of niobium(V) fluoride with elements such as 
silicon, phosphorus, and boron,' which yield highly volatile 
fluorides. Silicon reductions have been studied in greatest detail. 
Niobium(1V) fluoride can be prepared in good yield by the 
reaction described by the equation: 

4NbFs +S i  - 4NbF4 +SiF4 

*Union Carbide Reaeacch Institute, Tarrytown, N.Y. 10591. 
tozark-Mahoning Company, 1870 S. Boulder Ave., Tulsa, Okla. 741 19 0. B. Bcal is 

presently at the University of Montevallo. Montevallo. Ala.). 
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A. NIOBIUM(V) FLUORIDE 

hocedure 

Powdered niobium metal, 20.0 g. (-200 mesh),* and tin(I1) 
fluoride, 52.0 g. (40 mesh),? are mixed in a molybdenum crucible 
in an Inconel- or nickel-pipe reactor approximately 3 in. in 
diameter and 10 in. long and heated to 400-500°C. in a stream of 
dry nitrogen. The niobium(V) fluoride volatilizes from the 
reaction mixture and condenses on the water-cooled lid of the 
reactor, which leaves metallic tin in the crucible. The yield of 
niobium(V) fluoride is 21.1 g., or 95% of theoretical. A very small 
amount of blue niobium oxyfluoride (composition of variable 
oxygen and fluorine content) often forms as an impurity because 
of the presence of minute amounts of oxygen. Anal. Calcd. for 
NbFs : Nb, 49.44; F, 50.56. Found: Nb, 49.43; F, 50.2. 

fioperties 

The white crystalline solid is very hygroscopic and has an m.p. of 
80°C. and a b.p. of 235°C. 

B. NIOBIUM(1V) FLUORIDE 

Procedure 

If niobium(V) fluoride is purchased from commercial vendors,$ 
it must be purified by sublimation before use. Charges of 
niobium(V) fluoride (5-50 g. in a platinum crucible) are heated in 

%obiurn (-200 mesh), 99.8+% Nb; Ta, <500 p.p.m.; 0, <ZOO p.p.m.; Fanstecl 

tTin(I1) fluoride (40 mesh), City Chemical Company, 130 W. 22d St.. New York. 

SOzark-Mahoning Company, 1870 S. Boulder Avc., Tulsa, Okla. 74119. 

Metallurgical Company, Chicago, Ill. 60600. 

N.Y. 10011. 
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a glass or silica sublimation apparatus at 5-20 torr and 50-100°C. 
The sublimate collects on a water-cooled cold finger. All transfer 
operations involving niobium(V) fluoride are carried out in a 
glove box in an atmosphere of dry nitrogen. 

The preparation of niobium(1V) fluoride is conducted in the 
reactor shown in Fig. 11, which is constructed from nickel or 
copper pipe and tubing, 1/2 in. in diameter by 8 in. long, with 
silver-soldered or Swagelok* connectors. The most expensive part 
of the apparatus is the large Monel valve.? A stainless-steel or 
brass valve can be substituted, but corrosion of the valve seat does 
occur. Since the Swagelok fitting A on the valve gets very hot 
because of its proximity to the furnace, the threads should be 
coated with a high-temperature lubricant such as Silver Goop* to 
prevent metal seizure. A pressure gage may be connected to one 
arm of the apparatus, B. 

*Crawford Fitting Company, 29500 Solon Rd., Solon, Ohio 44139. 
tWhitey Research Tool Company, Emeryvillc, Calif. 94608. 

&. 11. Metal reactor for the 
prepmtion of niobium(IV) f lue 
Me. 

r vs i  

Whitey 
6VS8 

A 



108 Inorganic Syntheses 

In a typical experiment, 4.63 g. (0.025 mole) of niobium(V) 
fluoride is mixed with 0.348 g. (0.012 mole) of -200-mesh silicon 
and loaded into the reactor inside a glove box under dry nitrogen. 
The assembled reactor is connected to a helium tank and 
repeatedly pressurized and depressurized to rid the system of air. 
The entire system is pressurized to 50 p.s.i., the Monel reactor 
valve is closed, and the reaction chamber is placed in a vertical 
furnace at  35OoC. The pressure in the external lines is left at 50 
p.s.i. to prevent entry of air. 

The loaded reactor is heated for 24 hours, then removed from 
the furnace, and cooled to room temperature. The system is 
depressurized and the silicon tetrafluoride expelled into a hood, or 
bled into a water scrubber.* The system is purged several times 
with helium and the heating procedure repeated for an additional 
4 hours, after which the silicon(1V) fluoride removal procedure is 
repeated as well. The solid black product is niobium(1V) fluoride, 
3.752 g. or 90% of theoretical yield. Anal. Calcd. for NbF4: Nb, 
55.0; F, 45.0. Found: Nb, 55.1; F, 44.3. 

For larger quantities the above procedure is used with a greater 
number of silicon(IV) fluoride elimination steps. Fifty-gram 
batches have been prepared by scaling up this technique and using 
a larger metal-pipe reactor. 

Properties 

Niobium(N) fluoride is a black, very hygroscopic powder. It 
reacts with moisture in the air to give a viscous brown liquid. 
Complete hydrolysis results in white NbOz F. Niobium(1V) fluo- 
ride reacts vigorously with water to give a brown solution which 
forms a brown uncharacterized precipitate. 

*Silicon(IV) fluoride can be scrubbed by passing the gas into a vessel containing water 
or aqueous ammonia. The silicon(IV) fluoride reacts with water to produce fluorosilicic 
acid [dihydrogen hexafluorosilicate (2-)] by the reaction shown by the equation 

ZSiF, (g) + ZH, 0 - SO, (s) + 2H*+ SiF,-- + 2HF(g) 
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Powder x-ray diffraction shows the crystal structure of niobium- 
(IV) fluoride to be tetragonal, D z  - Z 4/mmm with cell constants 
a. = 4.081 A. and co = 8.162 A., = 4.01 g./cc.,pcalc.= 4.13 

When niobium(1V) fluoride is heated to approximately 4OO0C., 
it begins to lose niobium(V) fluoride. At 400°C. cubic Nb6F,, is 
formed according to the reaction described by the equation: 

g.lcc.2 

When the decomposition reaction is performed in silica or glass 
containers, Nb(O,F), * results. These materials are gray-black to 
black, refractory materials having the rhenium trioxide type of 
cubic structure, with a cell constant varying from 3.889 to 3.917 
A.’ These materials contain variable amounts of oxygen and have 
often been erroneously identified as NbF3. 

References 

1. F. P. Gortsema and R. Didchenko. assigned to Union Carbide Corporation, U.S. 
patent 3,272,592, 

2. F. P. Gortsema and R. Didchenko, fnorg. Chem., 4,182 (1965). 
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22. TUNGSTEN OXYHALIDES 

Submitted by J. TLLACKt 
Checked by T. M. BROWNS and H. s C f i F E R 8  

A number of pure tungsten oxyhalides (W02  C12, WOC14, WOCI, , 
W0C12, W 0 2  Br2, WOBr4, WOBr, , WOBr2, and W 0 2  I2 ) have been 
prepared by chemical transport techniques, which yield very pure 

*The oxyfluoride has a variable composition with respect to oxygen and fluorine. 
+Philips Zentrallaboratorium GmbH, Laboratorium Aachen, Germany. 
$Department of Chemistry, Arizona State University, Tempe, Ariz. 85281. 
8 Westfalische Wdhelms, UniversitPt Anorganisch Chemisches Institut, 44 MUnster. 

Germany. 
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compounds with a minimum of experimental effort. The method 
has been successfully used for many years, particularly in the 
laboratory of Harald Schafer a t  the University of Munster, for the 
preparation of many halides and oxyhalides of the transition 
elements.' 

A. TUNGSTEN( VI) DICHLORIDE DIOXIDE 

2WO3 + WC16 = 3WO2Clz 

Procedure 

A Pyrex glass tube (15 cm. in length, 2.4 cm. in diameter) is 
filled with a stoichiometric mixture of 9.274 g. (40 mmoles) of 
tungsten(V1) oxide and 7.931 g. (20 mmoles) of tungsten(V1) 

Liquid 
nitrogen 

Powder 
mixture 

halide or 
halogen) 

(W+WO,+ 

Kig. 12. Filling of the re- 
action tube. 

chloride (prepared from tungsten and chlo- 
rine). To this charge a small excess of 1 mg. 
WC16/ml. of tube volume is added. The 
tube, with one end cooled in liquid nitro- 
gen, is attached to a vacuum system and 
evacuated to torr (Fig. 12). The tube 
is sealed off at A and located in a tempera- 
ture gradient of 350/275'C. with the re- 
actants placed in the hotter part of the 
tube (Fig. 13). 

The two-zone furnace used to produce 
the temperature gradient T2 / T I  consists of 
two, hollow, alumina cylinders (8 cm. o.d., 
4 cm. i.d., 35 cm. length), independently 
wound with Kanthal wire. These cylinders 
are mounted inside an iron frame which is 
filled with asbestos wool and covered with 
asbestos board. The furnace is tilted 
slightly (approximately 10') to prevent the 
liquid products from flowing back into the 
hotter part of the tube and causing a 
possible explosion. 
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m. 13. Hating equipment. 

After about 20 hours the reaction is complete, and the growth 
zone is filled with yellow flakes of tungsten(V1) dichloride dioxide 
crystals. Then while it is still hot, the tube is placed in a reverse 
temperature gradient of 200°C./room temperature, so that the 
more volatile impurities (for example, WCld and W0Cl4) are 
condensed in the empty (cold) end of the reaction tube. The yield 
is approximately 1 7  g. of tungsten(VI) dichloride dioxide (98% 
based on the amount of tungsten(V1) oxide used). If further 
purification or better crystallization is desired, the crystals may be 
sublimed as often as desired in the presence of a slight excess of 
tungsten(V1) chloride (for example, 1 mg. of tungsten(V1) 
chloride per milliliter of tube volume). The analysis for tungsten- 
(VI) dichloride dioxide gave the following results. Anal. Calcd. for 
WO2CI2: W, 64.12; C1, 24.72; 0, 11.16. Found: W, 64.22; C1, 
24.67;0, 11.12. 

Properties 

The thin yellow flakes of tungsten(V1) dichloride dioxide, and 
the compounds to be mentioned later as well, are sensitive to 
atmospheric moisture. Therefore the reaction tubes must be 
opened in a dry nitrogen atmosphere and stored either under 
vacuum or in a dry inert gas. The detailed physical and chemical 
properties of tungsten(V1) dichloride dioxide are described in the 
literature.' 
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In all cases chemical analyses were made by the H-tube 
The substance to be analyzed is weighed in a 

previously tared glass crucible, which is put into the shorter leg of 
the H tube. The other leg contains a solution of 1.5 ml. of 
concentrated nitric acid and 3.0 ml. of silver nitrate (100 mg. 
silver nitrate/ml. water). The H tube is sealed off and put into an 
oven at  120-140°C. for 12-24 hours until the reaction is 
complete. The crucible contains tungsten(V1) trioxide, which can 
be weighed after drying at 350-400°C. in the open air. The 
halogen is absorbed by the silver nitrate solution and so forms the 
corresponding silver halide, which can be determined readily in the 
conventional way. The percentages of tungsten and halogen are 
added, and the oxygen content of each sample is found by 
difference. The analyses for tungsten(V1) dichloride dioxide gave 
the following results. Anal. Calcd. for WOZCl2: W, 64.12; C1, 
24.72;0, 11.16.Found: W,64.22;Cl,24.67;0, 11.12. 

B. TUNGSTEN(V1) TETRACHLORIDE OXIDE 

WO3 + 2WC16 = 3WOC14 

Procedure 

A stoichiometric mixture of 3.478 g. (15 mmoles) of tungsten- 
(VI) oxide and 11.897 g. (30 mmoles) of tungsten(V1) chloride is 
placed in the reaction tube, and an excess of 1 mg. of tungsten(V1) 
chloride per milliliter of tube volume is added. The tube is sealed 
under vacuum and heated in a temperature gradient of 200/175"C. 
with the reaction mixture placed in the hotter part of the furnace 
(Fig. 14). After about 10 hours the reaction is complete, and 15 g. 
of tungsten(V1) tetrachloride oxide are obtained (98% yield). The 
analyses of the sublimed product by the H-tube method are 
somewhat inaccurate, because of the extreme moisture sensitivity 
of this substance (loss of hydrogen chloride by hydrolysis). Anal. 
Calcd. for WOC14 : W, 53.82; C1,41.50; 0,4.68. Found: W, 54.20; 
Cl, 41.40; 0,4.46. 



Tungsten Oxyhdides 1 13 

+ F&. 14 Temperatwedistribution. 

Properties 

Tungsten(V1) tetrachloride oxide forms long red needles which 
are extremely sensitive to atmospheric moisture. It is relatively 
soluble in organic solvents and gives a dark-red solution in dioxane 
and in acetone. The latter becomes blue on standing. A dark green 
solution is formed in cyclohexanone. In ethanol and 2-methoxy- 
ethanol hydrogen chloride gas is evolved and a clear solution is 
formed. In ammonia or sodium hydroxide solution, tungsten(V1) 
tetrachloride oxide reacts vigorously and yields a colorless 
solution. It reacts with water, hydrochloric acid, and nitric acid to 
form a yellow-green precipitate. 

C. TUNGSTEN(V) TRICHLORIDE OXIDE 

W + 2W03 + 3WC16 = 6WOC13 

Procedure 

A stoichiometric mixture of 1.834 g. (10 mg. atoms) of tungsten 
powder, 4.637 g. (20 mmoles) of tungsten(VI) oxide, and 11.897 
g. (30 mmoles) of tungsten(VI) chloride is put into a reaction 
tube. An excess of 8 mg. of WC16 per milliliter of tube volume is 
added. The tube is sealed under vacuum and placed in a 
temperature gradient of 450/230°C. 
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After about 40 hours the reaction is complete, and the tube is 
placed immediately in a reverse temperature gradient of 200°C./ 
room temperature in order to separate the more volatile species 
from the desired product. The preparation of tungsten(V) tri- 
chloride oxide, first reported by Fowles and is very 
dependent on the amount of excess tungsten(VI) chloride and the 
temperature gradient used. Employing the above conditions, 15.2 
g. of tungsten(V) trichloride oxide (83% yield) was obtained. 

hoperties 

Tungsten(V) trichloride oxide forms flexible black shiny nee- 
dles, 10-20 mm. in length, which are somewhat hygroscopic and 
rather similar to  tungsten(V) tribromide oxide. It is not attacked 
by  cold, dilute solutions of hydrochloric, sulfuric, or nitric acid or 
of ammonia or organic solvents, such as 2-methoxyethanol, 
toluene, acetone, and ethanol. Hot water attacks tungsten(V) 
trichloride oxide quickly to form a dark blue solution and a 
precipitate. Cold solutions of sodium hydroxide or hot solutions 
of ammonia attack the compound rapidly, and the black needles 
acquire a light brown surface. Solutions of ammonia or sodium 
hydroxide containing 3% hydrogen peroxide attack the compound 
immediately, yielding a clear solution. 

It has been determined by differential thermal analyses (D.T.A.) 
that tungsten(V) trichloride oxide decomposes above 290°C. 
without a sharp transition point. On cooling, a transition is 
observed at 210°C., the melting point of tungsten(V1) tetrachlo- 
ride oxide. Therefore the decomposition of tungsten(V) trichlo- 
ride oxide seems to take place by the following reaction: 

2woc13 (s) = WOCl* ( 5 )  + WOC14 (g) 

The following analyses were made by the H-tube method. Anal. 
Calcd. for W0Cl3 : W, 60.05; C1,34.74; 0,5.21. Found: W, 60.38; 
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C1, 34.53; 0, 5.09. The density of tungsten(V) trichloride oxide, 
found pycnometrically in toluene at 25.0 f 0.loC., is 4.75 g./cc. 

Note 

The reaction times for these preparations depend considerably 
on the grain size of the tungsten powder used, the homogeneity of 
the mixture (W/W03) ,  and the temperatures used. 

D. TUNGSTEN(1V) DICHLORIDE OXIDE 

Procedure 

Tungsten(1V) dichloride oxide was first prepared both by 
Eliseev, Gluckhov, and Gaidaenko: and by Tillack et al.' through 
the reduction of tungsten(V1) tetrachloride oxide with tin(I1) 
chloride. In the present synthesis a stoichiometric mixture of 
3.677 g. (20 mg. atoms) of tungsten powder, 4.637 g. (20 mmoles) 
of tungsten(V1) oxide, and 7.931 g. (20 mmoles) of tungsten(V1) 
chloride is put into the reaction tube. An excess of 2-3 mg. of 
tungsten(V1) chloride per milliliter of tube volume is added. In 
this case, when a temperature gradient of 450/250°C. is employed, 
approximately 15 g. of product is obtained (92% yield). Anal. 
Calcd. for W0C12: W,67.91;Cl, 26.19;0,5.90. Found: W, 68.13; 
C1, 26.13; 0, 5.74. 

The crude product usually contains excess chlorine (WOC12 .3 ), 
which can be removed by chemical transport in the presence of 2 
mg. tungsten(VI) chloride per milliliter of tube volume in a 
temperature gradient of 52O/25O0C. The proposed chemical 
transport equation is : 

WOCl2 (s) + 2WC16 (g) = WOCL (g) + 2wc1, (g) 
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Properties 

The properties, crystal habit, and x-ray pattern of tungsten(1V) 
dichloride oxide are very similar to those of molybdenum(1V) 
dichloride oxide.' Stoichiometric tungsten(1V) dichloride oxide, 
which forms gold-brown needles, is stable under atmospheric 
conditions and is not attacked by water, dilute or  concentrated 
cold acids, ammonia, or organic solvents, such as acetone, ethanol, 
2-methoxyethanol, chloroform, and diethyl ether. However, it 
decomposes in a solution of sodium hydroxide and forms a black 
precipitate, which disappears when hydrogen peroxide is added 
and yields a clear, yellow solution. The density of tungsten(1V) 
dichloride oxide, determined pycnometrically as previously men- 
tioned, is 5.92 g./cc. 

E. TUNGSTEN(V1) DIBROMIDE DIOXIDE 

W + 2W0, + 3Brz = 3 W 0 2  Br, 

Procedure 

Caution. When bromine or iodine is used, preliminary 
heating of the reactants is necessary to prevent an explosion of the 
tube because of the high partial pressure of the halogen. During 
this heating period only one end of the tube (containing the 
mixture of tungsten powder and tungsten(VI) oxide) is placed in 
the furnace to  allow an initial reaction between the powdered 
mixture and the halogen until the fiee halogen is consumed and 
forms hkher halides and oxyhalides of tungsten. 

A stoichiometric mixture of 2.758 g. (15 mg. atoms) of tungsten 
powder, 6.956 g. (30 mmoles) of tungsten(V1) oxide, and 7.192 g. 
(45 mmoles) of bromine is put into the reaction tube. A small 
excess of 2 mg. of bromine per milliliter of tube volume is added 
to prevent the formation of lower tungsten bromides or bromide 
oxides. 
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The tube is sealed under vacuum and placed in a temperature 
gradient of 40O/4O0C. until the bromine has completely reacted. 
After this preliminary firing, the reaction tube is placed in a 
temperature gradient of 450/325OC. for 15 hours. The crude 
product is purified by a second sublimation. The more volatile 
impurities, WOBr4 and WBrS, are separated in the usual way, 
which leaves behind pure crystalline tungsten(V1) dibromide 
dioxide. The product yield is 15 g. (97%). Anal. Calcd. for 
W02Br2: W, 48.95; Br, 42.53; 0, 8.52. Found: W, 48.78; Br, 
41.58; 0, 8.65. 

Properties 

Tungsten(V1) dibromide dioxide is sensitive to atmospheric 
moisture. It yields a clear, colorless solution in dilute and 
concentrated solutions of ammonia or sodium hydroxide. No  
reaction is observed with hot or cold concentrated hydrochloric 
acid, or dry organic solvents. 

F. TUNGSTEN(V1) TETRABROMIDE OXIDE 

2W + W 0 3  + 6Br2 = 3WOBr4 

Procedure 

Caution. Because of the danger of explosion, the reactants 
must undergo a preliminary heating in a temperature gradient of 
400/40°C. until the bromine has completely reacted. 

The reaction tube is filled with a stoichiometric mixture of 
3.677 g. (20 mg. atoms) of tungsten powder, 2.318 g. (10 mmoles) 
of tungsten(V1) oxide, and 9.589 g. (60 mmoles) of bromine. A 
small excess of 2 mg. of bromine per milliliter of tube volume is 
added. After the preliminary firing, the tube is placed in a 
temperature gradient of 425/250°C. for 15 hours. 
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The crude product contains a small amount of the less volatile 
tungsten(VI) dibromide dioxide as an impurity, which can be 
separated by sublimation at 120°C. under dynamic vacuum ( 
torr). A yield of approximtely 15 g. (96%) of pure tungsten(V1) 
tetrabromide oxide is obtained after sublimation. Large crystals 
can be obtained by sublimation of the purified product in another 
tube with 1 mg. of bromine per milliliter of tube volume in a 
temperature gradient of 220/160°C. Anal. Calcd. for WOBr4 : W, 
35.40; Br, 61.52; 0, 3.08. Found: W, 35.37; Br, 61.56; 0, 3.08. 

Properties 

Tungsten(V1) tetrabromide oxide is a dark-brown crystalline 
compound, which is obtained in the form of needles or flakes. It is 
extremely sensitive to atmospheric moisture, decomposes rapidly 
in water, which leaves a gray-green precipitate, and is completely 
dissolved in solutions of ammonia or sodium hydroxide, which 
form clear, colorless solutions. It is slightly soluble in con- 
centrated hydrochloric acid, dioxane (yellow solution), 2- 
methoxyethanol (colorless solution), and acetone (green solution). 
I t  has a melting point of 322"C., as determined by D.T.A. 

G. TUNGSTEN(V) TRIBROMIDE OXIDE 

2W + W 0 3  + 4.5Br2 - 3WOBr3 

Procedure 

Caution. A s  described above, a preliminary firing of the 
reactants in a temperature gradient of 400/40°C. is necessary in 
order to eliminate the possibility of an explosion. 

A stoichiometric mixture of 3.677 g. (20 mg. atoms) of tungsten 
powder, 2.318 g. (10 mmoles) of tungsten(V1) oxide, and 7.192 g. 
(45 mmoles) of bromine is put into the reaction tube, and a small 
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excess of 1 mg. of bromine per milliliter of tube volume is added. 
After the preliminary firing, the tube is placed in a temperature 
gradient of 450/350°C. for about 30 hours. The reaction tube is 
then turned around in the furnace in order to purify the crude 
product by reverse transport from the hotter to the colder end of 
the tube, supposedly according to the equation: 

WOBr3 (s) + 0.5Br2 = WOBr4 (q) 

Following this chemical transport, the tube is immediately placed 
in a temperature gradient of 250°C./room temperature in order to 
vaporize the more volatile species, W 0 2  Br2, WOBr4, WBrd. The 
yield is approximately 13 g. of pure tungsten(V) tribromide oxide 
(98%). Anal. Calcd. for WOBr3: W, 41.83; Br, 54.53; 0, 3.64. 
Found: W, 42.03; Br. 54.56; 0,3.39. 

hoperties 

Tungsten(V) tribromide oxide, first prepared by Crouch, 
Fowles, Frost, Marshall, and Walton’ by reducing tungsten 
tetrabromide oxide with aluminum powder, forms flexible blue- 
black needles, 10-20 mm. in length, which are stable in the 
atmosphere.’ I t  is not attacked by hot or cold concentrated 
hydrochloric acid, acetic acid, sodium hydroxide, ammonia, or 
organic solvents, such as acetone, cyclohexanone, diethyl ether, 
petroleum ether, chloroform, benzene, and dioxane. Boiling water 
attacks WOBr3 within a few seconds, yielding an intense blue 
solution and a dark, voluminous precipitate. It is similarly 
attacked by ethanol and 2-methoxyethanol. The rate of these last 
two reactions is accelerated by the addition of a solution of zinc 
sulfate. Tungsten(V) tribromide oxide reacts very little with weak 
oxidizing solutions (for example, 3% hydrogen peroxide, 2 N 
sulfuric acid, 2 N sodium hydroxide, or 2 N ammonia), but it is 
completely soluble in an alkaline solution of 30% hydrogen 
peroxide, which gives a colorless solution. 
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Differential thermal analysis has shown that tungsten(V) tri- 
bromide oxide decomposes above 420°C. without melting. The 
density, determined pycnometrically, is 5.87 g./cc. 

H. TUNGSTEN(1V) DIBROMIDE OXIDE 

2W + W 0 3  + 3Br2 = 3WOBr2 

Procedure 

Caution. To eliminate the possibility of explosion, a pre- 
liminary heating of the reactants in a temperature gradient of 
45O/4o0C. is necessary. 

A stoichiometric mixture of 3.677 g. (20 mg. atoms) of tungsten 
powder, 2.318 g. (10 mmoles) of tungsten(V1) oxide, and 4.795 g. 
(30 mmoles) of bromine is placed in the reaction tube, and a small 
excess of 3-5 mg. of bromine per milliliter of tube volume is added. 
After the preliminary heating, the tube is placed in a temperature 
gradient of 58O/45O0C. with the charge mixture at the hotter end 
of the furnace. After about 100 hours the charge is completely 
transported to  the cooler end of the furnace, and the reaction tube 
is reversed in order to purify the crude product. The equation for 
the transport reaction is: 

Properties 

Tungsten(V1) dibromide oxide, first prepared by Tillack and 
Kaiser," forms well-crystallized, gray-black shiny needles. It is not 
attacked by water, dilute acids, ammonia, or  organic solvents, such 
as ethanol, acetone, toluene, or trichloroethylene. Although the 
crystals appear unchanged in concentrated hydrochloric acid, a 
light-blue solution results. Concentrated nitric or sulfuric acid 
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decomposes the compound, especially when heated. A warm 
solution of 2 N sodium hydroxide or ammonia containing 3% 
hydrogen peroxide attacks the compound immediately, yielding a 
clear, light-yellow solution. The density of tungsten(1V) dibromide 
oxide is 6.13 g./cc. 

1. TUNGSTEN(V1) DIIODIDE DIOXIDE 

W + 2W03 + 312 = 3W02Iz 

Procedure 

A stoichiometric mixture of 1.839 g. (10 mg. atoms) of tungsten 
powder, 4.637 g. (20 mmoles) of tungsten(V1) oxide, and 7.614 g. 
(30 mmoles) of iodine is put into the reaction tube, and an excess 
of 12 mg. of iodine per milliliter of tube volume is added to pre- 
vent the formation of tungsten(V) iodide dioxide or tungsten(1V) 
oxide. The tube is sealed under vacuum and placed in a 
temperature gradient of 1 OO°C./room temperature until the iodine 
has sublimed to the empty half of the tube. The tube is placed in a 
temperature gradient of 525/2OO0C. for approximately 70 hours, 
and then the hot tube is turned around and immediately placed in 
a temperature gradient of 200°C./room temperature, so that the 
unused iodine is separated from the tungsten(V1) diiodide dioxide. 
(It has been observed that traces of moisture, which are normally 
present in the iodine used, accelerate the reaction.) If further 
purification of the product is desired, another sublimation is 
carried out with 10-12 mg. of iodine per milliliter of tube volume 
to prevent thermal decomposition. The normal yield of pure 
crystalline tungsten(V1) diiodide dioxide is 8 g. (60%) due to the 
kinetically controlled chemical transport reaction. Anal. Calcd. for 
WOzIz: W,39.15;1,54.04;0,6.81. Found: W,39.27;1, 53.93;0, 
6.80. 
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Properties 

Tungsten(V1) diiodide dioxide is obtained as thin, shiny platelets 
of a dark brown or brassy The crystals decompose 
slowly in the atmosphere and form a gray-green mixture, but  they 
are stable in vacuum or dry, inert gases. The compound reacts 
slowly with water or dilute (2 N) solutions of hydrochloric, 
sulfuric, and nitric acids, forming a gray-green colored layer on 
the surface of the crystals. It is quickly attacked by hot dilute acid 
and hot or cold concentrated nitric acid, with the formation of 
nitrogen(1V) oxide and iodine. Colorless solutions are obtained 
with concentrated solutions of sodium hydroxide or ammonia, but 
no reaction is observed with concentrated hydrochloric acid or 
organic solvents. 
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23. INDIUM(II1) OXYFLUORIDE 
(Indium(III) Oxide fluoride) 

900°C In203 + InF, - 3InOF 

Submitted by B. CHAMBERLANDY 
Checked by J. PORTIERS 

Attempts' to prepare indium(II1) oxyfluoride by a displacement 
reaction of InOX (X = C1, I) with fluorine led to decomposition 
under the conditions utilized. A hydrothermal reaction of 
InF3*3H20 and HF yielded' only In(OH)F2. Dehnicke et al.' 

describes the thermal decomposition product of In(ON0')' F as 
InOF, but gives no characterization of the material. Mermant, 
Belinski, and Lalau-Keraly4 have studied the thermal decomposi- 
tion of InF, *3H2 0 but produced only indium(II1) oxyfluoride 
contaminated with indium(II1) oxide. Pure indium(I11) oxyfluo- 
ride was isolated' by a variety of methods in which air, moisture, 
and HF were carefully excluded. The most convenient prepara- 
tion5 v 6  of pure indium(II1) oxyfluoride is by a solid-state reaction 
involving the direct combination of indium(II1) oxide with 
indium(II1) fluoride. However, Hahn and Nickels' were unsuccess- 
ful in their efforts to prepare indium(II1) oxyfluoride by this 
method because their reaction system was not entirely sealed, and 
their product was hydrolyzed by moisture to yield indium(II1) 
oxide as the sole product. 

*University of Connecticut, Storn, Conn. 06268. 
torigid synthesis carried out at Central Research Department, E. I. du Pont de 

SUniversid de Bordeaux, Service de Chemie Mintrale Structurale de la Facult; d n  
Ncmoun & Company. Wilmington, Del. 19898. 

Sciences de Bordeaux, 351, cours de la Liberation, 33, Talence, France. 
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This direct method of metal oxyfluoride synthesis can also be 
applied to the preparation of other compounds such as FeOF8 and 
~ 1 0 ~ . 9 9  10 

Preparation of Indium(III) Oxyfluoride 

The synthesis involves the direct reaction of stoichiometric 
amounts of anhydrous indium(II1) fluoride and indium(II1) oxide. 
Anhydrous indium(II1) fluoride can be prepared" by the thermal 
decomposition of (NH,), [InF,] in a stream of fluorine gas, or it 
can be purchased in high-purity form from Ozark-Mahoning 
Company.* Pure indium(II1) oxide, Inz 03 ,  can be obtained 
from the American Smelting and Refining Company+ or pre- 
paredI2 by reacting indium(II1) chloride with ammonium hydrox- 
ide, filtering the indium(II1) hydroxide, and igniting the hydroxide 
at 1000°C. in air. 

Procedure 

An intimate mixture of 2.775 g. (0.01 mole) of indium(II1) 
oxide and 1.718 (0.01 mole) of indium(II1) fluoride is ground to a 
fine powder with an agate mortar and pestle. It is best to carry out 
this procedure in a dry-bag. The powder is pelletized, and the 
pellet is placed in a platinum tube. The tube is evacuated and 
sealed after crimping to exclude air. A torch seal is preferred to a 
hammer seal because the exclusion of air or moisture during 
reaction is imperative. The platinum tube is heated to 900°C. for a 
period of 10 hours. The tube is then cooled to room temperature 
and opened. A white microcrystalline product is obtained. Larger 
crystals can be obtained by operating at a slightly higher 
temperature (1000°C.) and for prolonged heating periods (20-30 
hours). 

*1870 S. Boulder Ave., Tulsa. Olda. 741 19. 
f120 Broadway, New York, N.Y. 10005. 
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The product is air- and moisture-stable. Anal. Calcd. for InOF: 
In, 76.6; F, 12.7. Found: In, 76.8; F, 12.4. The observed density 
is 6.55 g./cc.,* whereas the calculated theoretical density from the 
crystallographic data is 6.64 g/cc. 

Properties 

Indium(II1) oxyfluoride is a white crystalline solid which is 
practically insoluble in all ordinary solvents. It is not hydrolyzed 
in water at room temperature over a period of 24 hours, and it can 
be recovered unchanged from boiling water after 1 hour. The pure 
product was found to  decompose at 34OOC. in air to yield 
indium(II1) oxide. It is stable to higher temperatures (1 100°C.) 
under an inert atmosphere or in vacuum. 

The electrical resistivity data on crystals of indium(II1) oxyfluo- 
ride indicate a nearly temperature independent conductor (3.6 X 
lo-* n-cm. at  room temperature and 1.8 X n-cm. at 
liquid-helium temperature) with high negative thermoelectric 
power (-230 pV./"C.). These properties are similar to those 
observed for some conductive forms of indium(II1) oxide. 

Single-crystal precession data indicate orthorhombic symmetry 
with the crystallographic space group Fddd. This system is 
not isostructural with any other known metal oxyfluoride or 
metal dioxide. The cell dimensions, determined from Guinier 
data, are a = 8.370 f 1 A.; b = 10.182 f 1 A,; and c = 7.030k 1 A. 
The indexed powder data are given in reference 6. 
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24. STRONTIUM CHLORIDE PHOSPHATE AND 
VANAD ATE( V) 

a. 
b. 

1OSrCl2 + 3P2 O5 + 9HOH - 2Sr5 (PO4 )3 Cl + 18HC1 
4s&12 + V 2 0 5  + 3HOH - 2Sr2 (V04)C1 + 6HC1 

Submitted by L. H. BRIXNER* 
Checked by  R. KERSHAW and A. WOLD? 

The synthesis of the title compositions has been selected as 
representative of compounds that can readily be prepared by the 
flux-reaction technique. In this technique, a halide melt serves 
both as a flux and as a constituent component of the basic 
reaction. The procedure has been described in the literature' and 
has served for the preparation of a variety of ternary oxides, 
usually in the form of small, well-defined, single crystals. The 
halide phosphates and vanadates of strontium represent the apatite 
and spodiosite structures, both interesting compositions from a 
biochemical and solid-state point of view. 

*Central Research Department, E. I. du Pont de Nmours 8c Company, Wilmington, 

+Brown University, Providence. R.I. 0291 2. 
Dcl. 19898. 
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Procedure 

A. PENTASTRONTIUM CHLORIDE TRIS(PH0SPHATE) 

The reaction that is fundamental to the flux-reaction technique 
is the high-temperature hydrolysis of strontium chloride: 

SrC12 + H 2 0  - SrO + 2HC1 

At about 1000°C. the AH for this reaction is 58 kcal. according 
to  Bichowski.* This energy must be supplied by the heat of forma- 
tion of the compound to  be made or else there will be no reaction 
at all. 

For the preparation of Sr5 (P04)3C1 the reaction is given in the 
above equation a. To develop best crystals, the reaction is carried 
out in two steps: one at lOOO"C., and one at 1200°C. Two 
hundred grams (1.26 moles) of anhydrous strontium chloride (this 
reagent is obtainable from Inorganic Chemical Company;* if Baker 
and Adamsont SrClz-6Hz0 is used, it must be dehydrated with 
dry hydrogen chloride at 15OoC. to constant weight) and 5 g. 
(0.35 mole) of Baker and Adamson reagent-grade phosphorus(V) 
oxide are mixed and melted in 250-ml. triangle RR recrystallized 
alumina container.$ The crucible is placed in a Globar furnace, or 
any other muffle or box furnace, with a minimum height of 
heating space of 10 cm. The temperature is raised slowly to 
1000°C., and at  this temperature a 12-mm.-o.d., 3O-cm.-long, re- 
crystallized alumina tube is inserted gradually into this melt so 
that the final configuration indicated in Fig. 15 is obtained. As 
indicated in the figure, air that has been saturated with water 
vapor by passage through a water-filled wash bottle is bubbled 
through the melt via this tube. The temperature of the wash bottle 

*Inorganic Chemical Company, 11686 Sheldon St., Sun Valley, Calif. 91 352. 
tAllied Chemical Company, General Chemical Division, Morristown, N J. 07960. 
SMorganite Company, 3302 48th Ave., Long Island City, N.Y. 11  100. 
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Fig. 15 

is maintained at about 8OoC. by wrapping it with heating tape; 
total flow rate is about 8-9 l./hour. The temperature of the 
reaction medium is maintained at 1000°C. for one hour and then 
raised to 120OoC for another hour. Since hydrogen chloride is 
generated, the reaction should be carried out in a fume hood, 
After 2 hours the crucible is furnace-cooled. When room tempera- 
ture is attained, the crucible content is water leached in a 2-3-1. 
beaker, the residue is filtered, washed with water and alcohol, and 
finally dried at 15OoC. About one-half of the product is obtained 
in the form of highly acicular, finely divided material, whereas the 
other fraction will be in the form of well-developed single 
crystalline needles up to 1 cm. long. A typical yield is 15-17 g., 
which represents 90-95% of theory calculated from equation a. 
Anal. Calcd. for Sr5 (P04)3Cl:  Sr, 57.7; P, 12.25; C1,4.6. Found: 
Sr, 56.7; P, 12.3; C1,4.3. 

B. DOPED STRONTIUM CHLORIDE PHOSPHATES 

1- SrS (p0.99 Mn0.0104 )3 c1 
This variation of the pure strontium chloroapatite contains a 

small portion of manganese(V) in the tetrahedral environment and 
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has a brilliant blue color. It can be obtained by simply adding 0.5 
g. (0.003 mole) of manganese(I1) sulfate monohydrate or manga- 
nese(I1) carbonate (0.004 mole) to the original mixture of 200 g. 
(1.26 moles) of strontium chloride and 5 g. (0.35 mole) of 
phosphorus(V) oxide. Anal. Calcd. for Sr5 (Po.99Mno.ol 04)3C1: Sr, 
57.7; Mn, 0.2; P, 12.1; C1, 4.7. Found: Sr, 57.0;Mn, 0.2;P, 12.1; 
c1,4.9. 

In a typical experiment, 9.8 g. is obtained as coarse needles 
(58%), whereas 7.1 g. (42%) is in the form of fibers. Total yield is 
16.9 g., or 95.2%. 

This intensely green-colored chromium(V) doped compound can 
also be obtained in the same way by adding 0.5 g. (0.003 mole) 
chromium(II1) oxide to the original mixture. Anal. Calcd. for 
Sr5(Po.9~Cro.o~04)3C1: Sr, 57.7; Cr, 0.2; P, 12.2; C1, 4.7. Found: 
Sr, 57.1;Cr, 0.2;P, 12.4;C1,4.6. 

A yellow color of the leach water is normal and results from a 
small fraction of strontium chromate which also forms. 

3. Sr4.7SEU0.25(P04)3CI 

This compound constitutes an example of a cation substitution 
and can be obtained by adding 1.0 g. (0.0029 mole) of 
europium(II1) oxide to the original mixture. It is particularly 
interesting that under the conditions of the reaction europium(I1) 
is formed. Excitation with a regular ultraviolet lamp of either 
2537 or 3660 A. shows intense blue fluorescence. 

C. STRONTIUM CHLORIDE VANADATE(V) 

By using 5 g. (0.027 mole) of vanadium(V) oxide* together with 
200 g. (1.26 moles) of strontium chloride and the same basic 
procedure as for the chloride phosphate, the reaction product, 

*Vanadium Corporation of the United States, Cambridge, Ohio 43725. 
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strontium chloride vanadate(V), is obtained in the form of thin, 
transparent platelets rather than needles and structurally is a 
s p ~ d i o s i t e . ~  The equation describing the reaction is given by 
equation 6. In a typical experiment, 12 g. of product is obtained, 
representing 91% of the theoretical yield. Anal. Calcd. for 
Sr,VO4C1: Sr, 53.81; V, 15.64; C1, 10.89. Found: Sr, 54.0; V, 
15.2; C1, 9.05. This compound also fluoresces in the blue upon 
ultraviolet excitation 2537 A. 

eoperties 

The Sr5 (PO4 )3 C1 crystals are hexagonal needles with lattice 
parameters ah = 9.953 A. and ch = 7.194 A. The needle axis 
corresponds to  the crystallographic c axis. The europium(I1) doped 
sample is a phosphor, readily excitable with electrons, x-rays, and 
both short and long ultraviolet light. I t  emits in the blue with 
a peak at 445 nm. Crystals of strontium chloride vanadate(V) 
are orthorhombic platelets with lattice constants a = 7.43 A., b = 
11.36 A., and c = 6.54 A., with the b axis corresponding to the 
thin dimension of the flakes. Strontium chloride vanadate(V) is a 
self-activated phosphor giving broadband emission with a peak at 
423 nm. when excited with 2537-A. radiation. All compounds are 
insulators, with resistivities >10 G?-cm. 
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11. OXIDES 

25. NIOBIUM MONOXIDE 

3Nb + Nbz05 - 5Nb0 

Submitted by T. B. REED* and E. R. POLLARD? 
Checked by L. E. LONNEY,$ R. E. LOEHMAN,$ and J. M. HONIGg 

The electric arc has been used since the time of Henri Moissan 
(1890) in the preparation of refractory inorganic materials. The 
more recent ( 1940) development of inert-gas, cold-hearth melting 
techniques' has made arc melting one of the simplest and most 
versatile methods for the synthesis of those inorganic compounds 
which are stable up to their melting points. Synthesis by this 
technique removes volatile impurities and produces dense, homo- 
geneous samples, from which crystals of several millimeters on a 
side can often be isolated. Crystals thus obtained are suitable for 
the measurement of chemical and physical properties. The synthe- 
sis of NbO has been described below, but the same procedure with 
minor modifications has been used to prepare other refractory 
oxides of intermediate valence, such as TiO, Ti203,  Ti305, VO, 
and V203. 

Procedure 

A laboratory-size arc furnaces suitable for preparing NbO 
buttons of up to 30 g. is shown schematically in Fig. 16. The 

*Lincoln Laboratory, M.I.T.. Lexington, Mass. 02173. Work supported by the U.S. 

tPrcsent address, Raytheon Corporation, Burlington, Mass. 
$Department of Chemistry, Purdue University, W. Lafayette, Ind. 47907. Work 

8 Ccnton Company, Suncook. N.H. 03275. 

Air Force. 

supported by N.S.F. gxant, CP 8302. 
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Handle T"d- w Cathode body (-1 

Ft. 16. Schemtic d&gmm of cold-hearth arc-meltinr fur- 
nace with momble p&ton. 

power source is a d.c. welding power supply, capable of supplying 
at least 300 amp., which has the drooping-voltage characteristic 
used in Heliarc welding. A thcriated tungsten electrode, or $j in. 
in diameter, serves as the cathode, and the water-cooled copper or 
graphite hearth as the anode. The charge is placed in the 
cylindrical cavity with a movable graphite piston at the bottom. 
Water cooling is sufficient to keep the hearth cool while the 
high-temperature reaction occurs, and to form a thin protective 
layer around the melt, which will protect it from contamination 
by the hearth material. 

The hearth cavity is filled with high-purity Nb205 powder and 
Nb metal rod* or powder in appropriate proportions. The entire 
assembly is flushed with argon gettered over Ti chips or foil at 
900°C. to remove any 02, N2, or hydrocarbons. A continuous 

*Materials Research Corporation, Orangeburg, N.Y. 10962. 
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argon flow of approximately 2 l/minute is maintained during 
operation to carry the volatile impurities out of the chamber. The 
arc is struck by touching the electrode momentarily to the hearth. 
The electrode is then raised and swiveled until the arc plasma 
bathes the mixed powders. As the metal melts and reacts with the 
oxide powder, the material sinks into the crucible and the piston is 
continuously raised to keep the melt in view. If a simple 
cup-shaped hearth is employed in place of the piston hearth, the 
electrode is lowered in the course of the reaction. 

After the reaction is complete, the power is raised to melt the 
entire button and then gradually reduced to ensure slow cooling. 
After the arc is extinguished, it is desirable to flip the button over 
with the electrode and then to strike a new arc and remelt the 
button; this procedure ensures greater homogeneity. 

The resulting button exhibits a bright silvery metallic sheen. As 
long as the oxygenlmetal ratio x (in NbO,) is within the 
homogeneity range of 0.98 <x < 1.02, single-crystal grains up to 4 
mm. on an edge are formed. 

The stoichiometry of the sample is determined readily by 
heating an aliquot portion in air for 16 hours at 80OOC. to form 
Nb2 05.  The oxygenlmetal ratio is calculated from: 

x = 2.500 - 8.3070 '- 
where g1 and g2 are the initial and final weights. If g1 = 0.5 g., and 
g1 and g2 are measured to 0.1 mg., then x is known to within 
k0.002. Adjustments in x may be made by adding Nb or NbzO5 
to the button and remelting. 

A typical analysis using the spark-source mass spectrograph 
shows the following impurities: N = 400, C = 300, Ta = 200, Fe = 
90, Mo = 40, V = 10 atomic p.p.m. All other impurities are below 
the 10-p.p.m. limit; it is interesting that only 1 p.p.m. each of Cu 
and W have been detected, even though these are the major 
construction materials of the furnace used. 
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Properties 

The congruently melting composition is NbO,.m, which melts at 
194OOC. The lattice parameter of NbO,.,is 4.21 11 f 0.0002 A. at 
room temperature. The resistivity of NbO, at 30OoC. and 4.2 K. is 
approximately 2 X and 7 X a-cm., respectively. The 
Seebeck coefficient at room temperature varies between +1.0 and 
-1 .O Pvolt/degree, depending on x. 
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26. MAGNESIUM CHROMITE 
(Magnesium Chromium(IU) Oxide) 

C r z 0 3  + W 0 3  - Crz W 0 6  
MgF2 (I) + Crz W 0 6  (I) - M&rz 0 4  (c) + WOz Fz &) ? 

Submitted by W. K U N " N +  
Checked by D. BELLAVANCE? 

Magnesium chromium(II1) oxide can be synthesized by direct 
solid-state reaction of the component oxides Crz03 and MgO at 
an elevated temperature. The product is generally of poor quality 
owing to the slow rates of diffusion of the cations that lead to 
inhomogeneities on an atomic scale. Whipple and Wold' have 
shown that a superior product is obtained by the controlled 
reduction of magnesium dichromate, MgCrz 07, where the magne- 
sium and chromium ions are premixed on an atomic scale. 
Low-temperature neutron-diffraction results' show a significant 

*Brookhaven National Laboratories, Upton, N.Y. 11973. 
?Materials Research Center, AUied Chemical Corporation, P.O. Box 3004, Morristown, 
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difference between samples prepared by the two methods. It was 
observed that the product obtained by the dichromate-reduction 
method possessed both a high- and low-temperature magnetic 
structure, whereas samples prepared by solid-state reaction always 
yielded only the low-temperature magnetic structure. Magnesium 
chromium(II1) oxide prepared by the metathesis reaction to be 
described shows magnetic structure transformations identical with 
those observed for samples prepared by the dichromate-reduction 
method.* 

A. DICHROMIUM TUNGSTEN(V1) OXIDE, Cr2 W 0 6  

As originally synthesized by B a ~ e r , ~  dichromium tungsten(V1) 
oxide is prepared easily by direct solid-state reaction of the 
component oxides, chromium(II1) oxide and tungstcn(VI) oxide. 

Rocedure 

One-tenth formula weight of reagent-grade chtomium(II1) oxide 
(15.202 g.) is dried overnight at 100°C. or higher, and 23.186 g. 
(0.1 mole) of reagent-grade tungsten(V1) oxide is prefired at 
50OoC. for 4 hours. The reactants are mixed intimately by being 
ground together in an agate mortar with an agate pestle. The 
mixture so obtained is pressed into pellets, with a hand press, and 
placed in a platinum crucible equipped with a cover. The crucible 
is placed in a muffle type of furnace. The furnace temperature is 
then raised to lOOO"C., and reaction is permitted to proceed 
overnight (12-14 hours). The furnace is subsequently cooled to 
room temperature, and the partially reacted pellets are crushed. 
The procedures of grinding, pressing into pellets, and firing are 
repeated. After the second firing, the material has undergone 
sufficient reaction to be used for the metathetical reaction to 
magnesium chromite. For a high-quality preparation of dichro- 
mium tungsten(V1) oxide, however, the recycling processes of 
grinding, pressing, and firing must be repeated several more times 
before high-sensitivity x-ray diffraction techniques indicate a 

single phase is present. If a highquality product is desired, care 
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must be taken to secure a tight-fitting lid on the platinum crucible 
since some tungstcn(V1) oxide will volatilize at high temperature. 

Properties 

Dichromium tungsten(V1) oxide is a deep-purple powder possess- 
ing the trirutile type of structure. The compound crystallizes in the 
s p a c e g r o ~ p P 4 ~ / m n m .  wi thZ=2,ao  =4.582A.,c0 =8.870A. 

B. MAGNESIUM CHROMIUM(II1) OXIDE, MgCrz O4 
(Magnesium Chromite) 

Although an equimolar mixture of molten magnesium fluoride 
and dichromium tungsten(V1) oxide react at 127OOC. (in an air 
atmosphere) t o  form magnesium chromium(II1) oxide crystals, the 
metathetical reaction is bcst carried out by using an excess of 
magnesium fluoride and increasing the reaction temperature to 
140OOC. The best results are obtained at a ratio of magnesium 
fluoride to dichromium tungsten(VI) oxide of 2: 1 or 3: 1. 

Procedure 

Typically, 38 g. (0.1 mole) o f  dichromium tungsten(V1) oxide and 
18.7 g. (0.3 mole) of oven-dried, reagent-grade, magnesium fluoride 
are mixed and placed in a platinum crucible fitted with a cover. 

Since the metathetical reaction between the fluoride and tungstate 
will also proceed in the solid state (although at  a much slower rate), 
it is desirable to have the reaction mixture attain the liquid state in as 
short a time as possible. If a furnace capable of attaining 1300- 
14OO0C. in a few hours is not available, the following procedurc may 
be employed. The furnace (such as the Harper* furnace model, HOU 
6610 M 30) is preheated to 13OO0C., the furnace chamber opened, 
the sample rapidly placed inside, the furnace chamber closed, and 
the temperature raised to  1400'C. 

*Any suitable box furnace capable of attaininga temperature of 1400°C. may be used. 
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Caution. Extreme care should be exercised when operating 
in front of the heating chamber since the radiation is of such 
intensity as to  cause burns on the exposed hands and face and to 
char clothing. Very long tongs (3-4 ft .)  should be used in addition 
to protecting the hands with asbestos gloves, wearing a protective 
face mask, and using a radiation shield such as a makeshift bib of 
aluminum foil-shiny side facing furnace-to protect clothing. 

The temperature is held constant at 14OO0C., and the metathesis 
of the tungstate to the oxyfluoride proceeds slowly to bring about 
the gradual production of magnesium chromium(II1) oxide, which 
subsequently is precipitated. After approximately 24 hours, the 
reaction will be about 40% complete. As pointed out previously, 
howevcr, physical considerations have a strong influence, and the 
largest crystals will be approaching millimeter size. Generally, 
about 3 days at 14OOOC. are required to produce a measurable 
yield of millimeter-sized crystals. By scaling the reacting mixtures 
up by a factor of 10 and carrying out the reaction at a 
temperature of 1500°C. for 1 4  days, magnesium chromium(II1) 
oxide octahedra approaching centimeter size can be obtained. 

Note. Gaseous tungsten oxyfluoride, W 0 2  F2 (difluoro- 
dioxotungsten), which is produced during reaction, is a very 
corrosive chemical a t  high temperature. I t  is recommended, 
therefore, that an old alumina muffle be used or that adequate 
protection against attack be provided. This may be accomplished 
by inserting the platinum crucible containing the reactants into a 
heavily walled alumina crucible, which will itself react with the 
tungsten oxyfluoride, or by providing the muffle with protective 
inserts. These are commercially available by the furnace manu- 
facturing companies primarily for  use with silicon carbide muffles. 

After the reaction has proceeded for the desired interval of time, 
the platinum crucible containing the reacted material is rapidly 
cooled to  room temperature. This is most easily accomplished by 
shutting off the power to the furnace and quickly removing the 
platinum crucible when the temperature has dropped to approxi- 
mately 900°C. (Removal of the crucible may be made at higher 
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temperatures if desired; the crystals of MgCrz04 will withstand the 
thermal shock quite well.) The reason for rapid cooling is to mini- 
mize the reaction of atmosphere oxygen with the magnesium chro- 
mium(II1) oxide to form the chromate. If a 5-10% loss of the prod- 
uct is not objectionable, the crucible may be cooled in the furnace. 

Removal of the product from the unreacted magnesium fluoride 
and chromium tungstate, Cr2 W 0 6 ,  may be accomplished by 
leaching with hot concentrated hydrochloric acid in a fume hood. 
This will slowly etch the product free, and overnight treatment 
will be necessary for complete removal. It will be found that no 
noticeable attack of the chromite crystals will occur during the 
leaching process. However, the Cr2 W 0 6  is decomposed to tungstic 
acid (insoluble) and soluble chromium(II1) chloride, while most of 
the magnesium fluoride is dissolved. A small portion of the 
magnesium fluoride reacts with the tungstic acid to form a small 
amount of magnesium tungstate. The liquid is decanted and 
discarded, and the solid residue is washed with distilled water, 
which is also decanted and discarded. A hot saturated solution of 
sodium hydroxide is then added to the solid residue. The mixture 
is stirred for approximately one hour, and the liquid subsequently 
decanted and discarded. The solid product is then washed with 
distilled water. Alternate treatment with hot acid leaching and hot 
base washing ultimatedly yields a clean product of magnesium 
chromite crystals. 

A rapid, alternative method of crystal separation is the addition 
of solid potassium chloride (an amount necessary to fill the 
crucible) directly into the untreated, fused mass (obtained after 
cooling to room temperature), followed by heating the new 
mixture to its fusion point by means of a Meker burner in a fume 
hood and maintaining this temperature for 1 or 2 hours. The 
molten potassium chloride will rapidly dissolve the magnesium 
fluoride and decompose the tungstate. The crucible is allowed to 
cool, and the fused mass is treated as described in the previous 
section. However, dissolving of the flux will now be much more 
rapid. 
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Chemical analysis of the magnesium chromite crystals is difficult 
because of the insolubility of the sample in most reagents. Long- 
term boiling in concentrated mineral or oxidizing acids has little 
effect. Disulfate (pyrosulfate) or sodium hydroxide fusion for 
several hours is equally ineffectual. However, if the crystals are 
ground to  a fine powder (<250 mesh), they can then be brought into 
solution by alternating disulfate and sodium hydroxide fusions. The 
chromium-to-magnesium ratio is vcry close to 2: 1 (2.01 : 1). Diffrac- 
tion data with refined site occupancy support this conclusion.2 

Properties 

Magnesium chromium(II1) oxide crystals are deep-green octa- 
hedra possessing the normal, cubic, spinel structure, Q,, = 8.335 A., 
and having a melting point of approximately 239OOC. 
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27. SILVER FERRATE(II1) 

400% 
Ag2 + O3 40,000 p.s.i. aq. NaO; 2AgFe02 

Submitted by WILLIAM J. CROFT* and NIGEL C. TOMBH 
Checked by R. D. SHANNON$ 

The formation of silver ferrate(II1) of empirical formula AgFe02 
by reactions with iron hydroxides and silver compounds in 
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aqueous suspension has been reported previously.' The initial 
interest of the authors was in the use of the red-colored silver 
compound in identification of specific iron hydroxide compounds. 
The products obtained were apparently poorly crystallized or 
inhomogeneous or both, and the reported x-ray powder diffrac- 
tion data consisted of only nine reflections. The unit cell deduced 
from these results was rhombohedral, uR = 4.61 A., (Y = 85'25'. 
The method described here is the reaction of a mixture of silver 
oxide and a-iron(II1) oxide under hydrothermal conditions in 
basic solutions. The silver ferrate(II1) produced is in the form of 
single crystals from which optical and improved x-ray data were 
obtained. 

Procedure 

The reaction system consists of a mixture of silver(1) oxide and 
a-iron(II1) oxide in 3 M aqueous sodium hydroxide solution. A 
slight excess of silver oxide over the stoichiometric requirement 
ensures that no unreacted iron oxide will remain. The reaction 
system is sealed in a platinum tube of 6-mm. i.d., 0.1-mm. wall 
thickness, and 5-cm. length. The sealing is made by crimping the 
tube ends and welding the seams with a carbon electrode arc. The 
sealed tube is heated in a Stellite alloy, pressure vessel of 
conventional design. The reaction is complete essentially in 72 
hours a t  400'C. and 40,000 p.s.i. The small deliberate excess of 
silver oxide can be removed readily by treatment with dilute nitric 
acid. The reaction product consists of shiny platelets up  to  about 
2 mm. o n  a side and about 0.2 mm. thick, together with finer 
crystallized material. Both the platelets and the smaller crystallites 
give the same x-ray powder pattern. 

Analysis and Properties 

Emission spectrographic analysis shows only silver and iron as 
major constituents. Of special interest is the fact that sodium is 
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present to  the extent of less than 1 p.p.m., although the 
crystallization takes place in sodium hydroxide solution. Up to  
0.3% sodium has been reported in preparations from co- 
precipitated hydroxides.2 Silver and iron can be analyzed by flame 
photometry. The sample and standard are dissolved in concen- 
trated sulfuric acid, which is then diluted. The analytical results 
confirm a silver-to-iron ratio of unity. 

When heated in air, AgFe02 crystals are stable up to about 
7OO0C., at which temperature they decompose with loss of oxygen 
to yield metallic silver and a-iron(II1) oxide. 

Crystallographic Data 

Many of the thinner platelets are transparent and a rich ruby-red 
color in transmission. They give a uniaxial negative interference 
figure. The crystals are too deeply colored for refractive index 
determination, but the mean value is greater than 2. 

The density can be measured in toluene, with a modified 
Berman balance. A value of 6.39 g./cc. is obtained. The calculated 
value of 6.56 is obtained by using a value of 3 units of AgFe02 
per hexagonal unit cell. 

Recently, a detailed s t ~ d y ~ * ~  of AB02 compounds confirms 
that AgFe02 has the CuFe02 (delafossite) structure. The cell 
dimensions, determined with a Guinier camera, are found to  be a = 

3.0391 f 2 A. and c = 18.590 f 2 A. Single crystals are used to 
measure resistivity as a function of temperature.'j Silver fer- 
rate(II1) exhibits semiconductor behavior with an activation 
energy of 0.7 e.V. An unusual anisotropy in resistivity is found 
with p ( l c )  = 3 X lo7 a - c m .  and ~ ( 1 1 , )  = 2 X 10'' a -cm.  
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28. BARIUM TITANATE, BaTi03 
(Barium Titanium (IV) Oxide) 

BaC03 + Ti02 - BaTi03 + C02 

Submitted by FRANCIS S. GALASSO. 
Checked by MICHAEL KESTIGAN? 

Barium titanate, BaTi03, is probably the most widely studied 
ferroelectric oxide. Extensive studies were conducted on this 
compound during World War I1 in the United States, England, 
Russia, and Japan, but the results were not revealed until after the 
war. Barium titanium(1V) oxide was found to be a ferroelectric up 
to a temperature of 120°C., which is its Curie point. Above 
120°C., barium titanium(1V) oxide has the cubic perovskite 
structure, and below this temperature the oxygen and titanium 
ions are shifted and result in a tetragonal structure with the c axis 
approximately 1% longer than the a axis. Below O'C., the 
symmetry of barium titanate becomes orthorhombic, and below 
-90°C., it becomes trigonal. 

Because barium titanate has interesting properties, many 
methods have been used to grow single crystals of this compound. 
One of the most popular techniques, using a potassium fluoride 
flux, was first employed by Remeika.' 

Procedure 

Crystals of barium titanate can be grown with a mixture of 30% 
barium titanate by weight and anhydrous potassium fluoride. In a 

*United Aircraft Research Laboratories, East Hartford, Conn. 06108. 
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specific procedure, 28 g. of barium titanate [or 23.6 g. (0.1 mole) 
of barium carbonate and 9.6 g. (0.12 mole) of titanium(1V) 
oxide] is placed in a 50-ml., platinum crucible and covered with 
66 g. of anhydrous potassium fluoride. The cover is placed on the 
crucible, and the crucible and contents are heated to 1160°C. 
When barium carbonate and titanium(1V) oxide are used with 
potassium fluoride, the contents of the crucible are first slowly 
melted before the cover is placed on tightly and the mixture 
heated to 1160°C. After being held for 12 hours at 1 16OoC., the 
crucible is cooled 25"/hour to 9OO"C., and the flux is poured off. 
The crystals then are annealed by slowly cooling them to room 
temperature, and they are removed by soaking the crucible 
contents in hot water. 

Properties 

Crystals grown by this technique are in a form called butterfly 
twins. The twins consist of two isosceles right triangles with a 
common hypotenuse.2 Normally the composition plane is (1 1 l), 
the crystal faces are (100) and the angle between the wings is 
approximately 38". 

The dielectric constant of barium titanate, along [OOl] is about 
200 and along [ loo]  it is 4000 at room ternperat~re .~ The 
spontaneous polarization at room temperature is 26 X 
C./cm? , and the value of the coercive field has been found to vary 
from 500 to 2000 volts/cm. The crystal structure of barium 
titanate at room temperature can be represented by a tetragonal 
unit cell with size of a. = 3.992 A., and co = 4.036 A., but the 
symmetry becomes cubic above 12OoC., at which temperature the 
crystals no longer exhibit ferroelectric properties. 
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29. BISMUTH TITANATE, Bi4 Ti3 0 12 

(Bismuth Titonium Ox&) 

2Bi2 O3 + 3Ti02 - Big Ti3 0 12 

Submitted by FRANCIS S. GALASSO+ 
Checked by MICHAEL KESTlCIANt 

Bismuth titanate, Bi4Tij 0 1 2 ,  is one of a class of ferroelectrics 
with the general formula (Bi202)2+(A,-1B,03x+1)2 where A is 
a monovalent or  divalent element, B is Ti4+, Nb5+, or Ta5+, and x 
can have values of 2, 3, 4, e t ~ . ’ - ~  The crystal structure of these 
compounds consists of Biz O2 layers and stacks of perovskite-like 
layers perpendicular to the [OOl] axis. There are three “perov- 
skite” layers between two bismuth oxygen layers in the structure 
of Bi4Ti3012, two perovskite layers on ABi2B209 compounds, 
and four in ABi4Ti401s compounds. Since the perovskite layers 
consist of Ti06 ,  Ta06,  or Nb06 octahedra, spontaneous polariza- 
tion can take place in the plane of these layers. 

Procedure 

To form a i-in.-diam. pellet of BiqTi3012, a sample is first 
made b y  mixing 0.47 g. (1 mmole) of bismuth oxide and 0.12 g. 
(1.5 mmole) of titanium(1V) oxide. The mixture is pressed into 
pellets with a calorimeter pellet press. The pellets are placed in 
Alundum or zircon boats and heated at 700°C. for 4 hours. Then 
the pellets are ground, pressed again, and reheated at a tempera- 
ture of 920°C. for one hour. 

*United Aircraft Research Laboratories, East Hartford, Conn. 06108. 
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These pellets can be ground for powder x-ray studies, or 
electrodes can be evaporated on the flat surfaces of the pellets to  
produce samples for ferroelectric measurements. However, for 
more meaningful measurements single crystals of bismuth titanate 
are required. 

Single crystals of Bi4Ti3OI2 can be grown by the following 
t e ~ h n i q u e . ~  A charge of 210 g. (0.45 mole) of bismuth oxide and 
11.0 g. (0.14 mole) of titanium(1V) oxide in a 50-ml. platinum 
crucible is heated at 12OO0C. for one hour. The charge is placed in 
the crucible by filling the crucible, melting, adding more charge, 
and remelting. The furnace is slowly cooled at  a rate of 40°/hour. 
The crystals can be removed by dissolving the bismuth oxide in 
hydrochloric acid. 

in.) is used instead of 
a typical platinum crucible, larger, higher-optical-quality, single 
crystals are obtained. 

If a shallow platinum container (6 X 4 X 

Properties 

The crystals grown in this manner are in the form of clear sheets. 
The symmetry of the crystals is pseudotetragonal with a cell size 
of a, = 3.841 A. and co = 32.83 A. Electrodes can be evaporated, 
or indium amalgam can be applied to the flat surfaces of the 
crystals, to produce samples for measurements. The d.c. resistance 
of the crystals is about 10l2 a-cm.  They exhibit ferroelectric 
hysteresis loops up to the Curie temperature of 643OC. 
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30. CADMIUM RHENIUM(V) OXIDE, Cdz Re2 O7 * 

2Cd + Re2 O7 - Cd2 Re2 0, 

Submitted by JOHN M. LONGO,? PAUL C. DONOHUE,* 
and DONALD A. BATSON 4 
Checked by D. P. KELLY* and A. W. SLEIGHTS 

Cadmium rhenium(V) oxide has been prepared by two methods.' 
The first involves the heating of finely ground powders according 
to the equation ;ReO3 + $Re + 2Cd0 + Cd2 Re2 07. This reaction 
is carried out in a sealed silica ampul at 1000°C. for 24 hours. 
Some small single crystals are formed on the walls of the ampul. 
The second method gives more and larger crystals,' and an 
adaptation of this method is described below. Cadmium rhenium(V) 
oxide is an interesting compound since it is one of the few 
stoichiometric mixed metal oxides with metallic conductivity. 

Procedure 

This preparation of cadmium rhenium(V) oxide consists of two 
steps. The first step is the oxidation of rhenium metal in a stream 
of oxygen to  its heptaoxide Re207.  The second step is the 
vapor-phase reaction of cadmium metal and rhenium(VI1) 
oxide. 

Both steps are carried out in a silica tube (1-cm. i.d. X 60 cm. 
long). A thin wad of glass wool is inserted about 20 cm. from the 
oxygen input end of the tube. Powdered rhenium metal, 0.4655 g. 

*The Lincoln Laboratory portion of this work was sponsored by the U.S. Air Force. 
tEsso Research and Engineering, Box 45, Linden, N J. 07036. 
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(0.0025 mole), is placed in the tube on the upstream side of the 
glass wool, which acts both as a stop for the rhenium metal and a 
filter for the rhenium(VI1) oxide produced. The cadmium metal, 
in the form of flakes, is cleaned with 3 N HCl, washed in water, 
and dried with acetone. Two or three pieces of the metal are cut 
to weight, 0.2810 g. (0.0025 mole), and placed about 8 cm. from 
the exit end of the tube. Both ends of the tube are connected with 
Tygon tubing to Drierite water traps. Oxygen entering through a 
two-way stopcock is allowed to flow through the tube for a few 
minutes, after which the tube is placed in a clamshell furnace 12 
in. long. The rhenium powder is at the center of the hot zone, 
which is maintained at 35OoC., and the end of the tube containing 
the cadmium is outside the furnace. The rhenium(VI1) oxide vapor 
produced by the oxidation of the rhenium powder condenses to 
form a ring at the end of the furnace. The oxygen flow rate is 
important and should be about 0.08 c.f.h. for the size of tube 
prescribed here. A faster rate carries the rhenium(VI1) oxide too 
far downstream before condensation, and a slower rate oxidizes 
the rhenium metal too slowly. When all the rhenium has been 
oxidized, the tube is repositioned in the furnace (with the oxygen 
still flowing) so that the rhenium(VI1) oxide is resublimed to a 
region about 8 cm. upstream from the cadmium metal. The final 
rhenium(VI1) oxide should be bright canary yellow and crys- 
talline. 

The Tygon tubing at the exit end is clamped off, and the 
two-way stopcock at the entrance is turned to a vacuum line. 
After the whole system has been evacuated, the silica tube is 
sealed first at the exit, and secondly beyond the rhenium(VI1) 
oxide to give a 12-15-cm. ampul. Care must be taken not to melt 
the cadmium nor to resublime the rhenium(VI1) oxide. The sealing 
operation is done with the tube in a horizontal position to prevent 
movement of the material. 

The ampul is fired in a furnace at 80OoC. for about 20 hours. 
The crystals formed vary in size (1-4 mm. in largest dimension), 
number, and position, depending on the temperature profile of the 
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furnace and the relative position of the two reactants. Because the 
crystals tend t o  adhere to  the inside of the silica tube, only about 
80% of the product can be recovered conveniently. If moisture is 
present in the ampul, the reaction is incomplete, and rhenium(1V) 
oxide and cadmium oxide are found as impurities. A n d .  Calcd. for 
CdzRe20, :  Re, 52.5; Cd, 31.7; 0, 15.8. Found: Re, 51.5; Cd, 
32.0; 0, 16.8. 

Properties 

Cadmium rhenium(V) oxide is deep violet in color. Its crys- 
talline habit is roughly octahedral with the triangular faces ( 1  11) 
having their comers cut. I t  is stable in air and attacked slowly in 
strongly oxidizing media. The crystals are treated with dilute nitric 
acid to ensure a pure product since the impurities are soluble in 
this acid. 

The crystal structure of cadmium rhenium(V) oxide, as deter- 
mined by single-crystal technique,' is of the face-centered cubic 
pyrochlore type (u = 10.219 A.). The only positional parameter 
for the 48 v) oxygens is x = 0.309 f 0.007 when rhenium is a t  the 
origin. The density, determined pycnometrically, is 8.82 k 0.03 
g./cc., compared with the theoretical value of 8.83 g./cc. for Z = 8. 
The resistivity between 4.2 K and room temperature is very low 
( S2-cm.) and has a positive temperature coefficient. 
Over the same temperature range the magnetic susceptibility is low 
and temperature-independent. These properties indicate that 
cadmium rhenium(V) oxide exhibits metallic conductivity. 

Reference 

1. P. C. Donohue, J.  M. Longo, R. D. Rosenstein, and L. Katz, h o g .  Chem., 4, 1152 
(1965). 
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31. MOLYBDENUM(1V) OXIDE AND TUNGSTEN(1V) 
OXIDE SINGLE CRYSTALS 

ZM03 + M  - 3MO2 
T2 M = M o , W  

T ,  
MO2 + 1 2  MO212 

Submitted by LAWRENCE E. CONROY. and LMA BEN-WRt 
Checked by R. KERSHAWS and A. WOLDS 

The dioxides of molybdenum and tungsten crystallize in distorted 
forms of the rutile structure. The usual method of preparation is 
the reduction of the trioxide with the metal at 900-1000°C. in 
uucuo or under an inert atmosphere. This procedure yields only 
microcrystalline products. Extended periods of reaction are 
necessary to avoid contamination with oxides intermediate be- 
tween the trioxide and dioxide. Hagg and MagnelilP2 have shown 
that a series of such oxides can be identified in the products of 
partial reduction of the trioxides. Single crystals of molybdenum- 
(IV) oxide may be produced by electrolytic reduction of 
Naz Moo4 -Moo3 melts.3 The synthesis described below makes 
use of the chemical-transport technique4 to convert the micro- 
crystalline dioxide to single crystals sufficiently large for electrical 
and crystallographic investigations. The principles of this method 
are described in earlier volumes of this series.’-’ 

Procedure 

The pure molybdenum(V1) or tungsten(V1) oxide is dried by 
heating in air at 50OoC. for one hour. Approximately 10-15 g. of 

*University of Minnesota, Minneapolis, Minn. 55455. 
tTbe Hebrew University, Jerusalem, Israel. 
$Brown University, Providence, R.I. 02912. 
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the 2:l molar mixture of the trioxide and corresponding metal is 
mixed thoroughly a d  ground together in a mortar. The mixture is 
transferred to an alumina or silica combustion boat and heated 
under purified argon gas. Alternatively, the sample may be sealed 
in uacuo in a silica ampul. The 2Mo03-Mo mixture is converted 
to molybdenum(1V) oxide in 70 hours at 800°C. The 2W03-W 
mixture is converted to tungsten(1V) oxide in 40 hours,* at 
900°C. Molybdenum(1V) oxide is produced as a brown-violet 
powder, and tungsten(1V) oxide as a bronze powder. 

8 Caution. The danger of implosion or explosion is always 
present when sealed glass vessels are heated, however carefully. 
Use protective eye and face covering or a protective shield for the 
apparatus. 

Silica or Vycor ampuls are satisfactory for chemical transport. 
Optimum dimensions are 15 cm. long and 2.5 cm. o.d., holding a 
sealed volume of approximately 75 ml. Of the metal dioxide, 4 g. 
is added to the ampul through a long-stem funnel, along with the 
required quantity (see Table I) of purified iodine. Several 
techniques for addition of iodine to  a transport ampul are 
described in Volume XI1 (p. 161) of Inorganic Syntheses. The 
ampul is then sea1ed.t T o  promote the growth of large crystals, it 
is desirable to transfer the charge of dioxide to  the seal-off end 
(hot zone) of the ampul and to  allow crystals to grow at the 
hemispherical end (growth zone). The ampul is then placed in a 
cold two-zone transport furnace.$ The growth zone is heated to 
900°C. for a t  least 12 hours, while maintaining the charge zone at 

This procedure minimizes seed sites to promote the growth of a 
small number of large crystals. The temperature of the charge zone 

500-600°C. 

*These extended heating periods are necessary for complete conversion to the 
dioxides. During the early stages of heating, the primary products are the phases Mo, 0,, 
and W180,,,' which transport more readily than MOO, and WO, and thus interfere 
with the growth of good single crystals of the last two compounds. 

tVycor tubing that is constricted to < 10-mm. 0.d. may be sealed with an oxygen- 
flame. Silica tubing or larger-diameter Vycor tubing may require an oxy-hydrogen flame. 

$Such furnaces are described in Inorganic Syntheses, 11.5 (1968); 12,161 (1970). 
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T A B L E  1 Optimum Growth Conditions for Mooz and WOz 

Ampul dimensions 

Ampul volume 
Quantity of MO, powder 
Iodine concentration 
Transport temperatures 
Transport time 
Cooling rate, growth zone 
Temperature programming 

15 cm. long X 
2.5 cm. 0.d. 

cu. 75 ml. 

4 mg./ml. 
900 + 700°C. 
6-7 days 
10" C./hour 
Necessary 

15 cm. long X 
2.5 cm. 0.d. 

cu. 75 ml. 

1 mg./ml. 
900 + 800°C. 
3 days 

Not necessary 

is then increased to the appropriate temperature listed in Table I, 
and the growth zone is cooled at the rate of lO"C./hour for the 
stipulated time period. For the growth of larger crystals of 
molybdenum(1V) oxide, it is essential that the cooling be very 
uniform. Therefore, some type of programmed cooling procedure 
is necessary. Many commercial temperature controllers permit 
such programmed procedures. The growth of tungsten(1V) oxide 
crystals is much less sensitive than that of molybdenum(1V) oxide 
crystals to the rate of cooling. Under the transport conditions 
specified in Table I, the transport of the dioxide powder is 
essentially quantitative. The dimensions of the largest crystal 
obtained by this procedure are roughly 1 X 3 X 3 mm.3 

Properties 

The molybdenum(1V) oxide crystals produced by this method 
are thick, oblong needles or thick platelets having a brown-violet 
metallic luster. The cell edges are close to those reported for the 
polycrystalline powders: monoclinic crystals with a = 5.60 A., b 
= 4.86 A., c = 5.63 A., = 120.95'. The crystals are excellent 
metallic conductors. 

The tungsten(1V) oxide crystals obtained by this procedure are 
polyhedra having bronze metallic luster. The crystallographic data 
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agree well with those reported for the polycrystalline com- 
pounds;* monoclinic crystals with a = 5.56 A., b = 4.89 A., c = 
5.66 A., 0 = 120.5O. Tungsten(1V) oxide is a good metallic 
conductor. 

Chemical analyses of the oxygen content of these crystals, 
carried out by (1) careful oxidation to molybdenum(V1) oxide in a 
stream of oxygen and (2) carbon reduction of the metal, yielded 
the following data. Anal. Calcd. for MOO? : 0, 25.01. Found, 25.1. 
Mo:O ratio, 1:2.01. Calc. for WOz: 0, 14.83. Found, 14.9. W:O 
ratio, 1:2.01. 
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111. CHALCOGENIDES 

32. RARE-EARTH SESQUISULFIDES, Ln2 S3 

2Ln + 3 s  - Ln2S3 
3Ln + 3 s  + 31 - 3LnSI - Ln2S3 + Ln13 

Submitted by A. W. SLEIGHT* and D. P. KELLY* 
Checked by R. KERSHAWt and A. WOLW 

Rare-earth sesquisulfides have generally been prepared by the 
reaction of hydrogen sulfide with rare-earth oxides. However, such 

*Central Research Department, E. I. du Pont de Ncmours & Company, Wilmington, 

tBrown University, Providence, R.I. 02912. 
Del. 19898. 

Inorganic Syntheses, Volume XIV 
Edited by Aaron Wold, John K. Ruff 

Copyright © 1973 by McGraw-Hill, Inc.



Rare-Earth Sesquisulfides, Ln& 153 

a procedure frequently gives oxysulfides or nonstoichiometric 
sulfides. Direct reaction of the elements readily gives pure 
stoichiometric sesquisulfides, and this procedure is easily modified 
to give crystals.' 

Procedure 

High-purity sulfur, iodine, and rare-earth metals are com- 
mercially available. The sponge or powder form of the rare-earth 
metal is easiest to  work with, but such forms are not satisfactory 
(and usually not available) for the more active rare-earth metals. 
Thus, although the examples below assume that Gd sponge or 
powder is used, ingot forms are used for La, Pr, Nd, Tb, Tm, Yb, 
and Lu. Such ingots must be freshly cut or filed. 

Polycrystalline gadolinium sesquisulfide can be prepared from 
1.5725 g. (0.01 mole) of gadolinium and 0.4810 g. (0.015 mole) 
of sulfur. The reactants are not ground together or  in any way 
intimately mixed. They are simply placed together in a 10-mm. 
silica tube which has been sealed at one end. The tube is evacuated 
and sealed to produce an ampul which is about 20 cm. long. The 
ampul is placed in a two-zone or gradient furnace with all 
reactants initially in the hot end. The hot-zone temperature is 
raised to  4OO0C., while the other zone is maintained at about 
100°C. The sulfur quickly moves to the cooler zone, and 
thereafter vapors of sulfur will react with the gadolinium in a 
controlled fashion. (H Caution. If the entire ampul is heated to 
400°C.. a violent reaction will occur, with attack on the ampul, 
which will probably break.) When all the sulfur is consumed, the 
ampul is transferred to  a muffle furnace and heated at 1000°C. for 
about 10 hours. 

Single crystals of gadolinium sesquisulfide may be prepared from 
1.5725 g. (0.01 mole) of gadolinium, 0.3206 g. (0.01 mole) of 
sulfur, and 1.2690 g. (0.01 mole) of iodine. The reactants are 
sealed in an evacuated silica tube as described above. The vacuum 
should be applied no longer than necessary before sealing because 
of the volatility of iodine. The ampul is then heated in a two-zone 



154 Inorgonic Syntheses 

or gradient furnace exactly as described above. When all the sulfur 
and iodine are consumed, the ampul is removed from the furnace. 
At this point the sample will be basically GdSI. However, this 
compound will decompose when heated at higher temperatures. 
Crystals of gadolinium sesquisulfide will grow in a gadolinium 
iodide melt if the ampul is held at 1100-1200°C. for 20 hours or 
longer. The crystals may be washed free of gadolinium iodide by 
using alcohol or  water-alcohol mixtures. Red rods several milli- 
meters in length are obtained. 

Polycrystalline rare-earth sesquisulfides have been prepared’ by 
this method for La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu, and Y. Europium sesquisulfide does not exist. For the more 
reactive rare-earth metals (La to Sm), the silica ampul will be 
severely attacked unless protected. This may also be a problem for 
other rare earths if high temperatures and long heating times are 
employed. Carbon is the most suitable material for protecting the 
silica in these syntheses. A graphite crucible may be used, but it is 
generally satisfactory simply t o  coat the inside of the silica tube 
with carbon by the pyrolysis of benzene. Benzene is poured into 
the silica tube, which is closed at one end; it is then poured back 
out with the residue left clinging to the tube. The tube is placed in 
a furnace at 800°C. for a few minutes. 

Crystals of rare-earth sesquisulfides have been prepared by this 
method except when Ln is La, Er, Tm, or Y. In these cases the 
LnSI compounds are stable even at 1250°C. Anal. Calcd. for 
Gd2S3 : Gd, 76.58; S, 23.42. Found: Gd, 76.4; S, 22.2. 

Properties 

The rare-earth sesquisulfides are reasonably stable when exposed 
to air a t  room temperature, although a weak odor of hydrogen 
sulfide is frequently present. The orthorhombic A structure is 
found for La, Ce, Pr, Nd, Sm, Gd, Tb, and Dy. The monoclinic D 
structure is found for Dy, Ho, Er, and Tm (Dy2S3 is dimorphic), 
and the rhombohedra1 E structure is found for Yb and Lu. The B 
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type of “rare-earth sesquisulfide” has been shown to be an 
oxysulfide? and it is not obtained by this synthesis. The A or 
Th3P4 type of structure is also not obtained by this method. This 
form is usually (perhaps always) stabilized by impurities or 
nonstoichiometry. 

All crystals of the A and D structure types grow as rods (up to 
ca. 1 cm. in length), where the rod axis corresponds to the short 
crystallographic axis. Crystals of the E structure type grow as 
hexagonal plates which are generally twinned. 

The crystals are electrically semiconducting.’ 

References 
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33. CADMIUM CHROMIUM(II1) SELENIDE, CdCr2 See 

4Cd + 4Se + ZCrCl, - CdCr2Se4 + 3CdC12 

Submitted by ARTHUR W. SLEIGHT* 
Checked by HARRY L. PINCH7 

Cadmium chromium(II1) selenide can be prepared by the direct 
combination of the elements or by the reaction of cadmium 
selenide with chromium(II1) selenide. Crystals of cadmium chro- 
mium(II1) selenide have been prepared by flux growth’ in 
cadmium chloride, by vapor transport? and by a liquid-transport 
method’ with a platinum metal “catalyst.” The synthesis given 

*Central Research Department, E. I. du Pont de Nemoun & Company, Wilmington, 
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here is simple, yet it gives a high yield of good quality crystals 
which are as large as any produced by the other methods. 

B-ocedure 

Although high-purity cadmium and selenium are commercially 
available, high-purity chromium(II1) chloride is not. Therefore, if 
high-purity cadmium chromium(II1) selenide is desired, it is best 
to make chromium(II1) chloride* by passing chlorine over 
high-purity chromium metal at high temperatures (ca. 1200°C.). 

Cadmium metal (4.0464 g., 0.036 mole), selenium (2.8426 g., 
0.036 mole), and chromium(II1) chloride (2.8505 g., 0.018 mole) 
are placed in a 15-mm. silica tube which has been sealed at one 
end. The tube is evacuated and sealed off to produce an ampul 
which is about 22 cm. long. 

The ampul is heated slowlyt to 900°C. in a muffle furnace and 
held there for 10 hours. Caution. The ampul should be heated 
in a hood! Toxic vapors will be produced if the ampul breaks. The 
furnace is then cooled slowly to 500°C. over 7 days at a nearly 
linear rate. After this, the furnace is turned off and allowed to 
cool to room temperature. 

Caution. 
Hydrogen selenide vapors are formed during the washing, and 
it is advisable that this operation also be performed in a hood. 
The crystals of cadmium chromium(II1) selenide can be washed in 
water to remove the cadmium chloride. The crystals are black 
octahedra which vary in size up to about 3 mm. on an edge. The 
only impurities detected in these crystals by arc emission 
spectrographic analysis were Mg and Cu, and these are present 
only in amounts of less than 20 p.p.m. Anal. Calcd. for CdCr2 Se4 : 
Cd, 21.1; Cr, 19.5; Se, 59.3. Found: Cd, 20.8; Cr, 17.7;Se, 58.6. 

The ampul is removed from the furnace and opened. 

*Procedures for chromium(II1) chloride are also given in Inorganic Syntheses, 2, 193; 

?The checker found that heating rates greater than about 40°C./hour lead to 
5, 154; 6, 129. 

explosions. 
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Properties 

Cadmium chromium(II1) selenide is a ferromagnetic semi- 
conductor with a Curie temperature of 130 K. Crystals grown by 
this method are p type. Cadmium chromium(II1) selenide has the 
spinel structure with a cubic cell edge of 10.75 A. 

References 
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34. GROWTH OF COBALT DISULFIDE SINGLE CRYSTALS 
d COS2 (s) + Cl2 (g) - COCl2 (g) + s2 k) 

Subnitted by R. 1. BOUCHARD* 
Checked by R. KERsHAWT and A. W0LD-f 

Cobalt disulfide, an interesting member of the pyrite family, is 
unusual because it is ferromagnetic and metallic. A pure polycrys- 
talline sample is difficult to prepare, requiring long reaction times, 
regrinding, and refiring. To measure electrical transport and 
magnetic and optical properties, large single crystals are desirable. 
The wide applicability' of chemical transport by transient volatile 
species suggested a technique for growing C0S2 single crystals. A 
transport technique has additional advantages: It operates at 
moderate temperatures, which minimizes thermal defects; and it 
utilizes only small quantities of foreign components, which 
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reduces impurity substitution or occlusion that often attends 
single-crystal growth b y  flux techniques. The applicability of 
halogens in transporting pyrites has been demonstrated' in the 
preparation of small C0S2 crystals by iodine. 

Although crystals of cobalt disulfide can be obtained over a large 
range of temperatures and gradients using chlorine as a trans- 
porting agent, the larger crystals usually have holes in most of the 
crystal faces. Only the cycled reaction to be described gives 
crystals of high perfection in the 3-4-mm. range. The advantages 
of cycled transport reactions have been discussed by Scholz and 
K l u ~ k o w . ~  By this procedure imperfections are removed during 
the reverse part of the cycle, and thereby surface faults are 
healed. In addition, nucleation of new crystals is reduced, since 
only those crystals beyond a certain critical size survive the reverse 
gradient and continue to grow. This permits a large crystal to be 
grown without the problems of intergrowth with nearby growing 
crystals. 

Procedure 

Polycrystalline cobalt disulfide starting material is prepared by 
reacting the elements at 60OoC. Stoichiometric quantities are 
placed in a silica tube, which is sealed under vacuum, then fired 
slowly to 600°C. in a muffle furnace for 3-4 days, and cooled 
slowly. The product is ground with an agate mortar and pestle 
under nitrogen for one hour. Then 10% excess sulfur is added, and 
the tube is sealed and fired as before. This process of grinding and 
firing usually has to be repeated to obtain a single-phase, 
stoichiometric product. The excess sulfur is removed by several 
washings with carbon disulfide (in a hood). A silica tube, 25 cm. 
long with 1 cm. i.d., is charged with approximately 0.5 g. (0.004 
mole) of the polycrystalline CoSz and 0.01 g. of sulfur, which is 
added to drive the reaction 

A cosz (s) - COSI,, (s) + (1 - x )  Sk) 



Growth of Cobalt Disurfide Single Crystals 159 

to the left. The tube is evacuated to approximately mm., 
back-filled with 0.2 atmosphere of chlorine, and sealed off at a 
length of 15 cm. The crystal-growth end is thoroughly heated with 
a torch to  eliminate any stray nuclei from the polycrystalline charge. 

The sealed tube is then placed in a horizontal clamshell type of 
three-zone furnace.* A 45-mm.-i.d. silica tube, resting on collars of 
fire brick, is used as the effective furnace chamber to minimize the 
sharp boundary between zones. Temperatures in the center zone 
and two end zones are set at 900 and 885OC., respectively. After 
24 hours, there is no detectable variation within +l0C., as 
monitored by a Pt-Pt-1O%Rh thermocouple. A fairly smooth, if 
not linear, gradient results between the ends of the silica tube. For 
one week, the temperature of the “growth end” of the sealed 
reaction tube is periodically cycled by varying its position from 
the hot (900OC.) central zone and the cool (885’C.) end zones of 
the furnace. This is conveniently accomplished by slowly pushing 
the tube from the end of the furnace with a piece of silica tubing. 
The ratio of time in the hot and cool zones is kept at 1:2, with 
one 8-hour period on a reverse-transport (clean) cycle and one 
16-hour period on a forward-transport (deposit) cycle per day. 
During the second week, transport is allowed to  proceed in the 
usual manner without any cycling. Only one crystal was produced 
at the cool tip. I t  was ca. 3-4 mm. on an edge and has almost 
perfect crystal faces. X-ray back-reflection data show it to  have a 
cubic cobalt disulfide pyrite structure. The crystal was not 
analyzed but similar runs (not cycled) always yield crystals whose 
lattice constants and sulfur content are identical with the starting 
material, within experimental error. 

hoperties 

Cobalt disulfide has a cubic pyrite structure, a. = 5.5362(5)A. It  
is ferromagnetic with a T, of 124 K and shows metallic behavior 
from 4 K to room temperature. 

*findberg Hevi-Duty furnace model 59000, Lindberg Hevi-Duty Company, 8709 
Westchester Pike, Newton Square, Pa. 19073. 
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35. CHALCOGENIDE HALIDES OF COPPER, GOLD, 
MERCURY, ANTIMONY, AND BISMUTH 

Submitted by A. RABENAU* and H. RAUt 
Checked by R. KERSHAWS and A. WOLDS 

Most of these ternary compounds can, in principle, be prepared by 
high-temperature reactions, e.g., heating the respective elements or 
binary components (or both) together in sealed glass or silica 
ampuls. A certain knowledge of the thermal stabilities of the 
respective compounds is required. Separation from other phases 
often causes difficulties. 

Hydrothermal synthesis in hydrogen halide acids leads directly 
to isolated single crystals of the ternary compounds suitable for 
x-ray investigation and physical measurement. 9 2  

No systematic study has been made to complete the list of 
substances given below. The reader is invited to look for further 
examples. The chalcogenide halides are formed by reaction of 
mixtures of the respective elements or binary components, or 
both, in the appropriate hydrogen halide acid under hydrothermal 
conditions. Temperatures are in the range of 500-100°C. The 
densities of the fluid are at least 55% of room-temperature values; 
the corresponding pressures are not known in most cases. 

All substances described are prepared by the same technique, 
with slight variations of parameters, which are given separately. 

*Max-Planck-Institut fiir Festkorperforschung, S tuttgart, Germany. 
tPhilips Research Laboratory, Aachen, Germany. 
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The procedure is described in detail, therefore, for one example, 
antimony(II1) iodide sulfide. 

A. ANTIMONY(II1) IODIDE SULFIDE 

Sbz S 3  + 2HI - 2SbSI + Hz S 

The conditions for the preparation of this compound are given 
in Table VI, Sec. F. 

Procedure 

The volume of the silica ampul which serves as the reaction 
vessel (Fig. 1 7 )  is measured, to the constriction, with a graduated 
buret. After subtracting the volume of the starting materials from 
the total volume of the ampul, the degree of fill can be determined 
(see Tables 11-IV).* 

Ten grams (0.03 mole) of antimony(II1) sulfide is poured into 
the ampul with the aid of a suitable funnel. After the inside of the 
constriction has been cleaned with a cotton plug, the ampul is 
connected to a vacuum system, evacuated, and sealed off. During 
this operation the level of the liquid nitrogen should be corrected 
from time to time to avoid thawing of the acid, which would 
immediately react with the antimony(II1) sulfide. 

The sealed ampul is transferred from the liquid nitrogen and is 
placed immediately under running hot water until a film of liquid 
acid has formed on the inner wall of the ampul. In this way 
bursting of the ampul due to the increase in volume of the melting 
acid is avoided. The ampul is then kept in a hood until the acid is 
completely liquid. Caution. A heavy face shield should be 
worn during this operation. 

*For example, if the volume of the ampul is approximately 11.85 ml. and the volume 
of 10 g. (0.03 mole) antimony(II1) sulfide is about 2.15 ml., then the free volume is 9.70 
ml. Sixty-five percent of the free volume (6.3 ml. in this example) is filled with 10 M HI, 
and the ampul is dipped into liquid nitrogen almost up to the constriction to freeze the 
acid. 
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1.5 m m  

7 

Rg. 1 7. Quntrz ghss 
ampul 

The ampul is inserted into an autoclave (Fig. 
18), and the free volume remaining in the bore 
hole is calibrated with water from a buret, the 
water being removed afterward. Under experi- 
mental conditions, pressure is developed inside 
the ampul; to counterbalance this pressure, 
carbon dioxide is used. The amount of carbon 
dioxide is determined from the graph (Fig. 19), 
which takes into account the free volume in 
the autoclave, the temperature, and the pres- 
sure of experimental conditions. Because the 
internal pressures generated are not known in 
most cases, a very high external pressure is 
applied to prevent an explosion. As a result of 
the ampul design, reasonably high pressure can 
be tolerated. For safety reasons, however, 
0.75-0.8 g. of carbon dioxide per milliliter of 
the free volume of the autoclave should be 
used. All experiments described have been 
performed under the following conditions: A 
rod of Dry Ice (solid carbon dioxide) of 
suitable diameter is prepared by keeping a 
piece of Dry Ice of sufficient size in the mold 
(Fig. 20), which is compressed between the 
jaws of a vise. A piece is cut off the rod with a 
knife, the weight being a little bit more than 
that calculated (plus 0.5 g. to counterbalance 

the evaporation losses during the closing procedure). The rod is 
kept on a balance until the correct weight is obtained. The piece is 
transferred immediately into the autoclave above the ampul. The 
locking cone is mounted and the screw cup bolted, with elongated 
(about 1-m.) wrenches. The force applied should be sufficient to 
deform the locking cone a little bit in the sealing region in order to 
get the autoclave gastight. 8 Caution. During all manipulations, a 
heavy face shield should be used. 
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The autoclave is mounted 

Fii.20. Mold for pressing rods 
from Dry Ice. 

in a two-zone tube furnace. The axis 
of the furnace should be at an angle of about 15" to the 
horizontal, to cause high convection when a temperature gradient 
is applied. 

If a temperature gradient is applied, the lower part (charge zone) 
is at the higher temperature. Temperatures are measured by 
thermocouples which are placed at the ends of the autoclave. 

The furnace is subjected to a temperature/time treatment 
according to the specifications given in the tables for the 
respective compound. For the preparation of antimony(II1) iodide 
sulfide, the furnace is cooled uniformly from 480-250°C. for a 
period of 10 days.* 

The autoclave is then allowed to cool to room temperature. The 
screw cup is loosened carefully until carbon dioxide escapes. 

8 Caution. Because high pressure may exist inside the ampul 
(hydrogen sulfide, or in some cases, hydrogen), the following 
operations should be done in a hood behind a protective shield of 
Plexiglass or some other suitable material. Heavy, protective gloves 
should also be worn. 

The cup is removed from the autoclave, and the ampul is 
transferred into a Dewar vessel filled with liquid nitrogen. The 
cooled ampul is rolled in several layers of filter paper and opened 
by tapping with a hammer. This should be done with extreme 
caution. The contents of the ampul are transferred to a porcelain 
dish, washed several times with methanol, and dried between 

*The ampul used by the checkers was 9 mm. i.d. X 130 mm. long. The charge con- 
sisted of 5 g. (0.015 mole) of antimony(lI1) sulfide and 4 ml. of 10 M HI. The charge 
temperature waa 500°C., and the growth temperature was 285OC. Crystals of anti- 
mony(II1) iodide sulfide up to 5 mm. long were grown in 24 hours. 
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layers of filter paper. The crystals of the respective compound can 
be isolated mechanically from accompanying material, e.g., silica 
chips or other solid phases. 

The autoclave is ready for further experiments without any 
machining. 

Notes on the Use of Tables II to VI 

The data given in the following tables refer to a silica ampul of 
the size shown in Fig. 17. The inner volume of the ampuls will be 
between 10 and 15 ml. 

The headings of the columns in Tables 11-VI are given as 
follows: 

1. Column 1 lists the compounds to be prepared. 
2. Column 2 indicates the starting materials, which are usually 

analytic grade and are added as powders. The purity of the crystals 
depends upon the starting materials, although increased purifica- 
tion has been observed, as a result of the reaction. 

3. For the acids listed in column 3, the densities used were 1.19 
(12 M HCl), 1.50 (9 M HBr), 1.95 (10 M HI). 

4. The term degree off i l l  (column 4) is explained in the general 
procedure section. 

5. The two temperatures shown in Table 111, for example, 
35OoC. + 15OoC. means the autoclave is initially heated to 350°C. 
and is then uniformly cooled to 150°C. within the time given in 
column 6. In Table IV, the fifth column lists the temperature, for 
example, 45O:43O0C., which indicate that the autoclave is heated 
to 45OoC. at the lower end (charge zone) and 43OoC. at the upper 
end, and is kept under these conditions for the time given in 
column 6. After being heated in this manner, the autoclave is 
cooled to room temperature. In some cases a cooling program 
follows the heat treatment. 

6. The ampul normally does not contain the elements in 
stoichiometric proportions indicated by the compositions given in 
column 1. Moreover, an isothermal reaction does not take place. 
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Therefore, crystals of various phases may be obtained at  the same 
time. 

The conditions given have been found empirically to be 
satisfactory. N o  attempts have been made to optimize the data. 

B. COPPER CHALCOGENIDE HALIDES3*4 

Copper chalcogenide halides have been prepared by this method 
for the first time.* Tables I and I1 give the data. The conditions 
for the preparation of these compounds are listed in Table 11. 

Properties 

The crystals are stable in air. The tellurium compounds are 
stable in alkaline solutions but decompose in concentrated nitric 
and sulfuric acid. The selenium compounds decompose readily in 
alkaline solutions. 

All compounds exhibit a temperature-independent diamagnetism 
which suggests copper to be monovalent. 

The phases form part of pseudobinary systems between the 
copper(1) halide and selenium or tellurium, respectively. 

The optical band gaps at room temperature from spectral 
reflectance measurements' are 1.4 e.V. for the CuTeX com- 
pounds, 1.2 e.V. for the CuTezX compounds, 1.6 e.V. for 
CuSezC1, and about 2.0 e.V. for CuSe3Br and CuSe31. Thermal 
stabilities and crystallographic data are summarized in Table I. 

C. GOLD HALIDE TELLURIDES6*' 

Gold halide tellurides have been prepared by this method for the 
first time. The conditions for the preparation of these compounds 
are listed in Table 111. 

*The corresponding silver compounds do not seem to exist. 



Wcogenide Halides 17 1 

fioperties 

The compounds are insoluble in dilute acids and alkalis. They 
decompose in dilute nitric and concentrated sulfuric acids. They 
decompose or melt in the absence of air at (AuTeI) 360°C.) 
(AuTez I) 44OoC., (AuTez Br) 475'C.) and (AuTez C1) 447'C. AuTeI 
crystals are monoclinic with cell parameters a = 7.245 A., b = 
7.622 A,, c = 7.313 A., p = 106.3'. AuTezI, AuTezBr, and 
AuTezC1 are orthorhombic with a = 4.735 A., b = 4.064 A., c = 
12.55 A.; a = 8.946 A., b = 4.038 A., c = 12.389 A.; and a = 8.777 
A., b = 4.021 A., c = 11.873 A. AuTezI, AuTezBr, and AuTezC1 
all exhibit metallic conductivity. 

D. MERCURY(I1) HALIDE SULFIDE 

The mercury chloride sulfide yHg3 Sz Clz is obtained by either 
quenching a mixture of mercury(I1) sulfide vapor from 750'C. or 
by the reaction of a dilute alkaline solution of mercury(I1) 
chloride with carbon disulfide. The conditions for the preparation 
of Hg3 Sz C1, are given in Table IV. 

hoperties 

The 7 modification has been found to be unstable under normal 
conditions.' The light-yellow crystals decompose slowly within 
months. Crystallographic data for the orthorhombic compounds 
are a = 9.09., A., b = 16.843 A., c = 9.349 A., andz = 8. 

E. LEAD@) CHALCOGENIDE HALIDES9 

Various lead halide sulfides are reported in the literature. They 
precipitate when acidic solutions of lead halides react with hydro- 
gen sulfide. Most probably the lead(I1) chalcogenide halides de- 
scribed below are the only stable ones among these compounds. The 
conditions for the syntheses of these materials are given in Table V. 
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The compounds decompose in acids or alkalis and precipitate 
black lead sulfide. The stability decreases in the sequence 
Pbs S2 16, Pb4 SeBr6, Pb7 S2 Brlo . The compounds belong to a 
pseudobinary system, formed between lead chalcogenide and the 
respective lead(I1) halide. The crystals melt or decompose in the 
absence of air: Pb5S216, 418; Pb7S2Brlo, 381; and Pb4SeBr6, 
370'C. From reflectance measurements, the optical bandgaps at 
room temperature were found to be about 1.6 e.V. for Pb4 SeBr6, 
and 2.0 e.V. for both PbS S216 and Pb7 S2 Br,, . l o  

The crystallographic data for these compounds are monoclinic 
PbsS216: a = 14.33 A., 6 = 4.434 A., c = 14.53 A., 0 = 98.0'; 
hexagonal Pb7S2Brlo: a = 12.27 A., c = 4.318 A.; orthorhombic 
Pb4SeBrlo: a = 4.36 A., b = 9.72 A., c = 15.78 A. 

F. ANTIMONY AND BISMUTH HALIDE SULFIDES 

The compounds have been prepared by annealing stoichiometric 
amounts of the elements or the respective antimony(II1) or 
bismuth(II1) sulfide and halides in sealed silica ampuls.11*12 Good 
crystals are obtained by using a surplus of M2X3.I2 The 
conditions for the preparation of these thiohalides are given in 
Table VI. 

Properties 

The crystals are stable in air and dilute acids, but are attacked by 
strong acids. Needles cleave along the needle axes. The compounds 
are orthorhombic (space group I)::), Sb4S5 C12 : a = 10.5 A., 6 = 
11.1 A., c = 9.4 A.; SbSBr: a = 8.2 A., b = 9.7 A., c = 4.0 A.; SbSI: 
a = 8 . 5 A . , b = l O . l A . , c = 4 . 2 A . ; B i S B r : a = 8 . l A . , 6 = 9 . 7 A . , c  
= 4.0 A.; BiSI: a = 8.5 A., b = 10.2 A., c = 4.1 A. 

The compounds have been of interest because of their physical 
properties. They are both photoconducting and ferroelectric. 
Antimony(II1) iodide sulfide has a Curie point at 22'C.I2 
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IV. PHOSPHIDES AND SILICIDES 

36. PYRITE TYPE OF SILICON DIPHOSPHIDE 

Si + 2X2 (s) - six4 (g) 

six4(g) + +p4(g) - sip2 + 2x2(g) 
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The synthesis of black, pyrite type of silicon diphosphide was first 
accomplished at high pressure' (15-50 kb.). It has since been 
prepared by vapor-transport techniques.2 e3 A low-pressure, red 
form of Sipz is produced by sublimation from 900-500°C. in a 

*Central Research Department, E. I. du Pont de Nemourn & Company, Wilmington, 

+Brown University, Providence, RI. 02912. 
Del. 19898. 
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tube in the absence of a transporting agent.4 At a region of about 
6OO0C., small quantities of the black pyrite type of phase 
condense. In the presence of a halogen transporting agent, large 
yields of only the pyrite type of phase are formed. 

The chemical bonding in the two forms is quite different. The 
low-pressure form has the GeAsz type of structure, in which the 
coordination of the atoms is normal, i.e., fourfold for Ge and 
threefold for As. In the pyrite type silicon is octahedrally 
coordinated, and phosphorus is tetrahedrally coordinated. The 
difference is reflected in the density and properties. The density of 
the GeAsz type is 2.47 g./cc., whereas for the pyrite type it is 3.22 
g./cc. The pyrite type is a metallic conductor, whereas the 
GeAs2 type is a semiconductor. 

Procedure 

The pyrite type of Sip2 is prepared, with halogen transport 
techniques, by reaction of the elements in an evacuated silica tube. 
Highly purified silicon, phosphorus (red form), and halogens may 
be obtained commercially.* Chlorine, bromine, or iodine may be 
used as the transporting agent. The reaction is carried out in 
a tube furnace having at least two independent zones capable of 
reaching 12OO0C. A tube furnace having a natural gradient may 
also be used provided a temperature profile is made, and the tube 
containing the reactants can be positioned so as to obtain the 
desired temperatures at its hot and cooler ends. 

Reactants should be weighed in the atomic ratio of IS;/ 
2.0-2.5P. The presence of excess phosphorus has been found to 
enhance reaction and impede the formation of silicon mono- 
phosphide. Since a large excess of phosphorus increases the 
chance of explosion from its vapor pressure, an optimum ratio is 

*Electronics Space Products, Inc., Los Angeles, Calif. 90000; Research organic In- 
organic Chemical Corporation, Sun Valley, Calif. 91352. 
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lSi/Z.lP. To decrease further the possibility of explosion, the 
reaction tube should be heated slowly (over a period of 48 hours) 
to reaction conditions. The furnace should be well shielded in case 
of explosion. In order to  speed reaction, the silicon should be 
ground to about a 100-200 mesh and introduced along with the 
phosphorus lumps into a thoroughly cleaned silica tube, preferably 
heavy walled (16 mm. o.d., 10 mm. id.). Enough halogen must be 
added to the tube to produce a vapor pressure of approximately 
2-4 atmospheres at operating conditions. Bromine or iodine may 
be used most conveniently. 

The tip of the tube containing the reactants should be placed in 
ice water, and a weighed amount of iodine or bromine (2-3 drops) 
added. To avoid condensation of water vapor, the tube should 
be transferred quickly to a vacuum line and promptly evacuated 
while the tip is maintained at ice-water temperature. The tube is 
sealed finally at a length of about 7 in. 

Chlorine may be used as the transporting agent by evacuating 
the tube, introducing about 1 atmosphere of gas, and sealing the 
tube. 

The sealed tube is placed in the tube furnace, and the 
temperature is raised slowly over a period of about 2 days. The 
end containing the reactants should be maintained at 1100- 
1200"C., and the other end at about 700°C. After 2 or 3 days in 
these conditions, black, shiny crystals up to 1 mm. on an edge 
form in the tube at a region of about 80OoC. The tube may be 
cooled in the furnace by turning off the power. When the tube has 
cooled to room temperature, it may be removed and opened. 
Owing to the possible presence of excess phosphorus, the tube 
should be opened in a hood and the superfluous phosphorus 
allowed to bum off. In addition, the precaution of gloves and a 
face shield should be taken. The crystals are washed in water and 
acetone and allowed to dry. Anal. Calcd. for SiF'z: Si, 68.8; P, 
31.2. Found: Si, 68.51; P, 31.33. 
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Properties 

The pyrite type of Sip2 forms as black, shiny crystals; the cubic 
cell dimension is a = 5.7045 k 0.0003 A. The material is stable 
hydrolytically and is thermally stable in air to  900°C. It  is a good 
metallic conductor with room temperature resistivity of p = 3 X 
10+ n-cm. 
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37. SINGLE CRYSTALS OF IRON MONOPHOSPHIDE 
electric 3NaP0, + FeF3 current FeP + 3NaF + P2 O5 + 2 0 2  

FeP + I2 - FeI, + [PI 

Submitted by DAVlD W. BELLAVANCE* and AARON W O L F  
ahecked by WALTER KU”MANN$ 

The various techniques for the synthesis of transition metal 
phosphides have been summarized in the monograph by Aronsson, 
Lundstrom, and Rundqvist.’ The most common method used for 
the preparation of the phosphides is the direct combination of the 
elements. However, in general, the products are not pure or 

*Texas Instruments Incorporated, P.O. Box 5936, Dallas, Tex. 75222. 
?Brown University, Providence, RI. 02912 
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homogeneous, and any crystals produced are usually small and 
of poor quality. In addition, there are the problems of maintain- 
ing high-purity reduced metals and the handling of phosphorus 
in the elemental state. Andrieux and ChCne*-' first demon- 
strated that fused salt electrolysis could be used to prepare 
transition-metal phosphides. Wood,' Yocom,lo and Hsu and 
coworkers" * I 2  developed this technique further and reported 
the growth of small crystallites for many of these compounds. 
Each of these investigators electrolyzed a melt containing a 
transition-metal oxide and sodium metaphosphate. Sodium fluo- 
ride or carbonate was added to  facilitate solution of the oxide. 
However, because of incomplete dissolution of the metal oxide in 
the phosphate melt and incomplete reduction of the metal 
complexes present in the melt, the products were often of 
uncertain composition and contaminated by transition-metal 
oxide. More recently Bellavance, Vlasse, Morns, and Wold13 
observed that the use of iron(II1) fluoride in place of iron(II1) 
oxide was preferable since it is readily soluble in the sodium 
metaphosphate, and relatively low reduction potentials (ca. 0.7 
volt) are sufficient to give the desired product. The composition 
of the product obtained by electrolysis is dependent on the 
phosphorus/iroii ratio in the fused melt and the reaction tem- 
perature. The quality and size of the crystals depend upon the 
applied current density and reaction time. 

Large, homogeneous crystals of FeP can also be grown by the 
method of chemical t r a n ~ p o r t . ' ~ . ' ~  In this technique a charge 
material reacts in a sealed tube with a transporting agent at 
elevated temperatures to  form volatile compounds. The vapor then 
diffuses to a region in the tube of lower temperature where the 
reverse reaction is thermodynamically favored, and the material is 
deposited as a single crystal. Both iodine and chlorine have 
been used as the transporting agents.14 However, it was ob- 
served that the nucleation rate with chlorine is difficult to 
control, and iodine is therefore preferred for the growth of 
large, single crystaIs.14 
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Procedure 

The apparatus for the electrolysis of the fused melts is shown in 
Fig. 21. The main body, consisting of a mullite tube with 
water-cooled brass cap ends sealed by rubber 0 rings, provides an 
enclosed chamber for electrolysis. Gas connections at either end 
allow the reaction to be carried out under a flowing argon 
atmosphere. Exhaust gas is bubbled through a 1:l solution of 
hydrochloric acid and formaldehyde before the gas passes to the 
open atmosphere. The crucible has a cavity 1-in. i d .  X 5-in. depth 
and is machined from a 1;-in., high-purity carbon rod, Ultra- 
Carbon.* The crucible is centered in the hot zone of the furnace 
by a carbon pedestal. A centered ;-in. carbon rod serves as the 
cathode, and the crucible acts as the anode during electrolysis. 
External cathode and anode current leads are attached to a $-in. 
stainless-steel support rod and the brass base plate, respectively. 
The use of internal wire connections is prohibited by the corrosive 
nature of the atmosphere in the chamber during electrolysis. The 
entire assembly is vertically mounted in a split-tube furnace. The 

*United Carbon Products Company, Inc., Bay City, Mich. 48706. 

Current contact It- 
Mullite tube- 

Firebrick cover 

Rg. 21. Assembly for fused-=It 
electrolysis. 
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thermocouple for the control of the furnace temperature is placed 
outside the reaction chamber (mullite tube) and is calibrated with 
respect to a thermocouple placed within the reaction vessel in the 
absence of a melt. 

Six grams (0.053 mole) of iron(II1) fluoride* is mixed thor- 
oughly with 60 g. (0.1 mole) of purified-grade sodium meta- 
phosphate? in a beaker and the contents are transferred to the 
carbon crucible. The crucible is placed in the reaction chamber 
and is heated to 925°C. at the rate of 75OC./hour in a flowing 
argon atmosphere. The crucible is allowed to equilibrate at 925°C. 
for 1 hour. The center electrode is inserted to a depth of in. and 
a current of 250 mA. (61 mA./cm.’) is used. A constant current 
source is used to maintain the desired current. The electrolysis 
should be carried out from 12 to 24 hours to give a sufficient 
yield. After electrolysis the melt is cooled to room temperature at 
the rate of 75OC./hour. The crucible is cut to expose the reaction 
boule, and the excess melt is removed by leaching in hot, dilute 
hydrochloric acid. Free carbon is removed by flotation with 
methylene iodide(diiod0methane). The product is in the form of 
metallic needles and small crystallites with a yield of 0.5-1 g. 

The H tube for the preparation of the iodine transport tubes is 
shown in Fig. 22. The assembly is cleaned thoroughly in aqua regia 
and dried prior to use. A homogeneous powder of iron mono- 
phosphide which has been prepared electrolytically is used as the 
transport charge. One gram of the charge material is introduced 
into the reaction section (13-mm. silica tubing) with a long-stem 
funnel and the tube is sealed at point A.  It is necessary to weigh 
out 100 mg. of iodine which has been resublimed previously and 
dried in a desiccator over phosphorus(V) oxide in a melting-point 
capillary. The capillary is evacuated to a pressure of 1 O - j  torr and 
is sealed with a torch. The iodine capillary is placed in the other 
side of the H tube, and the assembly is attached to a vacuum 
system at point B. The sample is evacuated to a pressure of lo-’ 

*Ozark-Mahoning Co., 1870 S. Boulder Ave., Tulsa, Okla. 741 19. 
tFischer Scientific Company, 711 Forbes Ave., Pittsburgh, Pa. 15219. 
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torr and is outgassed with slight heating for 2-3 hours. The 
assembly is removed from the vacuum system by sealing with a 
torch at point B. The iodine capillary is broken, being struck by 
the enclosed weight, and the iodine is sublimed onto the transport 
charge by submerging the charge in liquid nitrogen. The silica 
reaction tube* containing the transport charge and iodine is sealed 
off at a length of 8 in. The tube is placed in a Hevi-Duty MK 2012 
furnace which has been rewired to give two independently 
controlled temperature zones. A 2-cm.-thick firebrick baffle 
placed between the two zones gives a more satisfactory tempera- 
ture profile. The growth (empty) and charge zones are set at 800 
and 5OO0C., respectively, for back transport. This minimizes the 
number of nucleation sites in the growth zone. After 1 day the 
temperatures of the zones are reset to 80OoC. for the charge zone 

*AU sealed tubes containing chemical reagents are potential bombs and should be 
handled with appropriate shielding for hands, body, and face. 

Seal t o l B l  { 
wacuum syslem 

C h o r g e A  
powder 

F&. 22. H tube for prepurrtion 
of iodine transport tubes. 
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and 500°C. for the growth zone. The transport is continued for 
1-2 weeks. At the end of the transport period, the furnace is shut 
off and allowed to cool to room temperature. The crystals are 
removed from the tube and washed with carbon tetrachloride and 
acetone to remove excess iodine. The crystals may be either in the 
form of plates up to 3 X 2 X 1 mm. or large blocks up to 3 X 3 X 
3 mm., all with well-defined faces. 

Properties 

Iron monophosphide grows in the form of needles by using 
fused-salt electrolysis, or  in the form of plates and polyhedra when 
grown by the chemical transport technique. The crystalline faces 
are particularly well formed by the transport technique. All 
crystals show metallic luster. The x-ray powder pattern can be 
indexed on the basis of an orthorhombic unit cell with a = 5.19 
A., b = 3.099 A., and c = 5.79 A. The crystals are antiferromag- 
netic (TN = 123 K) and metallic. The material is stable in air, 
water, and mineral acids at  room temperature. Iron content may 
be determined by the silver reductor method, by titrating with 
standardized cerium(1V) sulfate. The phosphorus content may be 
determined indirectly by treating the phosphide with vanadium(V) 
sulfate solution and reoxidizing the vanadium(1V) produced with a 
standard solution of potassium permanganate. Anal. Calcd. for 
FeP: Fe, 64.33; P, 35.67. Found: Fe, 64.17; P, 35.60. 
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38. COPPER-SOLVENT FLUX GROWTH OF 
MANGANESE MONOSILICIDE 

Submitted by VANCLIFF JOHNSON* 
Checked by ARLINGTON FINLEY7 and AARON WOLDt 

Silicide crystals are sometimes grown conveniently from metal 
fluxes when growth by conventional melt techniques is problem- 
atic. Jangg, Kieffer, and Kogler' were able to grow crystals of 
high-melting (>2000°C.) tungsten and molybdenum silicides by 
slowly cooling Cu/W, Mo/Si solutions from 130OOC. Because of 
the high vapor pressure of manganese at the melting point of MnSi 
(1275OC.), manganese losses are unavoidable in melt growth. It is 
therefore desirable to  grow MnSi by other methods, as for 
example, from metal solvents. 

A suitable metal solvent should provide high solubility for the 
reactants. In addition, it should either not form compounds with 
the reactants or only those with heats of formation that are low 
with respect to the desired silicide. Finally, the solvent should have 
a relatively low melting point and vapor pressure, and separate 
easily from the product silicide. 

Copper metal is a good flux for manganese silicides, since both 
manganese and silicon are highly soluble in copper. Manganese 
silicides are the most stable phases in the Cu-Mn-Si system at 

*Central Research Department, E. I. du Pont de Nemours & Company, Wilmington, 
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most compositions, and the residual copper-rich solid solution can 
be dissolved easily in dilute nitric acid. However, this method has 
the disadvantage of product contamination from either flux 
inclusion or chemical substitution. 

Procedure 

Two grams (0.036 g. atom) of manganese, 2 g. (0.071 g. atom) 
of silicon, and 10 g. (0.16 g. atom) of copper are placed as pieces 
in a 10-ml. A1203 crucible (Morganite*) in a silica ampul with an 
open end. After evacuation and sealing, the ampul is placed in a 
Globar muffle furnace. The temperature is raised to 1200°C. over 
a period of 12 hours, then lowered to 500°C. at lO"C./hour. The 
ampul is removed, allowed to cool, inserted in a piece of rubber 
tubing of larger diameter, and broken in order to obtain the ingot 
safely. The copper-rich Cu-Mn-Si matrix is dissolved in 8 N nitric 
acid, which leaves octahedral crystals of MnSi, and these are then 
washed with water and dried. Several crystals of up to 2 mm. on 
edge are obtained. 

Characterization 

Several octahedral crystals were ground to powder and studied 
by the Guinier-Higg technique (Cu radiation). All diffraction lines 
could be indexed on the basis of a cubic cell with a = 4.560 f 
0.001 A., which is within experimental error of that reported 
previously for MnSi, 4.558 f 0.001 A.' In view of the similarity of 
the cell constants of the ground crystals to those of previous 
preparations, significant replacement of manganese by copper is 
not indicated. This was checked on a few crystals by emission 
spectrographic analysis which indicated an upper limit of ca. 1% of 
copper. 

It should be noted that the starting atomic ratio of manganese to 
silicon is not 1 : 1, but 1 : 1.96. An excess of silicon is necessary, 

*Morganitc, Inc., 3302-3320 48th Avc., Long Island City, N.Y. 11 100. 
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since the activity of silicon is much less than that of manganese in 
the molten system. Jangg, Kieffer, and Kogler’ have discussed this 
generally. The exact ratio is probably not critical, and MnSi may 
be expected in a large range of Mn/Si ratios, as found for tungsten 
and molybdenum silicides.’ It should also be possible to  prepare 
crystals of Mn3Si, MnSSi3, and the defect silicides close to 
Mn4Si7 from copper b y  varying the Mn/Si ratio. 
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V. HYDRIDES 

39. SINGLE-CRYSTAL CERIUM HYDRIDES 

M+$H,(g) - MH,(s) 3 2 ~ 2 1 . 8  

Submitted by GEORGE C. LIBOWITZ* and JOHN G. PACK* 
Checked by C. E. LUNDlNt 

All the metallic transition-metal hydrides can be prepared by 
direct reaction at elevated temperatures. The method has been 
used commonly to prepare polycrystalline material according to 
the exothermic reaction described by the above equation. 

The dihydrides of the rare-earth metals are an unusual group 
of compounds with respect to defect structure, bonding mecha- 
nism, and electronic properties.’ These compounds usually show 
wide deviation from stoichiometry. In some individual cases the 
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hydrogen/metal ratio vanes from 1.8 to 3. Prior studies2 made on 
polycrystalline hydrides have shown that in order to elucidate 
their inherent electronic properties, it is essential to work with 
single-crystal samples. 

Single crystals of transition-metal hydrides cannot be grown 
from the melt by the usual techniques because the hydrides 
dissociate at temperatures well below their melting points. The 
method used here is one of compound formation from saturated 
elemental melts. It is a modification of the technique used by 
Harman et aL3 and Stambaugh et al.4 for growing crystals of 111-V 
semiconducting compounds. 

The principle of the method can be seen by referring to  Fig. 23, 
which is a partial phase diagram of the cerium hydrogen system. 
Molten cerium metal is placed within a thermal gradient such that 
the lowest temperature is above the peritectic temperature (ca. 
10IO°C., from the diagram), and hydrogen is slowly dissolved in 

0 Mulford and Holley' 
A Streck ond Dialerio 
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Rg. 23. Tentative phaxe dhgram of the cerium hydrogen system 
at elewted tempemtures. 
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the molten metal. It can be seen from Fig. 23 that when that part 
of the melt which is at the lowest temperature attains the 
hydrogen content corresponding to the liquidus line between the 
liquid and the two-phase (liquid + hydride) region, solid non- 
stoichiometric cerium hydride, CeH,+, will form (where 6 is 
determined by the composition at the solidus line for the 
hydride). As further hydrogen is added, molten cerium at a higher 
temperature will solidify into hydride so that the solid-liquid 
interface will move toward hotter portions of the melt until 
completely solidified. In this manner, a single crystal of cerium 
hydride may b e  grown. The rate of growth is controlled merely by 
the rate of introducing hydrogen into the system. 

The final crystal will, of course, have a concentration gradient 
along its length, since the solidus line shows a rapid increase in 
composition with temperature. However, the crystal can be 
homogenized by eliminating the thermal gradient and annealing 
under an appropriate hydrogen pressure. By diffusing additional 
hydrogen into the solid crystal, crystals having compositions 
anywhere between the solidus line and CeH3 may be produced. 
Since the system must not pass through the region of two solid 
phases, Ce(s) + CeHz-a (s), on cooling to  room temperature, the 
compositions must be above H/Ce = 1.8 before cooling. 

Materials Preparation 

Cerium metal* in the form of small rectangular billets approxi- 
mately X $ X 2 in. is used in this preparation. The surfaces of 
the billets are filed down under a bath of mineral oil to ensure 
removal of any oxide layer. Caution is advised as the metal may be 
pyrophoric. The billets are rinsed in carbon tetrachloride to 
remove the mineral oil and are then transferred to  the vacuum 
glove box. All subsequent handling of the metal is done in the 
vacuum glove box in a high-purity argon or helium gas en- 
vironment. 
*May be obtained from Ronson Metals Corporation, 45-65 Manufacturers Pl., Newark, 

NJ. 07105. 
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The hydrogen gas is purified by passing i t  through a hot Pd-Ag 
alloy in a hydrogen purifier.* 

Apparatus 

The single crystals are grown in a high-purity, 99.9%, tungsten 
metal boat having one end in a V-shaped configuration to  
minimize formation of multiple nucleation centers. The boats 
(approximately 4 in. long, 5 in. wide, and in. deep) are 
preformed from 0.005-in. tungsten foil to  the proper shape, after 
which the seams are joined in U ~ C U O  by electron-beam welding 
techniques. After having been welded, the boats are tested for 
leaks and cleaned thoroughly. They are then heated in hydrogen in 
a silica reaction tube a t  1025'C. for 2 hours and cooled slowly to  
room temperature. The cleaned boats are transferred in the 
reaction tube to a vacuum glove box for storage until needed. 

The crystal-growing apparatus consists of a gas-handling and 
vacuum system with calibrated volumes (see Fig. 24). A precision 
metering valvef' (a), calibrated at 90 p.s.i.g. to determine flow rates, 
is located between the hydrogen purifier ( 6 )  and the reaction tube. 
A precision, compound, vacuum-pressure, dial gage ( c )  is used to  
monitor the gas pressure above the metering valve. The high- 
pressure side of the system is constructed of +-in. stainless-steel 
type-304 metal tubing with silver-brazed joints. The right-hand 
side of the system (see Fig. 24), beyond the metal-to-glass seal, is 
constructed of Pyrex glass up to the silica reaction tube. 

The furnace is a Marshall high-temperature testing furnace3 (d), 
with nine zones. Shunt resistances are placed selectively across the 
winding of the furnace t o  establish a thermal gradient across the 
4-in. length of the boat, with the V-shaped end of the boat at the 
cool end of the gradient. A Pt-Pt-1O%Rh thermocouple is used 

1 

*Milton Roy Company, St. Petersburg, Fla. 33700. 
+Vacuum Accessories Corporation of America, Huntington Station, N.Y. I 1  746. 
Svarian Vacuum Division, (NRC), Sunnyvale, Calif. 94086. 
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vacuum 
system 

m. 24. Appamtus for single-crystal CeH, prepamtion. (a), prec&ion metering 
wlve; (b), hydmgen purifier; (c), compound vacuum-pressure gage; (d), fwmce; 
(e), temperature controller; (f), cooling fan; (g), precision pressuregage. 

to monitor the temperature, which is kept within *l0C. with a 
temperature controller E. Any change of temperature within this 
range is by slow drift rather than by undesirable short fluctua- 
tions. A strip-chart recorder is used to  record the temperature. 

A cooling fan F is installed to keep the greased joints adjacent to  
the furnace cool. Hydrogen pressures are monitored with a Texas 
Instruments quartz Bourdon-tube pressure gage* G. 

Bocedure 

Note. All the procedures in this preparation require the use 
of  anaerobic techniques to protect the cerium metal and sub- 
sequent compounds f rom oxidation. The availability o f  a high- 
efficiency glove box and suitable transfer devices for weighing, 
transferring, and storing samples is essential. A glove box with a 
working environment of less than 1 p.p.m of water and oxygen in 
argon or helium gas is r e ~ o m m e n d e d . ~  

*Texas Instruments Incorporated, Houston, Tex. 77006. 
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A sample of cerium metal (approximately 15 g.), previously 
cleaned and weighed, is placed in a V-shaped tungsten boat. The 
boat is positioned inside a 26-mm.-o.d., heavy-wall, silica reaction 
tube, and a curved shield of tungsten foil is placed over the boat to 
prevent the possibility of silica flakes (formed by reaction with 
cerium vapor) from falling into the melt. The silica reaction tube is 
transferred anaerobically from the glove box and installed on the 
vacuum and gas-handling system. 

The furnace is positioned such that the desired temperature 
gradient corresponds exactly to the position of the boat. A narrow 
(:-in.), silica thermocouple tube is attached t o  the reaction tube 
along its length. The temperature is monitored normally at the V 
(cold end) of the boat. However, the gradient may be checked 
during the course of a run by moving the thermocouple inside the 
thermocouple tube. The shunt resistances on the furnace are set 
to give a linear gradient of about 20°C. across the length of the 
boat. 

The system is evacuated completely, and the cerium metal is 
heated until the colder end of the boat reaches about 1020°C. 
(hotter end, ca. 1040°C.). The exact temperatures are not critical 
as long as the colder end of the boat is above 10IO°C., the 
peritectic temperature. After the temperature is stabilized by the 
controller, purified hydrogen gas is bled into the system. The flow 
rate through the metering valve is set at about 20 cc./hour. Such a 
rate permits the solid-liquid interface to move at approximately 3 
mm./hour for a 15-g. weight of sample and the thermal gradient 
employed. The rate of crystal growth decreases with the amount 
of cerium used and with the steepness of the temperature gradient 
at a given flow rate. 

Caution. Proper safety precautions are advised during all 
operations in the heating of  both cerium and hydrogen. In the 
event of a leak, the sudden inflow of air reacting with hot cerium 
and hydrogen could lead t o  an explosion. Consequently, safety 
shields should be installed in the vicinity of the furnace and glass 
portions of the system. 
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According to  Fig. 23, the formation of cerium hydride begins 
when the hydrogen/metal ratio in the cerium melt exceeds 0.55 at 
1020°C. The initial portion of crystal formed appears to have a 
hydrogen/metal ratio of 1.15 (that is, 6 = 0.85) from Lynds’ data 
(Fig. 23). However, indications from more recent work are that 
the solidus line above the peritectic temperature should be shifted 
toward higher hydrogen contents which would give a composition 
at 1020°C. of CeH1.33. The final portion of hydride crystal 
solidifying at 104OOC. has the composition of CeHlezs from 
Lynds’ data, or CeH1.5 from the present data. 

After the melt is solidified completely, additional hydrogen is 
diffused into the crystal to bring the overall composition to  H/Ce 
2 1.8. The equilibrium hydrogen pressure at this composition and 
temperature is 600-700 torr. The cerium hydride crystal is cooled 
to 50OoC. at a rate of about 30°C./hour. The thermal gradient is 
removed, and the crystal is annealed at 500°C. €or about 24 hours 
t o  homogenize the composition. At this point additional hydrogen 
may be diffused into the crystal to bring it to  any desired compo- 
sition between H/Ce = 1.8 and 3. The crystal should be annealed 
for at least 24 hours after the hydrogen pressure becomes constant. 

After annealing, the crystal is cooled slowly to  room tempera- 
ture under a minimum amount of hydrogen to avoid too much 
hydrogen uptake. Stopcock H is closed, and the reaction tube 
containing the solidified melt in the tungsten boat is transferred to 
the glove box. The crystal is removed carefully from the tungsten 
boat by peeling away the metal with mechanical tools, with 
extreme care used to avoid undue cracking of the crystal. The 
crystal tends to  stick t o  the tungsten, but chemical analysis reveals 
no  trace of tungsten in the crystal. 

The melt consists of several crystals rather than one large crystal, 
due probably both to  formation of several nucleation centers 
during growth, and to fracturing of the crystals on cooling and on 
removal from the boat. The average crystal size is 1 X 0.5 X 0.2 
cm. The crystals are stored inside the glove box in Pyrex glass vials 
having ground-glass tops and sealed with caps having fluorocarbon 
seals. 
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Properties 

Cerium hydride, single crystals are blue-black to blue-gray in 
color. The faces at the surface of the melt have a greenish tinge 
and a very high metallic luster. The crystals are quite brittle and 
fracture easily. It is difficult to cleave the crystals without some 
fracture also occurring. In cases where a sharply cleaved surface 
was obtained, it was always found to be the (111) face. A rather 
high degree of crystalline perfection is indicated by the Laue 
pattern, as seen in Fig. 25. 

Some single crystals were taken out into the laboratory 
atmosphere to determine the degree of reactivity. They were 

Fw. 25. h u e  pottern of the (111) face of a CeH, single 
ctystal Fro r a t i o n ) .  
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unusually stable and maintained a lustrous appearance for several 
days. Such behavior is in contrast to that of polycrystalline cerium 
hydride, which reacts readily with air and is frequently pyrophoric 
at the higher hydrogen contents. When cleaved or  scratched with a 
pointed tool in air, however, the crystals gave off sparks, and one 
batch of crystals ignited spontaneously on exposure to  humid air. 
Apparently, a thin protective oxide layer which serves to inhibit 
further reaction forms o n  exposure to air and moisture. 

Electrical resistivity measuremend on a variety of compositions 
(CeHI .9 -CeH2.g5 ) in the temperature range of -1 30 to 25°C. gave 
values ranging from t o  500 a-cm., depending upon 
composition and temperature. 
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SUBJECT INDEX 

Names used in this cumulative Subject Index for Volumes XI through XIV 
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, /. 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 Com- 
pounds” [Committee on Inorganic Nomenclature, 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 Committee on 
Nomenclature. Conformity with approved organic usage is also one of the 
aims of the nomenclature used here. 

In 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 alphabetical 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,Sdiketone and other derivatives 
and relatively simple specific coordination complexes: Iron, cyclopentu- 
dienyl- (also at Fmocene);  Cobolt(II), 6~(2,4-pentanedionato)- [instead of 
Cobalt(I1) ncetylacetonute] . In this way, or by the use of formulas, many 
entries beginning with numerical prefixes are avoided; thus Vanadnte(IZI), 
tetrachloro-. Numerical and some other prefixes are also avoided by 
restricting entries to group headings where possible: Sulfur imides, with the 
formulas; Molybdenum carbonyl, Mo(CO),j ; both Perxenate, HXe0,j3-, and 
&?nute(VIII), HXeOd3-. In 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 
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cations): CsBloHI2CH is entered only as Carbaundecaborate(l-), tridecn- 
hydro- (and as BIOCH1~-in the Formula Index). 

Under general headings such as Cobalt(III) complexes and Ammines, used 
for grouping coordination complexes of similar types having names con- 
sidered unsuitable for individual headings, formulas or names of specific 
compounds are not usually given. Hence it is imperative to consult the 
Formula Index for entries for specific complexes. 

Two entries are made for compounds having two cations and for addition 
compounds 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 fluorides, 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: 

metal derivatives of, 11:89-93 
90 

Acetic acid, vanadium(1V) complex, 

Acetone, hexafluoro-, compound 

Acetonitrile, complexes with metal 

13:181 

with KF, 11:196 

halides, 12:225-229 
complex with iron, 12:41 
compound with [ ( C ~ H S ) ~ N ]  

[VQ], 11:80 
Acetylacetone (see 2,4-Pentanedione) 
Acids, deprotonation of weak, with 

KOH, in synthesis of organo- 
metallic compounds, 11: 

Alane, diethyl etherate, 14:47 
AUyl compounds, metal-containing 

isoleptic, 13:73-79 

113-1 16 

Allylmagnesium chloride, 13:74 
Aluminum, triethyl-, safety in air 

Aluminum hydride, diethyl ether- 
and water, 13:126 

ate, 14:47 
caution, reaction with water, 14:51 

Amidocarbonyl fluoride, difluoro-, 

Amidophosphates (see Phosphor- 

Amidophosphoric acid (see Phos- 

Amidosulfuryl fluoride, difluoro-, 

P-Amino ketones, cr,P-unsaturated, 

12300  

amida tes) 

phoramidic acid) 

12:303 

complexes with V(III), Co(II), 
and NI(II), 11:72-82 

Ammines, C-, of BloHloC2-, transi- 
tion-metal complexes of, 
11:41-45 
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Ammines, C-, of BloH12C, 11:33 
of chromium(II1). 11:51 

of iridium(III), 12:243 
of iron, 12:37 
of rhodium, 13:213-215 
of ruthenium, 12:2; 13:208-212 

Ammonium, tetrabutyl-, octahdo- 

of cobalt(llI), 11:48; 12:198-214 

dirhenates(lIl), with rhenium- 
rhenium quadruple bonds, 

-, tetrabutyl-, tetrakis(l,2- 
dicyanoethene- 1,2-dithiolato) 
diferrate( 2-), 13: 193 

-, tetraethyl-, bis [ 1 ,Z-dicyano- 
ethene-1 ,2-dithiolato(2-)] cobal- 
tate(2-), 13:190 
, tetraethyl-, nonachlorodi- 
vanadate(II1) (3: 1). 13: 168 

-, tetraethyl-, nonhydridorhen- 
ate(VII), 13:22 3 

-, tetraethyl-, tetrabromovana- 
date(III), 13:168 

-, tetraethyl-, tetrachlorovana- 
date(III), 13:168 

-, tetraethyl-, tetrakis( 1,2- 
dicyanoethene- 1,2-dithiolato) 
diferrate( 2-) , 13: 192 

Ammonium aquapentachloro- 
molybdate(lIl), 13: 17 I 

Ammonium copper(1) thiomolyb- 
date(VI), 14:95 

Ammonium cyanate, 13: 17 
Ammonium hexachloromolybdate 

Ammonium molybdate(VI), 

Ammonium phosphoramidate, 

p-Anisic acid, complexes with 

13: 83-84 

(Ill), 13:172 

(NH4)*Md)4, 11x2 

(NH4)H(P03NHt), 13:23 

molybdenum and rhenium, 
13~86-89 

Antimonatc(V), hexafluoro-, 
dioxygenyl, 14:39 

Antimony fluoride, SbFs, caution, 

Antimony(II1) halide sulfides, 

Antimony(II1) iodide sulfide, 

Arsenate(V), hexafluro-, dioxygenyl, 

Arsenic, determination of, in 

Arsenites, alkyl, R J A S O ~ ,  

Arsenyl sodium (+)-tartrate, 12267 
Arsine, 13: 14 
-, derivatives, platinum com- 

14:30 

14: 172 

14:161 

14:39 

Na(AsO)C4H406, 12:268n. 

11~181-183 

plexes, 13:56 
trialkoxy derivatives of, 

11: 181-183 
, tri-n-butoxy-, 11:183 

-, triethoxy-, 11: 183 
-, trimethoxy-, 11: 182 
-, triphenyl-, complexes with 

.- 

Pd(Il), 12:221 
with platinum, 13:63-64 
with Rh, 11:lOO 

Arsine-d3, 13: 14 
Arsonium, tetrabromo-vanadate (111), 

-, tetraphenyl-, salts with 
13: 168 

ThI6'-andUI6'-, 12:229,230 
, tetraphenyl-, tetrachloro- 
vanadate(III), 13: 165 

Aryl phosphites, cobalt( I), nickel( O), 
platinum(0) and rhodium(1) 
complexes, 13: 105-107 

Azo compounds, phenyl-, with Pt(II), 
12:31 

Barium manganate(V1). 11:58 
Barium molybdate(lV), Bahl003, 

Barium molybdate(Vl), BaMo04, 
11:l 

11:2 
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Barium titanate(lV), 14: 142 
Bcnzenediazonium, p-fluoro-, tetra- Diborane) 

fluoroborate, 12:30 
Benzoic acid,p-amino-, rhenium 

complexes, 13:86 complexes, 12:99-107 
,p-bromo-, rhenium complexes, - , tetrafluoro-, silver, safety in 

Boranes (See also Decaborane(l4); 

Borate, poly( 1-pyrazoly1)-, alkali 
metal and transition-metal 

13:86 
.p-chloro-, complexes with 
molybdenum and rhenium, 

,complexes with molyb- 
denum and rhenium, 13:86- 
89 
,2,4,6-trimethyl-, rhenium 
complexes, 13:86 

Benzoylacetone (see 1,3-Butane- 
dione, 1-phenyl-) 

Bicycle[ 2.2.11 hepta-2,5-diene (see 
2,B-Norbornadiene) 

2,2'-Bipyridine, complex with bis 
(2,4-pentanedionato)cobalt 
(11). 11:86 

complex with iron(II), 12: 247, 

13:86-89 

249 

handling, 13:57n. 
-, tetrahydro-, BH4-, 11:28 

double salt with B12H1zz-, 

trimethyl, as impurity in 
CsBH4 * C S ~  B 12 H12, 11:30 

(CH3)2SnHz and (CH3)3SnH, 
12:50, 52n. 

-, tetraphenyl-, trimethyl- 
ammonium, 14:52 

B orazine, 2,4,6- trichloro-, 13 : 4 1 
-, 2,4,6,-trichloro- 1,3,5-tri- 

Boron, alpha-rhombohedral, 12: 145, 

Boron bromide, 12: 146 

methyl-, 13:43 

149 

compound with N(CH3)3, 
12:141, 142 

Boron chloride, compound with 
with palladium(lI), 12: 222-224; CHjCN, 13:42 

13:217 Boron complexes, cationic, 
Bismuth(II1) halide sulfides, 14: 172 12~126-132 
Bismuth titanate(1V). 14: 144 
Bonds, metal-metal, 13: 8 1-103 

cations, with 4-methylpyridine. 

with 4-methylpyridine and 

with 2,4-pentanedione, 12:127 
with pyridine, 12: 139 
with trimethylphosphine, 12: 135 

Boron fluoride, complex from 

12: 141 
quadruple, in molybdenum and 

rhenium compounds, 13:81-89 (CH3)3N, 12:132 

,compounds with ethyl- 
enediamine, P(C6 HS ) 3 ,  and 
other bases, 12: 109-1 15 

Borane, chlorodiphenyl-. 13:36 

compound withP(CH3)3,12:135, methylaquocobaloxime and, 
136 11:68 

12:lll-112 tion of anhydrous metal 

with (CH3)3N, 12:116-125, Bromine Fluoride, BrF3, as fluori- 
141,142 

with tetrahydrofuran, Bromination apparatus, for prepara- 

halogeno derivatives, compounds bromides, 12:188 

nating agent for Kz PtC16, 
, dichlorophenyl-, 13:35 12:232 
, triphenyl-, 14:52 

from, 11:24-33 platinum, 13:55 

1,3-Butanedione, 1-phenyl-, com- 
Boranes, polyhedral anions, B,H2 nz-, plexes with palladium and 
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n-Butyl arsenite, (C4H9)3As03, 

2-Butyne-1,4-diol diacetate, 11:ZOn. 
n-Butyronitnle complexes with 

11:183 

metal halides, 12:228-229 

Cadmium chromium(II1) selenide, 

Cadmium galIium(II1) sulfide, 

Cadmium rhenate(V), 14: 146 
Carbamoyl fluoride, difluoro-,l2: 300 
Carbaundecaborane( 12), C-ammine 

derivatives of, 11:33-39 
, C-ammine-, 11:33 

-, C-(dimethyl-n-propyl - 
amine)-, 11:37 

-, C-(n-propy1amine)-, 11:36 
-, C-(trimethylamine)-, 11:35 
Carbaundecaborate( 1 -), trideca- 

Carbaundecaborate(2-), C-ammine- 

14:155 

CdGa2 S4,  11:5 

- 

hydro-, 1 1 : 39 

decahydro-, transition-metal 
complexes of, and N- 
derivatives, 11:41-45 

Carbaundecaborate(3-), undeca- 
hydro, 11:40n. 

transition-metal complexes of, 
11:41-43 

Carbon disulfide, distillation of, 
11:187 

Carbon monoxide, safety in use of, 
13:128 

Carbonyls, cobalt, 13:67-70 
iridium, 13:95 
osmium and ruthenium, 13:92-93 

Carborane (see closo-l,2-Dicarbado- 
decaborane( 12)) 

. Cerium(IV), tetrakis(2,4-pentane- 
dionato)-, 12:77 

-, tetrakis( 1,l ,l-trifluoro-2,4- 
pentanedionat0)-, 12:77,79 

Cerium hydride, CcHz , single cry% 
tals, 14:184 

Cesium aquapentachloromolybdate 
(111), 13:171 

Cesium hexachloromolybdate(II1). 

Chalcogenide halides of copper, 
13:172 

gold, mercury, antimony, and 
bismuth, 14: 160 

Chlorination apparatus, for prepara- 
tion of anhydrous metal 
chlorides, 12:189 

Chlorodifluoroamine (see Nitrogen 
chloride fluoride, NCIFz) 

Chromate(III), magnesium, 14: 134 
Chromium(III), tri-h’-allyl-, 13:77 
-, tris(3-cyanomethyl- 

2,4-pentanedionato)-, 12: 85 
-, tris(diamine)-, salts, 13:184 
-, tris(ethy1enediamine)-, sul- 

trichloride, trihydrate, 13: 186 
fate(2: 3), 13:233 

-, tris( 1,1,1,2,2,3,3-hepta- 
fluoro- 7,7dimethyl-4,6- 
0ctanedionate)-, 12: 74 

-, tris( 1,2-propanediamine)-, 
trichloride, dihydrate, 13: 186 

Chromium(II1) cadmium selenide, 

Chromium(II1) complexes, cations, 
with ethylenediamine(tris-), 
11:51 

14:155 

resolution of, 12:269,274 
cations, hexaammine, 11:5 1 
poly, with diphenylphosphin- 

Chromium tungstate(VI), 14: 135 
Cluster compounds, molybdenum, 

osmium and ruthenium, 13:92- 

ate, 12:258 

13:99-103 

95 
“Cobaloximes,” 11:61-70 
Cobalt(I), hydridotetrakis(tri- 

-, tetracarbonyl(trich1oro- 

-, tetracarbonyl(trifluoro- 

-, tetracarbonyl(trimethy1- 

phenyl phosphite)-, 13: 107 

dyI)-, 13:67 

~ilyl)-, 13: 70 

Silyl)-, 13:69 
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Cobalt(1). tetrakis(diethy1 phenyl- 
phosphonite) hydrido-, 13: 1 18 

Cobalt(I1). bis(1epidine 1-oxide) 
dinitrito-, chelating nitrito 
ligands in, 13:206 
, bis(2,6-lutidine 1-oxide) 
dinitrito-, chelating nitrito 
ligands in, 1 3 2 0 4  
, bis(2,4pentanedionato)-, 
11:84 
, dinitritobis(2,4,6-trimethyl- 
pyridine 1-oxide)-, chelating 
nitrito ligands in, 13:205 

Cobalt(llI), aquobis(ethy1ene- 
diamine)hydroxo-, cis-, 
dithionate, 14: 74 
, aquochlorobis(ethy1ene- 
diamine)-, cis-, sulfate, di- 
hydrate, 14: 7 1 
, azidobis (ethylenediamine) 
sulfito-, cis-, 14:78 
, (+)-bis(ethy1enediamine) 
dinitro-, (+)-(ethylenediamine) 
bis(oxalato)cobaltate(IlI), 
13: 197 
, (+) -bis(ethylenediamine) 
dinitro-, (-)-(ethylenediamine) 
bis(oxlato)cobaltate(III), 
13:197 
, bis(ethy1enediamine)dinitro-, 
cis-, nitrite, 14: 72 
, cis-bis(ethy1enediamine) 
dinitro-, nitrite, preparation 
and resolution of, 13: 196 
, carbonatobis(ethy1enedi- 
mine)-, bromide and 
chloride, 14:64 
, diaquobb(ethy1enedi- 
mine)-,  cis-, bromide, 
hydrate, 14: 75 
, dichlorobis(ethy1enedi- 
mine)-, cis-, chloride, 
hydrate, 14: 70 
, dichlorobis(ethy1enedi- 
mine)-, trans-, chloride, 14:68 

Cobalt(III), trans-dichlorobis(ethy1- 
enediamine)-, diaquahydrogen 
dichloride, 13:232 
, iododinitrosyl-, 14:86 

Cobaltate(III), bis(ethy1enediamine) 
disulfito-, cis-, disodium 
nitrate and perchlorate, 14:77 
, bis(ethy1enediamine)di- 
sulfito-, trans-, sodium, 14: 79 
, (ethy1enediamhe)bis 
(oxa1ato)-, resolution of, 13 : 195 
, (+)-(ethy1enediamine)bis 
(oxalato)-, sodium, 13:198 

---, (-)-(ethy1enediamine)bis 
(oxalato)-,sodium, 13: 198 

Cobaltate(2-), bis [ 1 ,2-dicyano- 
ethene-1 ,2-dithiolato(2-)] -, 
bis(tetraethylammonium), 
13:190 

dithiolato(2-)] -, bis(tetra- 
phenylphosphonium), 13: 189 

-, tetrakis( 1,2dicyano- 1,2- 
ethene-dithiolato)di-, bis 
(tetraphenylphosphonium) . 
13:191 

Cobalt complexes, with dimethyl- 
glyoxime(bis-), 11:61-70 

Cobalt(1) complexes, with nitrogen 
and P(C6H5)3,12:12, 18,21 

with triaryl phosphites, 13:105 

-, bis[ 1,2-dicyano-1 ,Z-ethene 

Cobalt(I1) complexes, hexaco- 
ordinate, with 2,4-penta- 
nedione, 11:82-89 

with hydrotris( 1-pyrazolyl) 
borate, 12:105 

nonelectrolytes, with pyridine 
and isothiocyanate, 12:251 

amines, 11:72-82 
with %&unsaturated 0-keto 

Cobalt(II1) complexes, with 
B10H10CNH32-, BlOHlOCNHZ 
R2-, and BloHloCH3-, 11:42 

binuclear, 12: 197-214 
p-peroxo, 12: 198,203 
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Cobalt(II1) complexes, binuclear, 
I.c-superoxo, 12: 198-209 
, cations, with diamines and 
triamines, 14:57 

- 

bromides, 14:58 
iodides, 14:60 

-, cations, with ethylenedi- 
amine(bis-) and anions(di-), 
14:63 

cations, hexaammine, 11:48 
with 1 ,2-propanediamine(tris-), 

11:48, 50 
-, with ethylenediamine(bis-) 

nonelectrolytes, with triphenyl- 
phosphine, 12:18, 19 

Cobalt sulfide, CoSz , single crystals, 

Complex ions, lattice-stabilized, 

Conformation, of sulfanuric chlo- 
ride cyclic trimer, 13: 13 

Copper(1) ammonium thio- 
molybdate(Vl), 14:95 

Copper chalcogenide halides, 14:170 
Copper(I1) complexes, cation, with 

and sulfito, 14:77 

14:157 

1 1 :47-5 3 

2.2'-iminobis(acetamidox- 
ime) (bis-), 11:92 

nonelectrolyte, with pyridine and 
isothiocyanate, 12: 25 1 

Copper(1) iodide (correction), 

Cyanic acid, ammonium salt, 

Cyanomolybdate(1V). octa-, 11:53 
1 ,J-Cyclobutadiene, 1,2,3,4-tetra- 

phenyl-, complexes with pal- 
ladium and platinum, 13:55 

Cyclohexane complexes, with iron, 

1 ,5-Cyclooctadiene, complexes with 
palladium and platinum, 

11:215 

13:17 

CO, and C ~ H S ,  12:38 

13: 48-64 
1,3,5,7Cyclooctatetraene, plati- 

num complexes, 13:48n., 5In. 

Cyclooctene complexes, with irid- 

Cyclopentadiene, 1 1: 11 7n. 
ium(1) and rhodium(I), 14:92 

complexes with iron and CO, 
12:35-43,64,65 

complexes with metals by depro- 
tonation, 11:113, 115 

with Moand CO, 11:116; 1 2 6 3  
iron derivative of, 11: 120 
nickel derivative of, 11: 122 
palladium complexes, 13:55, 59 

Cyclotriphosphazatriene, 1,3,3,5,5- 
pentafluoro- I-phenyl-, 12:294 

-, 3,3,5,5-tetrafluoro-I.l- 
diphenyl-, 12:296 

-, 1,3,5-tribromo-l,3,5-tri- 
phenyl-, 11:201 

Decaborane(l4), caution, 11:ZOn. 

Decaborate, decahydro-, 
B10H102-, 11:28, 30 

Deprotonation, of weak acids with 
KOH in synthesis of organo- 
metallic compounds, 

purification of, 11:34n. 

11:113-116 
Di-p-amido-diborane (see Diazadi- 

boretidine, tetrahydro-) 
Diamines, chromium(II1) com- 

plexes, 13:184 
Diazadiboretidine, tetrahydro-, 

tetrakis(acetat0)-, 14:55 
Dibenzoylmethane (see 1 ,%Pro- 

panedione, 1 ,3diphenyl-) 
Diborane, 11:15 
closo-1,2-Dicarbadodecaborane( 12) 

[ 1,2dicarbaclovododecabor- 
ane(l2), orthocarborane] , 
11:19 

-, 1,2-bis(acctoxymethyl)-, 
11:20 

Dicyclopentadiene (see 4,7-Meth- 
anoindene, 3a.4.7.7a-tetra- 
hydro-) 
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Difluoramine, 12:307,310 
Difluorodiazene (see Nitrogen 

fluoride, Nz F2 ) 
Diglyme, nickel(I1) complexes, 

13:161,162 
Diimide, p-fluorophenyl-, cationic 

complex with Pt(II), 1 2 3 9  
Dioxygenyl hexafluoroantimonate 

(V), 14:39 
Dioxygenyl hexafluoroarsenate(V), 

14:39 
Diphosphine, tetrafluoro-, 12: 281, 

282 
, tetramethyl-, 13:30; 14:14 

Dipyridyl (see 2,2’-Bipyridine) 
Disilane, 11: 172 
Disilane-db , 1 1: 172 
Disulfuryl fluoride, 1 1: 15 1 
Dodecaborate, dodecahydro-, 

B ~ z H ~ z ~ - ,  11:28,30 
double salt, with BH4-, 11:30 

Dysprosium (111). tris( 2,2,6,6-tetra- 
methylheptane-3.5 -dionato) -, 
11:96 

withC1-, 11:30 

Erbium(III), tris(2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11:96 

nickel(I1) complexes, 13: 161, 
162 

, l,Z-dimethoxy-, nickel(I1) 
complexes, 13:160, 162, 163 

as solvent in deprotonations, 

Ethane, 1 ,2-bis(methoxyethoxy)-, 

- , 1,2-bis(phosphino)-, 14: 10 

11:116 

enediamine) 

13:158,160 

cobalt and iron complexes. 

1 ,2-Ethanediamine (see Ethyl- 

Ethanol, nickel(I1) complexes, 

1 ,2-Ethenedithiol, 1 ,Z-dicyano-, 

l,Z-Ethenedithiol, 1,2dicyano-, 
disodium salt, cis-, 13:188 

Ether, bis(2-methoxyethyl), nickel 
(11) complexes, 13:161,162 

Ethyl arsenite, (C2H5)3AsOg, 
11: 183 

Ethylenediamine, complexes with 
chromium(III), 11:51; 
12:269,247; 13: 186,233 

complexes with Co(III), 12:205, 
208; 13:232 

complexes with cobalt(III), 
resolution of, 13:195 

with Pd(II), 13:216 
with Rh(III), 12:269, 272 
with Ru(II), 12:23 

Ethyl phenylphosphonite, 
compound with borane, 12:109 

(C2 H,O)z (C6H5 )P, 13: 11 7 
cobalt(I), iron(I1) and nickel(0) 

complexes, 13:118-119 
Ethyl phosphite, (CzH50)3P, 

nickel(0). palladium(O), and 
platinum(0) complexes, 
13: 112-1 15 

Europium(II1). tris( 2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11:96 

142 
Explosions, of hydrogen, 13: 132, 

in sulfanuric chloride preparation, 
13:lO 

Ferrate(2-), tetrakis( 1,2-dicyano-l, 
2-ethene dithio1ato)di-, bis 
(tetrabutyl-ammonium), 
13:193 

13: 192 

ium), 13:193 

-, bis(tetraethylammonium), 

-, bis(tetrapheny1phosphon- 

Ferrate(II1). silver, 14: 139 
13: 189-194 Ferric (see under lron(II1)) 
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Femtes [ferrates(III)] , crystals of, 
11:ll  

Ferrocene, 11: 120 
Filtration apparatus, for oxygen- 

sensitive materials, 11:78 
for use with Nz or other inert at- 

mosphere, 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, l1:141,144,149n. 
-,oxidation with, 13:3 
Fluorine fluorosulfate, warning, 

11:155 
Fluoroamido, di- (difluoroamido, 

difluoroamino) (N Fz ), com- 
pounds containing, 

Fluoroimidodisulfuryl fluoride, 

Fluorosulfur hypofluorite, SFS OF, 

Fluorosulfuric acid, difluoroamino 

12:299-306 

11:138,141 

11:131 

derivative, 12: 304 
removal of, from HN(S02 F)z, 

Formamide, N,N-dimethyl-, com- 
pound with sodium cyano- 
dithioformate (3: 1) .  13:187 

Formic acid, cyanodithio-, eodium 
salt, compound with N,Ndi- 
methylformamide (1:3), 
13:187 

Furan, tetrahydro-, compound with 
borane, 12: 11 1-1 12 

warning and purification of, 

11:139 

lZ:ll ln. ,  12:317-318 

Gadolinium(lII), tris( 2,2,6,6-tetra- 
methylheptane-3,5dionato)-, 

Gadolinium sulfide, Gd2 SJ, 14: 153 
Gallium, hydroxodimethyl-, 

tetramer, 12:67 
-_ , tris( 1,1,1,2,2,3.3-hepta- 

fluoro-7,7-dimethyl-4,6- 
octanedionato), 1 2 7 4  

Gallium(1lI) cadmium sulfide, 

Gallium(II1) hydroxide, dimethyl-, 

Gallium(I1I) sulfide, 11:6 
Germane, 11:171 
-, bromotrimethyl-, 12: 64 
-, dimethyl-, 11: 130 

CazCdS4, 11:5 

tetramer, 1267 

, methyl-, 11 : 128 
, tetraallyl-, 13:76 

-- , tetramethyl-, 12:58 
Germane-&, 11:170 
Germanium, trimethyl-, compound 

with tr-cycIopentadienyIiron 
dicarbonyl, 12:64,65 

Glyoxime, dimethyl-, complexes with 
cobalt, 11:61-70 

Gold halide tellurides. 14: 170 

Hafnium(1V) complexes with 2,4- 

Hafnium(1V) sulfide, 12:158, 163 
Halide chalcogenides of copper, 

pentanedione, 12:88,89 

gold, mercury, antimony, and 
bismuth, 14: 160 

metal, 12:187 
Halides (halogenides), anhydrous 

-, anhydrous nickel(II), 

Halo complexes, molybdenum(III), 
13: 154-1 64 

platinum(1V) and vanadium 
(HI), 13:165-176 

Halogeno salts, hexa-, [&N] "M&, 

3,5 R e p  tanedione, 2,2,6,6-tetra- 
12:225,229-231 

methyl-, rare earth chelates 
11:96 of. 11:94-98 
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Holmium(IlI), tris(2,2,6,6-tetra- 
methylheptane-3,5 dionato) -, 
11:96 

Hydrazine, p-fluorophenyl-, com- 
plex cation with Pt ,  12:32 

Hydrazine hydrochloride (hydra- 
zinium chloride), 12:7n. 

Hydroborates, B,H2n2-, polyhedral, 

Hydrofluoric acid, anhydrous, 
caution, 14:30 

Hydrogen, safety in use of, 
13: 132,142 

Hydrogen(1). diaqua-, trans-di- 
chloro-bis(ethy1enediamine) 
cobalt(II1) dichloride, 13:232 

11~24-33 

lmidodisulfuryl fluoride, and ces- 
ium F derivatives, 11: 138-143 

Indene, complexes with metals, 
11:113 

Indium( I l l ) ,  tris( 1.1 ,1,2,2,3,3-hepta- 
fluoro-7,7 -d imethy 1-4,6- 
octanedionat0)-, 12: 74 

Indium(II1) fluoride oxide, 14: 123 
Indium(1II) oxyfluoride, 14: 123 
Iodonitrosyl complexes of cobalt, 

iron, and nickel, 14: 8 1 
Iridium (0 )  , dodecacarbonyltetra-, 

13:95 
Iridium(I), carbonyl chlorotris(tri- 

pheny1phosphine)-, 13: 129 
Iridium (I), carbonylhydridotris (tri- 

pheny1phosphine)-, 
13:126,128 

di-, 14:94 
Iridium( I), chlorobis(cyc1ooctene)-, 

Iridium(1) complexes, with nitrogen 

with P(CeH,)3 and CO, trans-, 
and P(CbHg)3,12:8 

1 1 : l O l  
Iridium(II1) complexes, cations, 

pentaammine, 12: 243-247 
Iridium(1V) oxide, single crystals, 

13:137 

Iron, iododinitrosyl-, 14:82 
-, tris( 1,1,1,2,2,3,3-hepta- 

fluoro-7,7-dimethy1-4,6- 
octanedionat0)-, 12: 72 

Iron complexes, with cyclopenta- 
diene and CO, 1235-43 

Iron(Il), bis(cyclopentadieny1)-, 
11:120 
, dicarbonyl-n-cyclopenta- 
dienyl (trimethylgermy1)-, 
12:64,65 
, tetrakis(diethy1 phenylphos- 
ph0nite)dihydrido-, 13: 119 

Iron(I1) bromide, 14: 102 
Iron(I1) chloride, 14: 102 
Iron(I1) complexes, nonelectrolytes, 

with 2,2'-bipyridine, 
12:247, 249 

with 1,lO-phenanthroline, 

with pyridine and isothio- 
12:247,248 

cyanate, 12:251 
Iron(II1) complexes, with 

B ~ ~ H ~ ~ C N H ~  '-. 
BloHloCNH2R2-, and 
BloHloCH3-, 11:42 

Iron(II1) fluoride oxide, 14: 124 
Iron(I1) halides, 14: 101 
Iron(I1) iodide, 14:102, 104 
Iron(lI,III) oxide (magnetite), single 

Iron phosphide, FeP, single crystals, 
14: 176 

Isoleptic ally1 derivatives of metals, 
definition of, 13: 73n. 

Isomers, linkage, of metal com- 
plexes, 12:218-224 

Isothiocyanate, determination of, in 
complexes with metals, 
12:254 

crystals of, 11: 10 

p-Keto amines, a,B-unsaturated, 
complexes with V(III), Co(II), 
and Ni(II), 11:72-82 
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&Keto-enolates, metal, 12: 70-72 

Lanthanoid(II1) chelates, of 2,2,6,6- 
tetramethylheptane-3,5- 
dione, 11:94-98 

methylheptane-3,5 d o n a t o )  -, 
11:96 

fluoro-7,7-dimethyl-4,6- 
octanedionat0)-, 12: 74 

Lead(I1) chalcogenide halides, 
14:171 

Lepidine, 1-oxide, 13:206n. 
cobalt complex, 13:206 

Lewis acids, in preparation of Fe 
complex cations with C s  H5, 
CO, and olefins, 12:38-39 

bridging, chelating and mono- 
dentate, 13:202 

Lithium dimethylphosphide, 13:27 
Lithium hydroaluminate, disposal 

Lutetium( 111), tris( 2,2,6,6-tetra- 

Lanthanum( 111) , tris( 2,2,6,6-tetra- 

Lead(lI), bis( 1,1,1,2,2,3.3-hepta- 

Ligand isomers, nitrito and nitro, 

of, 11:173 

methylheptane-3,5 -dionato)-, 
11:96 

plex, 13:204 
2,6-Lutidine, 1-oxide, cobalt com- 

Magnesium(lI), allylchloro-, 13: 74 
Magnesium chromate(lII), 14: 134 
Magnetite [see Iron(I1,III) oxide] 
Maleonitrile, dimercapto-, com- 

plexes with cobalt and iron, 

Manganatcs(VI), free from MnO2, 

Manganese, pentacarbonyl(tri- 

-, trh( 1,1,1,2,2,3,3-hepta- 

13: 187-1 94 

1 1: 56-61 

methylstanny1)-, 12: 61 

fluoro-7,7-dimethyl-4,6- 
octanedionato)-, 12:74 

Manganese complexes, with 
carbonyl, 12:43 

Manganese(1) complexes, with 
hexafluoro -2,4-pent anedione, 
12:81,83,84 

with 2,2'-iminobis (ace tamid- 
oxime) (bis-), 11:91 

Manganese(I1) complexes, cation, 

nonelectrolyte, with pyridine and 
isothiocyanate, 12:251 

with tetrakis( 1 -pyrazolyl)borate, 
12:106 

Manganese(1V) oxide, estimation in 
manganates(VI), 11:59 

Manganese silicide, MnSi, 14: 182 
Mercury(I1) chloride sulfide, 

Hg3 Cl2 S2, gamma structure, 
14:171 

Metal complexes, of molecular N2 
and related species, 12: 1-33 

Methane, difluorobis( fluoroxy)-, 
11:143 

Methane, iodo-, removal of, from 

-, triphenyl-, deprotonation of, 

4.7-Methanoindene. 3a,4,7,7a-tetra- 

(CH3)2PH, 11:127 

with KOH, 11: 115 

hydro-, complexes with pal- 
ladium and platinum, 13:55 

13:48n., 50n. 

12:312 

11:182 

purity in (CHa)? SnHz and 
(CH3)3SnH, 1250 ,  5%. 

Methyl iodide (see Methane, iodo-) 
Methyl phosphite, P(OCH3)3, com- 

plex with Pd(II), 11:109 
Methyl sulfide, complex with 

methylcobaloxime, 11:67 
Methyl sulfoxide, caution, 11: 124 
as solvent in deprotonations, 11:116 

-, platinum complexes, 

Methyl, trifluoro-, oxide, (CF3)203, 

Methyl arsenite, (CH3)3 AsO3, 

Methyl borate, (CH3)3 BOB, as im- 
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Molybdate (II), oc ta-p3 -chlorohexa- 
ethoxyhexa-, disodium, octu- 
hedro-, 13:101,102 

-, octa-p3 -chlorohcxameth- 
oxyhexa-, disodium, octa- 
hedro-, 13: 100 

Molybdatc(III), aquapentachloro-, 
diammonium, 13: 1 7 1 

-, aquapentachloro-, dicesium, 
13:171 

-, aquapentachloro-, dirubid- 
ium, 13: 17 1 

-, hexachloro-, triammonium, 
13: 172 

-, hexachloro-, tricesium, 
13: 172 

-, hexachloro-, trirubidium, 
13:172 

Molybdate(IV), hexakis(isothi0- 
cyanato)-, dipotassium, 
13:230 

Molybdenum(II), tetrakis(p-acetato) 
di-, with molybdenum-molyb- 
denum quadruple bonds, 
13:88 
, tetrakis(p-p-anisato)di-, 
with molybdenum-molyb- 
denum quadruple bonds, 
13:89 

-, tetrakis(p-benzoato)di-, with 
moly bdenum-molybdenum 
quadruple bonds, 13:89 

-, tetrakis[p-@-chlorobenzo- 
ato)] di-, with molybdenum- 
molybdenum quadruple 
bonds, 13:89 

-, tetrakis(p+-to1uato)di-, with 
molybdenum-molybdenum 
quadruple bonds, 13:89 

-, tricarbonyl-r-cyclopenta- 
dienyl(trimethylstanny1)-, 
12: 63 

Molybdenum(I1) bromide, 12: 176 

Molybdenum carbonyl, Mo(C0)6, 

Molybdenurn(l1) chloride, 12: 172 
Molybdenum(Il1) chloride, 12: 178 
Molybdenum(1V) chloride, 12181 
Molybdenum(V) chloride, anhyd- 

Molybdenum complexes, with 

caution, 11:118 

rous, 12:187 

nitrosyl and halogens, 

Molybdenum (0) complexes, anion, 
with C5HS and CO, 11:116 

Molybdenum compounds, with 
quadruple bonds, 13:81-89 

Molybdenurn(V) fluoride, 13: 146 

Molybdenum halides, 12: 170-1 78 

Molybdenum(1V) oxide, single 

Molybdenurn(V) oxide chloride, 

Molybdenum oxide halides 

12:264-266 

-, ( M O ~ F Z ~ ) ,  13:150 

anhydrous, 12: 165-168 

crystals, 14: 149 

MoOC13, 12:190 

(oxyhufides), anhydrous, 

Morpholine compound with borane, 

Mosaic gold, 12159, 163 

12~165,168-170 

12:115 

Neodymium( 111) , tris( 2,2,6,6-tetra- 
methylheptaneS,54ionato)-, 
11:96 

Nickel( 0).  tetrakis( dicthyl phenyl- 
phosphonite)-, 13: 118 

-, tetrakis(triethy1 phosphite)-, 
13:112 
, tetrakis(tripheny1phos- 
phine)-, 13:124 
, tetrakis(tripheny1 phos- 
phitc)-, 13:108, 116 

11:122 
Nickel(Il), bis(cyclopentadieny1)-, 
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Nickel(II),bis( 1,2-dimethoxycthane) 

-, [ 1,2-bis(methoxyethoxy) 
ethane] dibromo-, 13: 162 

-, [ l,Z-bis(methoxyethoxy) 
ethane] tetrachlorodi-. 13: 161 

-, [bis(2-methoxyethyl) ether] 
dibromo-, 13: 162 

-, [bis(2-methoxyethyl) ether] 
dichloro-, 13: 161 

-, bis[2-[(methylamino)- 
methyl] piperidine] dinitrito-, 
13:204 
, bis[ 2-[ (methylamino)- 
methyl] pyridine) dinitrito-. 
13:203 

diiodo-, 1 3 ~ 1 6 3  

-, di-h3-allyl-, 13:79 
-, dibromo( 1,2-dimethoxy- 

-, dibromotetrakis(ethano1)-, 

-, dichloro( 1,2-dimethoxy- 

-, dichlorotetrakis(ethano1)-, 

___ , iodonitrosyl-, 14:88 
Nickel(I1) bromide, dihydrate, 

Nickel(I1) chloride, dihydrate, 13:156 
Nickel(0) complexes, with triaryl 

phosphites, 13:105 
Nickel(I1) complexes, cations, with 

diamines and triamines, 14:57 
bromides and iodides, 14:61 

with 2,2’-iminobis(acetamid- 
oxime) (bis-) 11:91, 93 

halo, with ethanol and 1,Z-di- 

nonelectrolytes, with dihydro- 

ethane)-, 13: 162 

13:160 

ethane)-, 13: 160 

13: 158 

13:156 

methoxyethane, 13: 154-164 

bis( 1-pyrazolyl)borate, 

with pyridine and isothiocyan- 
12:104 

ate, 12:251 

Nickel(I1) complexes, nonelectro- 
lytes, with &unsaturated 

Nickel(1V) complexes, with BloHlo- 
CH3-, B ~ o H ~ ~ C N H B ~ - ,  and 
N- derivatives, 11:42-45 

Nickel ferrate(lII), 11: 11 
Nickel (11) halides, anhydrous, 

Nickel(I1) nitrite, 13:203 
Nickelocene, 11: 122 
Niobate(IV), hexakis(isothiocyan- 

ato)-, dipotassium, 13:230 
Niobate(V), hexabromo-, 12:230 
-- , hexakis(isothiocyanato)-, 

Niobium(V) bromide, anhydrous, 

Niobium(1V) chloride, 12: 185 
Niobium(V) complexes, hexahalo- 

Pketo amines, 11: 72-82 

13: 154-1 64 

potassium, 1 2 2 2 6  

12:187 

geno salts and compounds 
with alkyl nitriles, 12:225-231 

Niobium(1V) fluoride, 14: 105 
Niobium(V) fluoride, 14: 105 
Niobium oxide, NbO, 14:131 
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, 16,92 
metal complexes of molecular, 

Nitrogen chloride fluoride, NClF2, 

Nitrogen fluoride, Nz Fz , 14:34 
Nitrogen halides, caution, 14:35 
Nitrosyl bromide, 11: 199 
Nitrosyl chloride, 11 : 199 
Nitrosyl fluoride, 11: 196 
Nitrosyl halides, 11: 194-200 
Nitrosyliodo complexes of cobalt, 

iron and nickel, 14:81 

12: 1-33 

14: 34 
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Nonaborate, nonahydro-, B,Hg 2-, 

Nontransition element compounds 
1 1 2 4  

(see Representative element 
compounds) 

2,5-Norbornadiene complexes with 
palladium and platinum, 
13:48n., 50n., 52-53,55 

Octaborate, octahydro-, B8 Hs2-, 

4,6-Octanedione, 1,1,1,2,2,3,3- 
11:24 

heptafluoro-7,7-dimethyl-, 
complexes with Fe(II1) and 
other metals, 12:72-77 

Olefins, cyclic di-, cationic com- 
plexes with palladium and 
platinum, 13:55-65 

complexes with palladium and 
platinum, 13: 4 7-54 

Organometallic compounds, 
13: 4 7-80 

deprotonation of weak acids with 
KOH in synthesis of, 

metal-metal-bonded derivatives, 
11:113-116 

12~60-67 
Osmium( 0), dodecacarbonyltri-, 

Osmium(1V) oxide, single crystals, 

Oxides, transition-metal di-, 

triangulo-, 13:93 

13:140 

13~135-145 

Palladate( V), hexabromo-, 12: 230 
-, hexachloro-, 1 2 2 3 0  
Palladium(O), tetmkis(triethy1 

phosphite)-, 13: 1 13 
-, tetrakis(tripheny1phos- 

phine)-, 13:121 
PaUadium(II), h3-dlyl( 1.5-cycl0- 

Palladium(I1). (2,2’-bipyridine) 
dichloro-, 13:217 

-, (1,4-butadiene)-dichloro-, 
(correction), 11:216 

-_ , ( 1.5-cyc1ooctadiene)-h5 - 
cyclopentadienyl-, tetra- 
fluoroborate, 13:59 

-- , (1,5-cyclooctadiene)(2,4- 
pentanedionat0)-, tetra- 
fluoroborate, 13:56 

-, dibromo( 1,b-cyclo- 
octadiene)-, 13: 53 

-, dibromo( 2,5-norbornadiene)-, 
13:53 

-, dichlorobis(4-chloro- 
buteny1)- di-, (correction), 
11:216 

-, dichloro( 1,5-cyclo- 
octadiene)-, 13:52 

-, dichloro(ethy1ene- 
diamine)-, 13: 2 16 

-, di-pchloro-bis(8-methoxy-4- 
cycloocten-1-y1)di-, 13: 60 

-, dichloro(2,5-norbornadiene)-, 
13:52 

-, (8-methoxy-4-cycloocten-l- 
yl) cyclopentaodienyl-, 
13:60 

cyclic diolefins, 13:47-54 

isomers containing SCN and NCS, 

square planar dichloro-, with 

Palladium(I1) complexes, with 

cationic, 13:55-65 

12: 22 1-224 

organophosphorus ligands, 

2,4-Pentanedione, complexes with 
boron, 12: 127-1 32 

complexes with Ce(IV), 12:77 
with Co(II), 11:82-89 
with Pdand Pt, 13:55-57 
with Zr(IV) and Hf(IV), 12:88-97 

11: 108-1 11 

. .  . .  
0ctadiene)-, tetrafluoroborate, - , Scyanomethyl-, complex 
13:61 with Cr(III), 1 2 8 5  
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2,4-Pentanedione,3-(4cycIoocten-l- Phosphine, tertiary derivatives, com- 

-, 1,1,1,5,5,5-hexafluoro-, -, tert-butyldichloro-, 14:4 
yl)-, platinumcomplexes,13:63 

complex with Mn(I), 12:81, 
a3 plexes with Pt(Il) ,  12240-242 

plexes with Pt(II), 12:242 

, cyclohexyldiphenyl-, com- 

, di-tert-butylchloro-, 14:4 
, dichloro(trichloromethy1)-, 
12: 290 
, difluoro-, 12:281, 283 
, dimethyl-, 11:126, 157 

-__  , dimethyl-, lithium salt, 13:27 
___ , dimethyl(trimethy1silyl)-, 

thallium(1) derivative, 1282 -- __ 
-, 1.1 ,I-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: 1 13:26 

Perchloryl fluoride, 14:29 13:28 

Peroxo complexes, with cobalt(lII), 13:26 
12: 198,203 

Peroxydisulfuryl fluoride, Fz Sz 0 6 ,  
warning, 11 : 155 

Perrhenates, complexes with cobalt- 12:281,285 
(III), 12:214-218 

Perxena te, HXeO6 3-, 1 1 : 2 I o 
1,lO-Phenanthroline, complex with 

, diphenyl-, sodium salt, Perbromyl fluoride, 14:30 -- - 

caution, 14:30 , diphenyl(trimethyIsi1yt)-, 

, ethylenebis-, 14: 10 

, “p-0x0-bis(difluor0-),” 

-- 

---- , methyl-, 11: 124 

-, triethyl, complexes with 
Pt(II), 12:26-32 

compound with BHJ , 12: 115 
bis(2,4-pentanedionato)cobalt- , trimethyl-, 11: 128 
(II), 11:86 complexes with B, 12:135 

complex with Fe(II), 12247, 248 ~ , trimethylenebis(dimethyl-, 

cobalt(I), nickel(O), platinum- - , triphenyl-, complexes with 
(0 )  and rhodium(1) complexes, 

Phenyl phosphite, (CgHsO)3PI 14: 17 

Co, 12:12, 18, 19 
13: 107-1 16 

Phosphate chloride, strontium, 
14: 126 

doped, 14:128 
Phosphinate, diphenyl-, complex 

with Cr(lIl), 12258 
Phosphine, 14: 1 

, caution for, and its methyl 
derivatives, 11:127 

derivatives, complexes of low- 

platinum complexes, 13:56 
fluoro derivatives, caution for, 

valent metals, 13:105-134 

12:281 

complexes with cobaloximine(I1) 
and its dihydrates, 11:65 

with Ir(I), 11:101; 12:s; 
13:126,128 

with Ni(O), 13:124 
with Pd(O), 13:121 
with Pt, 11:105; 12:241n., 

with Rh, 11:99 

13:131 

242 

with Ru(II), 12~237-240; 

compound with BH,, 12:113 

plexwith Pd(II), 11:llO 
-, tris(dimethylamin0)-, com- 
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Phosphine, tris@-fluoropheny1)-, 
complex with Rh, 1 1 : l O O  

-, tri-o(and p)-tolyl-com- 
plexes with Rh, 11: 100 

Phosphino aliphatic ligands, P- 
dimethyl, 14:14 

Phosphinothioic 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 chloride, amido and 
diamido derivatives of cyclic 
trimer, 14:23 

Phosphonitrile fluoride, mono- and 
diphenyl-substituted trimers, 
12:293-299 

Phosphonium, tetraphenyl-, 
bromide, 13:190 

Phosphonium, tetraphenyl-, b is [ 1,2- 
dicyanoethene- 1,2-dithiolato 
(2-)] cobaltate(2-), 13:189 

dicyanoethene-l,2-dithiolato) 
dicobaltate(2-), 13: 191 

-, tetraphenyl-, tetrakis( 1,2- 
dicyanoethene-l,2dithiolato) 
diferrate(2-), 13:193 

Phosphonium iodide, trimethyl-, 
11:128 

Phosphonous dichloride, (trichloro- 
methyl)-, 12: 290 

Phosphoramidates, 13:23-26 
Phosphoramidic acid, 13:24 
Phosphorane, tetrafluoro-, alkyl 

derivatives, 13:37 
-, tetrafluoromethyl-, 13:37 

-, tetraphenyl-, tetrakis( 1.2- 

Phosphorus compounds, organo-, 
complexes with Pd(II), 

Phosphorus isocyanate, P(NC0)3, 
13:20 

2-Picolylamine [see Pyridine, 2- 
(aminome thy I)-]  

Piperidine, 2-[ (methylamino)- 
methyl) -, 13:204n. 

nickel complex, 13:204 

11~108-111 

Platinate(II), trichloro(ethy1ene)-, 

Platinate(IV), hexachloro-, disod- 

-~ , hexafluoro-, 12: 232,236 
-, trichlorotrifluoro-, 12:232, 

Platinum( 0), tetrakis(triethy1 

potassium, 14:90 

ium, 13:173 

234 

phosphite)-, 13: 115 
, tetrakis( triphenylphos- 
phine)-, 11:105 

-, tetrakis( triphenyl phos- 
phite)-, 13:109 
, tris(tripheny1phosphine)-, 
11:105 

Platinum( 11), [ 84  1-acetylacetonyl)- 
4cycloocten-1 -yl] chloro- 
(tripheny1arsine)-, 13: 63 
, chloro( 1,5-cyclooctadiene) 
(tripheny1arsine)-, tetrafluoro- 
borate, 13:64 

-, ( 1,5-cyclooctadiene)diiodo-, 
13:50 
, (1,5-cyclooctadiene)(2,4- 
pentanedionat0)-, tetrafluoro- 
borate, 13:57 

diiodo-, 13:51n. 

13:49 

0ctatetraene)-, 13:5On. 

13:5On. 

-, (1,3,5,7-cyclooctatetraene) 

-, dibromo( 1,5-cyclooctadiene)-. 

-, dibromo(l,3,5,7cyclo- 

-, dibromo( 2,5-norbornadiene)-, 
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Platinum(II), dibromo( 3a,4,7,7a- Praseodymium( III), tris( 2,2,6,6- 
tetrahydro-4,7-me thanoin- te trame thylheptane-3,5- 
dene)-, 13:5On. dionato)-, 11:96 

-, dichloro( 1,5-cyclooctadiene)-, Propane, 1,3-bis(dimethyIphos- 
13:48 phino)-, 14: 17 

-, dichloro(l,3,5,7-~ycloocta- - , l-(dimethylamino)-3-(di- 
tetraene)-, 13: 48n. methylphosphin0)-, 14:21 
, dichloro(2,5-norbornadiene)-, - , l-(dimethylarsino)-3-(di- 
13:48n. methy1phosphino)-, 14:20 

hydro-4,7-methanoindene)-, tion with Co(III), 11:48 
13:48n. complex cation with Cr(III), 

13:5 In. 1 ,3-Propanedione, 1,3-diphenyl-, 
complexes with palladium and 

phosphites, 13:105 platinum, 13:55 
2-Propanol, vanadium(II1) complex, 

imide, and hydrazine, 1226 ,  13:177 
29, 31, 32 Propene, metal derivatives, iso- 

phines, 12:240-242 n-Propionitrile, complexes with 

cationic, 13:55-65 n-Propylamine, compound with 

-- 

-, dichloro(3a,4,7,7a-tetra- 1.2-Propanediamine, complex ca- 

-, diiodo(2,5-norbornadiene)-, 13:186 

Platinum(0) complexes, with triaryl 

Platinum(I1) complexes, azo, di- 

binuclear, with tertiary phos- 

with cyclic diolefins, 13:47-54 

leptic, 13: 73-79 

metal halides, 12:228-229 

with triethylphosphine, 12: 27-32 B I o H ~ ~ C ,  11:36 
Porphine, a,P,7,6-tetra(4-pyridyl)-, 

Potassium fluoride, anhydrous, and 

- , N,N-dimethyl-, compound 
with BloH,,C, 11:37 

Propylamine, N,N-dimethyl-3-(di- 
complex with zinc, 12:256 

compound with (CF3)2CO, me thylphosphin0)-, 
11: 196 14:21 

of weak acids with, 
11: 113-1 16 BH3, 12:115 

11:57 hexahalogeno salts and com- 

Potassium hydroxide, deprotonation n-propyl isocyanide, 11:36n. 
n-Propyl sulfide compound with 

Potassium manenate( VI), Protactinium(1V) complexes, 

Potassium octacyanomolybdate( IV) , 

Potassium perbromate, 13: 1 
Potassium perchlorate, solution in 

pounds with alkyl nitriles, 
11:51 12: 2 25-23 1 

Pyrazabole, 12:107 

Pyrazole, complexes with B, 
derivatives, 12:99, 108 

anhydrous HF, caution, 
14:30 12: 99-1 07 

Potassium phosphoramidate, Pyridine, 2,6-dimethyl-, N-oxide 
KH(PO3NH2), 13:25 (see 2,6-Lutidine, 1-oxide) 

Potassium trichloro(ethy1ene)- 
platinate(Il), 14: 90 

-, 2-[ (methylamino)methyl] -, 
nickel complex, 13:203 
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Pyridine, 2,4,6-trimethyl-, 1-oxide 
13:205n. 

cobalt complex, 13:205 
Pyridine complexes with boron, 

complexes with cobalt and di- 
12:139 

methylglyoxime, 11:62, 65, 
68 

with dipositive first-transition 
metal ions, 12:251-256 

determination of, in complexes 
with metals, 12:252 

-, 2-(aminomethyl)-, 11:85 
complex with bis( 2,4-pentanedio- 

, 4-methyl-, complexes with 
nato)cobalt(II), 11:85 

boron, 12:132, 141 
Pyrosulfuryl chloride, 11: 15 1 

Quinoline, 4-methyl-, N-oxide (see 
Lepidine, 1 -oxide) 

Rare earth(I1I) chelates, of 2,2,6,6- 
tetramethylheptane-3,5- 
dione, 11:94-98 

Rare earth sulfides, Lnz S3, 14: 152 
Representative element compounds, 

Resolution, of cobalt ethylenedi- 
13: 1-46 

amine oxalate complexes, 
13: 195 

Rhenate( 111), octabromodi-, bis- 
(tetrabutylammonium), with 
rhenium-rhenium quadruple 
bonds, 13:84 

ammonium), with rhenium- 
rhenium quadruple bonds, 
13:83 

-, octachlorodi-, bis( tctrabutyl- 

Rhenate(V), cadmium, 14: 146 

Rhenate(VII), nonahydrido-, bis- 
(tetraethylammonium), 
13:223 
, nonahydrido-, disodium, 
13:219 

Rhenates(VI), complexes with 
cobalt(III), 12: 2 15-21 8 

Rhenium(II1). dibromotetrakis[p- 
@-bromobenzoato)] di-, with 
rhenium-rhenium quadruple 
bonds, 13:86 

benzoato)] di-, with rhenium- 
rhenium quadruple bonds, 
13:86 

-, dichlorotetrakis[p-@-chloro- 
benzoato)] di-, with rhenium- 
rhenium quadruple bonds, 
13:86 
, dichlorotetrakis(p-m-toluato) 
di-, with rhenium-rhenium 
quadruple bonds, 13:86 
, dichlorotetrakis(p-p-toluato) 
di-, with rhenium-rhenium 
quadruple bonds, 13:86 

-, dichlorotetrakis [p-(2,4.6-tri- 
methylbenzoato) ] di-, with 
rhenium-rhenium quadruple 
bonds, 13:86 

, tetrakis(p-acetato)dibromo- 
di-, with rhenium-rhenium 
quadruple bonds, 13:85 
, tetrakis(p-acetato)dichloro- 
di-, with rhenium-rhenium 
quadruple bonds, 13:85 
, tetrakis [p-@-amhobem- 
oato)] dichlorodi-, with 
rhenium-rhenium quadruple 
bonds, 13:86 
, tetrakis(p9-anisato)di- 
bromodi-, with rhenium- 
rhenium quadruple bonds, 
13:86 

-, dibromotetrakis [p-@-chloro- 

-, nonachlorotri-, 12:193 
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Rhenium(III), tetrakis(p-p-anisato) 
dichlorodi-, with rhenium- 
rhenium quadruple bonds, 
13:86 

-- , tetrakis(pbenzoato)di- 
bromodi-, with rhenium- 
rhenium quadruple bonds, 
13:86 

-, tetrakis(p-benzoato)di- 
chlorodi-, with rhenium- 
rhenium quadruple bonds, 
13:86 

-, tetrakis[p-Ip-bromobenz- 
oato)] dichlorodi-, with 
rhenium-rhenium quadruple 
bonds, 13:86 

Rhenium(V) chloride, decomposi- 
tion to Re3CI9, 12:193 

Rhenium compounds with quad- 
ruple bonds, 13:81-86 

Rhenium(1V) oxide, &, single crys- 
tals, 13:142 

Rhodium (I), chlorobis( cyclo- 
octene)-, 14:93 

-, hydridotetrakis(tripheny1 
phosphite)-, 13:109 

Rhodium(lI), tetrakis(p-acetato)di-, 
13:90 

Rhodium(III), pentaamminechloro-, 
dichloride, 13:213 
, pentaamminehydrido-, sul- 
fate, 13:214 

phosphites, 13: 105 
with triphenylarsine, 
11:lOO 

with triphenylphosphine and 

Rhodium(1) complexes, with triaryl 

CH3 and F derivatives, 
11:99,190 

Rhodium(II1) complexes, cation 
with ethylenediamine (tris), 
resolution of, 12:269, 272 

Rubidium aquapentachloromolyb- 

Rubidium hexachloromolybdate- 
(III), 13:172 

Ruthenium (0), dodecacarbonyl- 
tri-, trkngulo-, 13:92 

Ruthenium(I1). chlorohydridotris- 
(tripheny1phosphine)-, 13: 131 

-, hexaammine-, dichloride, 
13:208n., 209 

-, hexaammine-, tetrachloro- 
zincate, 13:210 

Ruthenium(III), hexaammine-. 
tribromide, 13:211 

-, pentaamminechloro-, 
dichloride, 13:210 

Ruthenium(I1) complexes, ammines 
and (N2)-containing, 122.3.5 

with azide, (Nz) ,  and ethyl- 
enediamine, 12:23 

with triphenylphosphine, 
12: 23 7-240 

Ruthenium(II1) complexes, 

Ruthenium(1V) complexes, anion. 
ammine, 12:3-4,7 

poxo-bis [ pentachlororuth- 
enate(IV)] , 11 : 70 

tals, 13: 137 
Ruthenium(1V) oxide, single crys- 

Safety, in ammonium cyanate prep- 

in arsine preparation, 13:14 
in carbon monoxide use, 13: 128 
in iridium and ruthenium di- 

oxide preparation, 13: 137 
in iridium carbonyl preparation, 

13:96 
in molybdenum pentafluoride 

preparation, 13:146 
in osmium dioxide preparation, 

13: 140 
in perbromate preparation, 13: 1 
in phosphine silyl derivative 

aration, 13:18 

date(III), 13: 171 preparation, 13: 27 
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Safety, in phosphorus isocyanate 

with silver tetrafluoroborate, 

in tetracarbonylsilylcobalt 

of triethylaluminum in air and 

preparation, 13:2 1 

13:57n. 

derivative preparation, 13:67 

water, 13:126 
Samarium(III), tris( 2,2,6,6-tetra- 

me thylheptane-3,5-diona to) -, 
11:96 

heptafluoro-7,7-dimethyl-4,6- 
octanedionat0)-, 12: 72 

compound with HCON(CH3)*, 

Scandium(IlI), tris( 1,1,1,2,2,3,3- 

12: 76 
-, tris( 2,2,6,6-tetramethyl- 

Silane, 1 1: 170 
caution, 11:173, 174n. 

-, bromo-, 11: 159 
-, (chloropheny1)-, 11 : 166 
-, (chloropheny1)iodo-, 1 I: 160 
-, iodo-, 11 : 159 
-, phenyl-, 11: 162 
-, tetraallyl-, 13:76 
-, trichloro-, cobalt carbonyl 

complexes, 13:67 
-, trichloro-2(3, and 4)-chloro- 

phenyl-, 11: 166 
-, trifluoro-, cobalt carbonyl 

complexes, 13:70 
-, trimethyl-, cobalt carbonyl 

complexes, 13:69 
Silaned4, 11:170 

caution, 11 : 173 
Silicate, hexafluoro-, in crude 

Silicon phosphide, SiP2, pyrite 

Silver ferrate(III), 14:139 
Silver nitrite, 13: 205 
Silver tetrafluoroborate, safety in 

heptane-3,5-dionato)-, 11 :96 

KzPtF,, 12:236 

structure, 14: 173 

handling, 13: 57n. 

Silyl group, caution for compounds 
containing, 1 1 : 16 1 

sources of, 11: 159 

OfCoSZ, 14:157 

of GdzSj, 14~153 

Single crystals, of CeHz, 14: 184 

of FeP, 14:176 

of transition metal dioxides, 
13~135-145, 1 4 ~ 1 4 9  

Sodium, determination of “Naz 0” 

Sodium arsenide, 13: 15 
Sodium arsenyl (+)tartrate, 12:267 
Sodium cyanodithioformate, com- 

in Na4Xe06, 11:213 

pound with N, N-dimethyl- 
formamide (1:3), 13:187 

Sodium 1,2-dicyanoethene-l,2- 
dithiolate(2-), 13: 188 

Sodium diphenylphosphide, 

Sodium hexachloroplatinate(IV), 

Sodium perrhenate, NaRe04, 

Sodium perxenate (sodium xenate- 

Sodium tungsten oxides (bronzes), 

Stability of triaryl phosphite com- 

Stannane, 1 1: 170 

13:28 

13:173 

13: 21 9n. 

(VIII)), 11:210 

N s W O j ,  12:153 

plexes in air, 13:107 

compound with (CzHs)20, 

, tetraallyl-, 13:75 
Stannane-d4, 11: 1 70 
Strontium chloride phosphate, 

11:178 

14: 126 
doped with chromium(V), 14: 129 
doped with europium(III), 14: 129 
doped with manganese(V), 14: 128 

Strontium chloride vanadate(V), 

Strontium manganate (VI), impure, 
14: 126 

11:59 
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Strontium molybdate(IV), SrMo03, 
11:l 

Strontium molybdate(VI), SrM0O4, 
11:2 

Sulfamoyl chloride, (trichlorophos- 
phoranylidene)-, 13: 10 

Sulfamoyl fluoride, difluoro-, 
12303 

Sulfanuric chloride, cyclic trimer, 
a-isomer, 13:9 
, cyclic trimer, 0-isomer, 
13: 10 

Sulfide, bis(trifluoromethy1)-, 14:44 
Sulfides, of Group IV, 12: 158-165 
Sulfides of rare earths, 14:152 
Sulfoxide, bis( trifluoromethy1)-, 

14:42 
Sulfur, difluorobis(trifluoro- 

methyl)-, 14:45 
Sulfur difluoride, bis(trifhoro- 

methyl)-, 14:45 
Sulfur fluoride, difluoroamido-, 

Sulfur imides, Ss (NH)3, S6 (NH)*, 

Superoxo complexes, with cobalt- 

NFzSFS, 12:305 

STNH, 11~184-194 

(111), 12: 198-209 

Tantalate(V), hexabromo-, 12:229 
, hexakis(isothiocyanato)-, 
potassium, 13: 2 30 

12:187 

geno salts and compounds with 
alkyl nitriles, 12:225-231 

(+)Tartaric acid arsenyl sodium 
derivative, 12: 267 

Terbium(III), @is( 2,2,6,6-tetra- 
methylheptane-3,5-dionato)-, 
11:96 

TantaIum(V) bromide, anhydrous, 

Tantalum(V) complexes, hexahalo- 

Thallium(lI1) fluoride oxide, 

Thiomolybdate(VI), ammonium 
copper(1). 14:95 

Thionyl fluoride, SOF4, 11:131 
Thioperoxyacetate, trifluoro-, 

S-trifluoromethyl-, 14:43 
Thiophosphinic bromide, dimethyl-, 

12:287 
Thorate(IV), hexabromo-, 12:230 
-, hexachloro-, 12:230 
-, hexaiodo-, 12:229 
Thorium(1V) complexes, hexa- 

halogeno salts and com- 
pounds with alkyl nitriles, 
12:225-231 

Thulium(III), tris(2,2,6,6-tetra- 
methylheptane-3,5 donato) - ,  
11:96 

Tin, dihydridodimethyl-, 12:50 
high-vacuum techniques for 

preparation of, 12:54 
-, hydridotrimethyl-. 1252 
-, hydridotriphenyl-, 12 :49 
-, tri-n-butylhydrido-, 12:47 
-, (trimethyl-), compound with 

manganese pentacarbonyl, 
12:61 

compound with n-cyclopentadi- 
enylmolybdenum tri- 
carbonyl, 12:63 

Tin compounds, organo-, hydrides, 

Tin(1V) sulfide, 12:158, 163 
Titanate(IV), barium, 14: 142 
-, bismuth, 14: 144 
-, hexabromo-, 12:231 
-, hexachloro-, 12:230 
-, hexakis(isothiocyanato)-, 

dipotassium, 13: 23 0 
Titanium(1V) complexes, hexa- 

halogeno salts and compounds 
with alkyl nitriles, 12:225-231 

Ti305, 14:131 

12:45-57 

Titanium oxides, TiO, Ti203,  and 

14: 124 Titanium(1V) sulfide, 12:158, 160 
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p-Toluic acid, complexes with 
molybdenum and rhenium, 
13 :86-89 

Transition-metal binary compounds, 

Transition-metal complexes, of 
B 10 H loCNH3 '- and 
B 10 HloCH3-, 1 1:4 1-45 

with thiocyanate, 13:230 
Transition-metal dioxides, 13: 

1,3,5,2,4,6-Triazatriphosphorine, 

13:135-164 

135-145 

2,4,6-tribromo-2,4,6-tri- 
phenyl-2,2,4,4,6,6-hexa- 
hydro-, 11:201 

Triborate, octahydro-, B3H8-, 
thermolysis of, 11:27 

Triethylamine compound, with BH3, 
12: 115 

Triglyme, nickel(I1) complexes, 
13:161,162 

Trimethylamine, complex with 
boron, 12:132, 134 

compound with BloH1zC, 11:35 
compounds with halogeno bor- 

vanadium(II1) complex, 13: 179 
anes, 12: 116-125, 141,142 

Trisilylamine, 11: 159 
LH,3H,5H- 1,3,5,2,4,6-Trithiatri- 

azine, 1,3,5-trichloro-, 1,3,5- 
trioxide, isomers, 13: 9 

cyanato)-, dipotassium, 
13:230 

Tungstate(VI), chromium, 14: 135 
Tungsten(1V) bromide oxide, WBr2 0, 

14: 120 
Tungstcn(V) bromide oxide, WBr30, 

14:118 
Tungsten(V1) bromide oxide, 

WBr202, 14: 116 

Tungstate(IV), hexakis(isothi0- 

WBr40, 14: 1 1  7 
Tungsten(1V) chloride, 12: 185 
Tungsten(V) chloride, 13: 150 

Tungsten(V1) chloride, anhydrous, 

Tungsten(1V) chloride oxide, 

Tungsten(V) chloride oxide, 

Tungsten(V1) chloride oxide, 

12187 

WC120, 14:115 

WCIjO, 14: 113 

WClzOz, 14: 110 
WCbO, 14:112 

Tungsten complexes with nitrosyl 
and halogens, 12:264-266 

Tungsten(V1) fluoride oxide, 
WF202,  caution, 14: 137 

Tungsten halide oxides, 14: 109 
Tungsten(V1) iodide oxide, 

Tungsten(1V) oxide, single crystals, 
13: 142; 14: 149 

Tungsten oxyfluoride, W02 Fz , 
caution, 14: 137 

Tungsten oxyhalides, 14: 109 
Tungsten sodium oxides (bronzes), 

N % W 0 3 ,  12:153 

WI202, 14:121 

Undecaborate, tetradecahydro-, 

-, tridecahydro-, B I H 132-, 

11:25 
-, undecahydro-, Bl1HIl2-,  

11:24 
Uranate(IV), hexabromo-, 12230 

, hexachloro-, 12:230 
-, hexaiodo-, 12:230 
Uranium(1V) complexes, hexahalo- 

B11H14-, 11:26 

geno salts and compounds 
with alkyl nitriles, 12:225-231 

Urea, 1,ldifIuoro-, solutions of, 
12:307,308 

Vanadate(II1). nonachlorodi-, tris 
(tetraethyhnmonium), 
13: 168 
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Vanadate(III), tetrabromo-, tetra- 
ethyl-ammonium, 13: 168 
, tetrabromo-, tetraphenyl- 
arsonium, 13:168 

-, tetrachloro-, 11: 79 
, tetrachloro-, tetraethyl- 
ammonium, 13: 168 

arsonium, 13: 165 

14:126 

(2-propanol)-, chloride, 
13:177 

-, trichlorobis(trimethy1- 
amine)-, 13: 179 

-, trk( 1,1J1,2,2,3,3-hepta- 
fluoro-7,7-dimethyl-4,6- 
octanedionat0)-, 12: 74 

13: 181 

-_ 

, tetrachloro-, tetraphenyl- 

Vanadate(V) chloride, strontium, 

Vanadium(I11) , dichlorotetrakis 

Vanadium (IV), bis( acetato) 0x0-, 

Vanadium(II1) chloride, adduct with 

Vanadium(II1) complexes, non- 
electrolytes, with cY,P-un- 
saturated 0-keto amines, 
11:72-82 

14: 13 1 

CH3CN, 13: 167 

Vanadium oxides, VO and V203 ,  

Vanadyl(1V) acetate, 13: 181 

Xenate(V1). HXeOa-. 11:210 

Xenon, determination of Xe(VI1I) 
inNqXeO6,  11:213 

Xenon fluorides, XeF2, 11: 147 
XeF4, 11:150 
XeF6, 11:205 

Xenon oxide, Xe03, 11:205 

Y tterbium(lI1). tris( 2,2,6,6-tetra- 
methylheptane-3,5-dionato)-. 
11:94 

11:95 

methylheptane-3,5 -dionato)-, 
11:96 

Y tterbium(II1) nitrate, hydrated, 

Yttrium( 111). tris( 2,2,6,6-te tra- 

Zinc, &,@,7,6-tetra(4-pyridyl)- 
porphine-, 12: 25 6 

Zincate, tetrachloro-, hexaamine- 
ruthenium(II), 13: 210 

Zinc(I1) complex, nonelectrolyte, 
with pyridine and isothio- 
cyanate, 12:251 

Zirconate(IV), hexabromo-, 12:23 1 
-, hexachloro-, 12:231 
-, hexakis(isothiocyanato)-, 

dipotassium, 13: 2 30 
Zirconium(1V) complexes, hexa- 

halogeno salts and com- 
pounds with alkyl nitriles, 

with 2,4-pentanedione, 12:88-97 
12:225-231 

Xenate(VIII), HXeOHj-, 11:210 Zuconium(1V) sulfide, 12: 158, 162 
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FORMULA INDEX 

The Formula Index, as well as the Subject Index, is a cumulative index for 
Volumes XI through XIV. The chief aim of this index, like that of other 
formula indexes, is to help in locating specific compounds or ions, or even 
groups of compounds, 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 index, boldface type is used for formulas of 
compounds or ions whose preparations are described in detail, in at least one 
of the references cited for a given formula. 

Wherever it seemed best, formulas have been entered in their usual form 
(i.e., as used in the text) for easy recognition: si2 H6, Xe03, NOBr. However, 
for the less simple compounds, including coordination complexes, the 
significant or central atom has been placed first in the formula in order to 
throw together as many related compounds as possible. This procedure often 
involves placing the cation last as being of relatively minor interest (e.g., alkali 
and alkaline earth metals), or dropping it altogether: Mn04Ba; 
Mo(CN),Ka2H20; Co(C5H702)3Na; Bl~H12*-. Where there may be almost 
equal interest in two or more parts of a formula, two or more entries have 
been made: Fe204Ni and NiFe204; NH(SO2 F)2, (SO2 F)2NH, and 
(FS02)2NH (halogens other than fluorine are entered only under the other 
elements or groups in most cases); (B1oCHl1)2Ni2- and Ni(BloCH11)22-. 

Formulas for organic compounds are structural or semistructural so far as 
feasible: CH3COCH(NHCH3)CH3. Consideration has been given to probable 
interest for inorganic chemists, i e . ,  any element other than carbon, hydrogen, 
or oxygen in an organic molecule is given priority in the formula if only one 
entry is made, or equal rating if more than one entry: only Co(C~H702)2, 
but AsO(+)-c4H4o6Na and (+)-C4H406AsONa. Names are given only where 
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224 Inorganic Syntheses 

the  formula for an organic compound, ligand. or radical may not be 
self-evident, but not for frequently occurring relatively simple ones like Cs Hs 
(cyclopentadienyl), C5 H 7 0 2  (2,4-pentanedionato), C6Hll (cyclohexyl), 
CsHsN(pyridine). A few abbreviations for ligands used in the text are 
retained here for simplicity and are alphabetized as such: “en” (under “e”) 
stands for ethylenediamine, “py ” for pyridine, “bipy” for bipyridine, “pn” 
for 1,2-~ropanediamine (propylenediamine), “fod” for 1,1,1,2,2,3,3-hepta- 
fluoro-7,7-dimethyl-4,6-octanedionato, “thd” for 2,2,6,6-tetramethyIhep- 
tane-3.5-dionat0, “dien” for diethylenetriamine or N-(2-aminoethyl)-l,2- 
ethanediamine, ‘‘chxn” for tr~n~-l,2-~yclohexanediarnine, “DH” for di- 
methylglyoxirnato and “D” for the dianion, (CH3)2C2N2O2 ’-. 

The formulas are listed alphabetically by atoms or by groups (corsidered 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: 

NHS, (FS02)2NH (instead of FzSz04NH) 
(NA)*Sb (instead of N2HzS6) 
NH3BIOCH12 F2 SO3 

FSO3 H 

Footnotes are indicated by n. following the page number, 

Ag[BF4], 13:57n. 
AgFcO2, 14: 139 
Ag(N02)2, 13:205 
A I ( C ~ H S ) ~ ,  13:126 
AlH3*O.3[(C2HS)2OII 14:47 
AlH4Li, 11: 173 
[As(CH3 )Z 1 C3H6 [P(CH3 12 1 9 

[ {A~(C6H5)3}PtC~(C~H12)1 [BF41 
14: 2 0  

Chloro( 1,5-~yclooctadiene) 
(triphenylarsine)platinum(II) 
tetrafluoroborate, 13 : 64 

[8-( 1 -Acetylacetonyl)-4-cyclo- 
octen- 1-yl] chloro(tripheny1- 
arsine)platinum(II), 13: 63  

(NCS)2 isomer, 12:221 

[ {As(C6Hs 13) PflI(C13H1902 ) I  

[ { A s ( C ~ H ~ ) ~ } ~ P ~ ( S C N ) ~ ] ,  12:221; 

[ (As(C6Hs )3} 2 Rh(CO)CI] , tmns-, 

[As(CtjHs )4]Thk5, 12:229 

[AS(CgH5)4] [ V c b ] ,  13:165 
[AS(cgH5)4] 2uI6,  12:230 
A D 3 ,  13: 14 
(AsF6)Oz. 14:39 
 ASH^, 13:14 

As(OCHj)3, 11:182 
A s ( O C ~ H ~ ) ~ ,  11: 183 

A s ( O C ~ H ~ ) ~ ,  11:183 

1 1 : l O O  

[As(C6&)4] [VBr4], 13:168 

AsNa, 13:15 

AsO(+)C4H4OsNa, 12:267 

AuBrTe2, 14: 170 
AuClTe2, 14: 170 
AuITe, 14: 170 
AuITe2, 14: 170 
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BBrH2*N(CH3)3, 12:118 
B B ~ z H * N ( C H ~ ) ~ ,  12:123 
BBr3, 12: 146; compound with 

[B(~-CH~CSH~N){N(CH~)~}HZ~ 1, 

[B(4-CH3CSH4N)4 ] Br3, 12: 141; 

[B(CgH3N2)2Hz] K Potassium di- 
hydrobis( 1-pyrazolyl)borate, 
12: 100 

N(CH3)3, 12:141, 142 

12~132; PF,-Sdt, 12:134 

PFb-Sdt, 12:143 

[ B ( C 3 H 3 N Z ) 2 H ~ ]  ZNi, 12:104 
[B(C3H3N2)3H] K. 12~102 
[ B ( C ~ H ~ N Z ) ~ H ]  ~ C O ,  12:105 
[B(C3H3N2)4] K, 12~103 

[B(Cs H5 N)3] HBrz, 12: 139; PF6- 

[B(CsH702)2] [HClz], 12:128 
[B(C,H702)2] [SbC16], 12: 130 
B(C6Hs)3, 14:52 

BCI(C6Hg)2, 13:36 
BCIHz N (CH3 ) 3 , 1 2: 1 1 7 
BClz(CgHs), 13~35 

[B(C3 H3N2)4 ] 2 Mn, 12: 106 

salt, 12:140 

B(%Hs)4 [N(CH3)3H], 1 4 ~ 5 2  

BC13, adduct with CHBCN, 13:42 
(BF2 D)zCo(CH3)*H20 Complex 

from methylaquocobaloxime 
and BF3, 11:68 

[BF4] Ag, 13:57n. 
BH3 Compounds with ethylene- 

diamine,P(CsHs)3,P(C~Hs)3, 
N(CzHs)3. morpholine, and 
tetrahydrofuran, 12: 109-1 15; 
with P(CH3)3, 12:135, 136 

B b - ,  11:28 
BH4 Cs*B 12 Hi2 CSZ , 1 1 : 30 
BIHz0N(CH3)3, 12~120 
[B(NHz)(OzCCH3)2I2,14:55 
BO3 (CH3)3, 12:50,52n. 
[B{P(CH3)3}2Hz] I, 12~135 
B z ( C ~ H ~ N ~ ) ~ H ~  Pyrazabole, 12: 

107; substituted, 12:99, 108 
BqH,. 11:15 

BzNzHg(02CCHj)4, 14:55 
BjCljN3H3,13:41 
B3C13N3(CH3)3, 13:43 
B3H8-, 11:27 
BsHa2-, 11:24 
BgHg2-, 11:24 
[BIoCHION(CH~)Z] zNiz-, 11:45 
[ B I ~ C H ~ O N ( C H ~ ) ~ H ]  ZNi, 11:45 
(BloCHloNH2)zNi2-, 11:44 
BloCHloNH3'-, 11:41 
( B ~ O C H ~ O N H ~ ) ~ N ~ ,  11:43; analo- 

gous Fe(1II) and Co(11I) com- 
plexes, 11:42 

(BloCHloOH)zNi2-, 11:44 
BloCHl13-11:40n., 41 
(BloCH,, )2Ni2-, 11:42; analogous 

Fe(II1) and Co(II1) com- 
plexes, 11:42 

B I O C H I ~ N ( C H ~ ) Z ( C ~ H ~ ) ,  11:37 
B I o C H I Z N ( C H ~ ) ~ ,  11:35 
B ~ O C H I ~ N ( C ~ H , ) H Z ,  1 1 ~ 3 6  
BloCHlzNH3, 11:33 
BloCH13-, 11:39 
Bloc2 Hi0 (CH202CCH3)2, 11:20 
B l o C 2 H l ~ .  11:19 
BloHlo2-, 11:28,30 

B11H112-, 11:24 
B11H13'-, 11:25 
B11H14-, 11:26 
BlzH12'-, 11:28,30 
BIZ Hl2 CSZ ' B H ~ C S ,  11 : 30 
Biz Hi2 CSZ 'ClCs, 11 :30 

BloH14. ll:20n., 3471. 

BaTiO3, 14: 142 
BiSrS, 14: 172 
BiIS, 14: 172 
BiqTi3012, 14: 144 
BrF3, 12:232 
BrO3 F, 14:30 
Br04H, 13:l 
Br04K. 13:l 

C ( C ~ H S ) ~ H ,  11~115 - V .  CF2 (OF), , 11: 143 
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CF3CF2 CF2C(OH) :CHCOC(CH3)3 
Complexes with Fe and other 
metals, 12:72-77 

(CF3)203, 12:312 
(CH2 OCH3)2, 11: 116 
CH~COCH:C(NHCH~)CHJ, 11:74 
C H ~ C O ~ C H ~ C : C C H ~ O ~ C C H J ,  

C( NF2 )( NH2 )0,12: 307, 3 1 0 
C(NFz)OF, 12:300 

CS2,11:187 
Cz H4 (PH2 ) 2 ,  14: 10 
C3 H6 [As(CH3 )z I [P(CH3 )2 I I 14~20 
C3H6"(CH3)21 [P(CH3)Z1, 14:21 
C3H6 [P(CH3)z 1 2 .  14: 17 
(+)-C4H4 O6 (AsO)Na, 12: 267 
C4HaO Tetrahydrofuran, 12: 11 In., 

3 17-3 18; compound with 

1 1 : 20n. 

CO, 13: 128 

BH3, 12:lll-112 
C4NzS2Na2 1,2-Dicyano-1,2- 

ethene dithiol disodium salt, 
cis-, 13:188 

C S H F ~ O ~ T I ,  12:82 
C7H16N2, 13:204n. 
CsHll NO, 13:205n. 
CloHgNO, 13:206n. 
C ~ ~ H I O  Fluorene, 11:115 
CdCrzSe4, 14:155 
CdCazS4, 11:5 
Cdz Re2O7, 14: 146 
Ce(C~H4F302)4 ,  12:77, 79 
C ~ ( C S H ~ O ~ ) ~ ,  12: 77 
CeH2,14: 184 
Ce2S3, 14: 154 
C103F, 14:29 
C13 PNSO2 C1,13: 10 
[ {Co(CN)s} 2 ( O ) , ]  Ks *HzO, 12:202 
[Co(CO), (S~CIJ) ] ,  13:67 
[Co(CO)4(SiF3)], 13:70 
[Co(CO)4 { Si(CH3)3} 1 ,  13:69 
[CO{C~ Hz NO-ZS4,6-(CH3)3} 2 - 

(ONO)z], 13:205 

[Co{C.j H ~ N O - ~ , ~ - ( C H J  ) 2 )  2 - 
(ONO)2], 13:204 

CO(CSHSN)~(NCS)~,  12~251,253 
Co(C~H702)2 ,  11:84 

C o ( C 5 H 7 0 2 ) Z ( C 5 b N C H 2 N H Z ) ~  

Co(CSH702)2 (CIZHSN2) Bk(294- 

Co(CgH702)2 (bipy), 11:86 

11:85 

pentanedionat0)- 1,lO-phenan- 
throlinecobalt(II), 11:86 

Co(C~H702)2(Hz0)2 ,  11:83 
Co(CSH702)3Na, 11:87 
[co(c9  H6 NO-44H3 )z (ON012 1,  

CoC12 Hzo02 Bis(4-methylamino-3- 
13:206 

penten-2-onato)cobalt(II), 
11:76 

[Co(chxn)~]  Br3, 14:58 
[Co(chxn)3] 1 3 ,  14:58 
Co( DBFz )z (CH3 ) *HzO Complex 

from methylaquocobaloxime 
and BF3, 11:68 

methylglyoximato)cobalt(II), 
11:64; compounds with 

Co(DH), (and +2HzO) Bis(di- 

P ( C ~ H S ) ~ ,  11:65 
Co(DH)z(CI13), 11~68 
Co(DH)z (CHj)OHZ, 11~66 
Co(DH)z (CH3)*S(CHj)2, 11:67 

Co(DH)2py(CHj), 11 :65 
Co(DH)2py(C6Hg), 11:68 
cO( DH)? py Cl, 1 1 : 62 

[ C o ( D H ) z p ~ l 2 ~  11:65 

[Co(dien)z] 13 ,  14:58 
[Co(en) (C204)~]  I - ,  13: 195 
(+)-[Co(en)(Cz04)2] Na, 13: 198 
(-)-[Co(en)(Cz04)2] Na, 13: 198 
[Co(en)z (CO,)] Br, 14: 64 
[Co(en)z (CO,)] C1, 14:64 
[Co(en)zClz] Cl, 1468 
[Co(en)zCIz] CI*H,O, 1470 
[Co(en)2Cl2 1 [H(H20)2 1 Clz. 

13:232 
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Cr[CH3C(0)C(CH2CN)C(O)CH3] 3 ,  
12:85 

Cr(C3Hs)3r 13:77 
(+)-[Cr(en)~I { (+ )GH406}2Li*  

3H20, 12:274 
[Cr(en)3] Cls’aq, 12:269, 274; 

[Cr(en)3 1 C13 *3H2 0, 13: 186 
[Cr (en )~)  [Ni(CN),] ‘1*5H20,  

11:51 
[Cr (en )~]  2 (S04)3, 13:233 
Cr( fod)~ ,  12:74 
[CdNH3)61 [N~(CN)SI  ‘2H20, 

11:51 

12:258 
[Cr(pn)] Cl3 *2H20 ,  13: 186 
CrlCdSe4, 14: 155 
CrzMg04, 14:134 

(+)D- and (-)D-, 12~277-279 

[Cr(0P(C6HS ) 2 0 } 2  (H2 O)(OH)I y 9 

CrzWO6, 14: 135 
( 3 2  [Mo(H20)CIS], 13:171 
c S 3  [M&16], 13: 172 
CuBrSe3, 14: 1 7 0 
CuBrTe, 14: 170 
CuBrTez , 14: 170 
[Cu(C4H 11 N s O ~ ) ~ ]  C12 Bis[ 2,2- 

iminobis(ace tamidoxime) ] 
copper(I1) chloride, 11:92 



228 Inorgcnic Syntheses 

C U ( C S H ~ N ) ~ ( N C S ) ~ ,  12:251, 253 
CuClSe2, 14: 170 
CuCITe, 14 170 
CuCITez, 14: 170 
CuI(correction), 11:215 
CulSe3, 14:170 
CuITe, 14: 170 
CuITez, 14:170 
Cu(NH4 ) (MoS4 ), 14:95 

D4Ge, 11:170 
DqSi, 11: 170 
D4Sn. 11:170 
DgSiz, 11:172 
Dy(thd)j, 11:96 
Dy2S3,14: 154 

Er ( thd )~ ,  11:96 
Er2S3, 14: 154 
Eu(thd)3, 11:96 

FK, 11: 196 
FNO, 11: 196 
(FSOz)zNCs, 11: 138 
(FSO,)zNF, 11:138 
(FS02)2NH, 11:138 
FSOjH, 11: 139 
(Fz BD)2Co(CH3).H20 Complex 

from methy laquocobdoxime 
and BF3,11:68 

FzNCOF, 1 2 3 0 0  
FzNCONHZ, 1 2 3 0 7 , 3 1 0  
FzNH, 1 2 ~ 3 0 7 , 3 0 8  
F ~ N S F S ,  1 2 3 0 5  
F z N S O ~ F ,  12:303 
F Z N S O ~ F ,  12:304 
F2 (OF), C, 11: 143 
FzPH, 12:281,283 
(FzP)z, 12:281, 282 
(FzP)20, 12281 ,  285 
FzSO3,11:155 

F z S ~ O S ,  11:151 
FzS206,11:155 
FzXe, 11:147 
F3Br, 12:232 

( F J C ) Z O ~ ,  12:312 
[(F3Si)(C0)4Co], 13:70 

(F3C)zCFOK. 11:197 

[F4B] Ag, 13:57n. 
F4P(CH3), 13:37 

F4P3 N 3  (c6 H s ) ~ ,  12:296 
F4P(CzHs), etc., 13:39 

F4S0, 11:131 
F4Xe, 11:150 
FsMo, 13:146 
FS P3N3 ( C ~ H S ) ,  12:294 
FsSOF, 1 1 ~ 1 3 1  
FgXe, 11:205 
[Fe(bipy)z(CN)z] - 3 H z 0 ,  12:247, 

249 
FeBr2, 14: 102 
[Fe(CO)zCsHs] Br, 12:36 
[ Fe(CO)zCS HS ] C1,12:36n. 
[Fe(CO)zCsHS] I, 12:36 
[ F ~ ( C O ) ~ C S H S ]  ~ , 1 2 : 3 6 n .  
[ F ~ ( C O ) ~ ( C S H S ) C ~ H ~ O ]  PF6, 

12:38 

FeCSHS]BF4, 12:40 

12:64,65 

12:41 

12:37 

[Fe(CO)Z (cS HS )x1-(c0)2- 

[Fe(C0)Z(n~SHS){Ce(CH3)3) 1 s  

[Fe(CO)z (CsHs)(NCCH3)1 BF4, 

[Fe(Co)Z(CsHS)NH31 [B(C6HS)4I 9 

Fe(Cs H5)2, 11:120 
Fe(CsHsN)4(NCS)2, 12:251, 253 
FeClz, 14: 102 
Fe(fod)3, 12:72 
[FeH2 ( P ( C 6 H s ) ( ~ z H s ) 2 } 4 1 ~  

13:119 
[FeI(NO)z], 14:82 
FeIz , l4 :  102, 104 
FeOF, 14: 124  
FeOzAg, 14:139 
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[Ca(CH3)20H]4, 12:67 
Ca( fod)~ ,  12:74 
GazCdS4, 11:5 
GazS3,11:6 
Gd(thd)s, 11:96 
CdzSj, 14:153 
Gc(CH3)Hj, 11:128 
Ge(CH3)z H2, 11 : 130 

Ge(CH3)3Fe(C0)2(n-CSHS), 

Ce(CH3)4, 1 2 ~ 5 8  
Ce(C3H5)4, 13:76 
GeD4,11:170 
GeH4.11:171 

Ge(CH3)3Br, 12:64 

12:64,65 

[H(H20)21 [h.ans44e42fl2lf  
Cl2,13:232 

H2,13:132,142 
HfS2,12:158, 163 
Hg3Cl2S2,14:171 
Ho(thd)3, 11:96 
H02S3,14:154 

ICH3, 11:127 
InFO, 14:123 
In(fod)j, 12:74 
InOF, 14:123 
[1r(CO)CI{P(C6HS)3}21 9 barn-, 

1 1 : l O l  

[Ir(C*H14)2CI] 2 ,  14:94 
[Ir(NH3)sC1] C12, 12:243 
[ I r ( N b ) s  (HzO)] ( c 1 0 4 ) ~ .  12:244 
[Ir(NH3), NCS] (C104)2, 12:245; 

other acido salts, 12:245, 246 

12:8 
[1r(N2){P(C6HS)3} 2c11 9 tram-, 

Iro2,13:137 

[ir P ( C ~ H S ) ~ } ~ ( C O ) H ] ,  13:126, 
[Ir P(C6Hg)3} (CO)CI], 13:129 

128 
\ 

[lr4(CO)12], 13:95 

KH(P03NHz), 1 3 ~ 2 5  
KOH, 11~113-116 
K[Pt(C2Hq)C13], 14:90 

La(thd)3, 11:96 

LiP(CH3)2, 13:27 
Lu(thd),, 11:96 
L u ~ S ~ ,  1 4 ~ 1 5 4  

La2S3, 14:154 

Mg(C3 Hs)C1, 13:74 
MgCrzO4, 14:134 
Mn(CO), (cs  HF6O2), 12:81,83; 

derivatives with 1 or 2 CO 
replaced, 12:84 

[Mn(C0)4H] 3, 12:43 
[Mn(CO)s {Sn(CH3)3} 1 ,  12:61 
M ~ [ ( C ~ H ~ N Z ) ~ B ]  2,12:106 
[Mn(C4 H11 NS 02)2  ] C12 Bis[ 2,2‘- 

irninobis(acetamidoxime) ] 
manganese (11) chloride, 
11:91 

Mn(C~H~N)4(NCS)2,12:251,253 
Mn(fod)~, 12:74 
MnO2,11:59 
MnOeBa, 11:58 
Mn04K2, 11:57 
Mn04Sr, 11:59 
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MnSi, 14: 1 8 2  

[MO(C~)~(~-CSHS)(U-CH~)J 9 

Mo(CN)aK4*2Hz0,11:53 

11:116 
[ M o ( C O ) J ( ~ - C S H ~ ) ]  K, 11 :118 
[ M ~ ( C O ) ~ ( ~ - C S H S )  {SdCH3)3} 1 9  

12:63 
Mo(CO)~.  11:118 
MoCI3, 12:178 
MoCI4, 12:181 
MoCIS, 1 2 ~ 1 8 7  
[MOC16] cS3.13: 1 7 2  
[MOCl6] (NH4)3, 13:172 
[MOC16] Rb3,13:172 
MoFS, 1 3 ~ 1 4 6  
[Mo(HzO)CIS 1 C S ~  , 13: 17 1 
[Mo(HzO)ClS] (NH4)2] ,  13:171 
[Mo(H~O)CIS] Rbz,  13:171 
[Mo(NCS)6]K2, 13:230 

[Mo(N0)2 CIz ] n, 1 2 ~ 2 6 4  
MoOC13, 12:190 
MoOz, 14:149 

[Mo(NO)z Brz] n, 12:264 

M o o ~ B a ,  11:l 
MoOsSr, 11:l 
MoOqBa, 11:2 

Mo04Sr. 11:2 
M004(NH4)2,11:2 

( M o S ~ ) C U ( N H ~ ) ,  14:95 
[Moz(OZCCH3)4], 13~88 
[Moz ( 0 2  CC6Hq+-C1)4] , 13:89 
[hfo~(02CC6H4+-CH3)4], 13:89 
[Moz ( 0 2  CC6H4 +-OCH3)4 ] , 13~89 
[ M O Z ( O ~ C C ~ H ~ ) ~ ] ,  13:89 
M o ~ F u ) ,  13:150 
(Mo6Br8)Br4, 12:176 
( M O ~ C I B ) ~ ~ ~ ,  12:172 
(MO6Cla)C16 (H3 0) 
[M06Cla(OCH3)6] Naz, 13~100 

.6H2 O , l 2 :  174  

[Mag (Ocz Hs )6 ] Naz , 13: 101 - 
102 

( N C C S Z ) N ~ * ~ ( C H ~ ) ~  NCHO, 
13:187 

NFzCOF, 12:300 
NFzH, 12:307,310 
NFz(NHZ)CO, 12:307 
NFzSFs, 12:305 
NFzSOzF, 12:303 
N F ~ S O B F ,  12:304 
NH[CH~C(:NOH)NH~ 
NH(SOzF)z, 11:138 
NHS7,11:184 
(NH)zSg, 11:184 
(NH)3Ss. 11:184 

310 

2,11:90 

[(NHi)B(OzCCH3)2] 2 ,14:55 
NHzCHzCHz NH2 Compound with 

borane, 12: 109 
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[(NHZC6H4+C0Z )4ReZClZ 1 9 

13:86 
[NHzNH~]  C1,12:7n. 

(NH3B 10CH1O)Z Ni, 11 :43; N-deriva 
(NHz P03)Hz, 13:24 

tives of, 11 :44-45 
NH3 B loCHlz, 1 1 : 33 
(NH~)CU(MOS~),  14:95 
(NHa)H(P03NHz), 13:23 
(NH4)NCO. 13: 17 
(NH4)z [Mo(HZO)CI~], 13:171 
(NH4)3 [MOCls], 1 3 ~ 1 7 2  
NOBr, 11:199 
NOCl, 11:199 
NOF, 11:196 
(NOZ)zNi, 13:203 
[NP(C6Hs)Br] 3, 11:201 

(NSOCl) Sulfanuric chloride, 

(NSOCI) 3 Sulfanuric chloride. 

(NPCI,)SOZCI, 1 3 : l O  

cyclic trimer, &isomer, 13:9 

cyclic trimer, &isomer, 
1 3 : l O  

N(SiH3)3, 11:159 
(Nz c6 H4 F)(p)-BF4, p-Fluoroben- 

zenediazonium tetrafluoro- 
borate, 12:29 

[(Nz)CoH{P(C6Hs)3)31~ tran5-, 
12:12, 18,21 

NzF2, 14~34 
[ (Nz )IrCI p(c6 H5 )3 I 2 .  hans-9 

12:8 

12:23 
[(Nz)(Ns)(en)z Ru] PF6, cis-, 

[(NZ)Ru(NH3)5 1 ( B F 4 ) 2 *  12:5 
[(Nz)Ru(NH3)51 Brz, 12:5 
[(Nz)Ru(NH,)sI az, 12:s 
[(Nz)Ru(NH3)sI 12, 1 2 ~ 5  
[ (NZ)RU(NH~)S~  (PF6)Z, 12:5 
N3 (CH3 ) 3 B3 Clg , 13 :43 
N B H ~ B ~ C ~ ~ ,  13~41 
N3PsC14(NHz)z, 14:24 
N~PJCIS (NHZ), 1 4 ~ 2 5  
N3 p3 F4 (c6 Hs )2,12: 294 
N ~ P ~ F S ( C ~ H S ) ,  12:296 

N~S303Cl3 1H,3H95H-1 ,3,5,2,4,- 
6-Trithiatriazine, 1,3,5-tri- 
chloro-, 1,3,5-trioxide, iso- 
mers, 13:9 

Na[Co(en)z (S03)z] ,  14:79 
Na(NCCSz)*3(CH3)2 NCHO, 

13:187 
NaP(C6H5)z, 13:28 
NaRe04, 13:219n. 
Naz C4 Nz Sz Sodium 1, P-dicyano- 

1,Z-ethene dithiolate(2-), 
13:188 

Naz [Co(en)z (SO,)z] (ClO4), 14:77 
Na2 [Co(en)z(S03)~] (NO3), 14:77 

NbBr,, 12:187 
NbBr, *CH3CN, 12:227; 13:228; 

Naz [PtC16], 13:173 

CzH5CN and C3H7CN 
analogs, 12:228 

NbBb [N(CzHs)4], 12:230 
NbC14, 12:185 
NbCle, .CH3CN, 12:227; CzHsCN 

and C3H,CN analogs, 12:228 
NbF4,14:105 
NbFs, 14:105 
[Nb(NCS)6] K, 13:226 
[Nb(NCS)6 ] Kz, 13:230 

Nd(thd)3, 11:96 
Ndz S3,14: 154 

NbO, 14:13L 

Ni[BloCHloN(CH3)zz; 11:45 
Ni[ B lo CH loN(CH3)z H] 2 ,  1 1 :45 
Ni(BloCHloNHz)z2-, 11:44 
Ni(BloCHloNHB)z, 11:43 
Ni(BloCHloOH)22‘, 11:44 
Ni(BloCH11)zZ-, 11:42 
[NiBrz(CzHSOH)4], 13:160 
[NiBrz(C4H100z)] Dibromo (1,Z- 

dimethoxyethane)nickel(II), 
13:162 

NiBrz -2Hz 0,13: 156 
[ Ni(CN)5 1 [ Cr(en)3 ] - 1 -5H2 0, 

[Ni(CN)s] [Cr(NH3)6].2Hz0,1 1:51 
11:51 
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Ni[ (C3 H3 Nz)2 BH2 ] 2 ,  12: 104  
Ni(C3H5)2, 13:79 
[Ni(C4Hlo02)12] Bis(l,Z-dime- 

th0xyethane)diiodonic kel 
(11), 13:163 

[Ni(C4H11 N502)2] C12 Bis[2,2’- 
imino-bis(ace tamidoxime) ] 
nickel(II)chloride, 11 :9 1 ; 

N-Z-(CHz NHCH3 )} 2 

(+2Hz0) ,  11 :93 
[ Ni {Cs 

Ni(CSH5 ) z ,  I 1  :122 
Ni(CSH5 N)4 (NCS)2,12:251,253 
[Ni{CSHloN-Z-(CHz NHCH3)}2 

[Ni(C,jH14 03)Brz ] [Bis(2- 
methoxyethyl) ether] 
dibromonic kel(I1). 1 3: 1 62 

[Ni(C6 H14 03)C12 ] [ Bis( 2- 
methoxyethyl) ether] 
dichloronickel(II), 13: 161 

(methoxyethoxy)ethane] 
dibromonickel(Il), 13: 162 

[Ni(C8H1804)Cl2] [l,Z-Bis- 
(me thoxyethoxy)ethane] 
tetrachlorodinickel(II), 
13:161 

NiCI2HzoN2 0, Bis(4-methyl- 
amino-3-pen ten-2-onato) 
nickel(I1). 11 : 74 

[Ni(chxn)~] Brz, 14:61 
[ N i ( ~ b x n ) ~ ]  12, 14:61 
[NEI2 (C2 H5 OH), ] , 13: 158 
[NiC12 (C4H1002)] Dichloro(1,Z- 

dimethoxyethane) Nc kel(II), 
13:160 

(ON0)2]. 1 3 ~ 2 0 3  

(ONO)z], 1 3 ~ 2 0 4  

[Ni(C8 H18 04)Brz ] [ 1 ,P-Bis- 

NiClz *2Hz 0, 13: 156 
[Ni(dien),] BIZ, 14:61 
[Ni(dien)?] 12, 14:61 
[Ni(cn)s] Br2, 14:61 
[Ni(cn)~] 12, 14:61 
NiFe204, 11:ll 
[NiI(NO)] ,14:88 

Ni(N02)2,13:203 
[Ni{P(C6Hs )(mz HS h} 4 1 

13:118 
[ N ~ { P ( C ~ H ~ ) J } ~ ] ,  13:124 

[Ni(pn)3] Br2, 14:61 
[Ni(pn),] 12,  14:61 
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[P(c6Hs)4] Br, 13:190 
[P(C6H, )4 1 2co{ SZCZ (CNh 1 2 1 9 

13:189 

13:191 

13:193 

IP(C6HS)41 2 [COZ {SZCZ(CN)2) 4 1  9 

lP(c6HS)4I2 [Fez {S2CZ(CN)2}41, 

(PCi3)NS02CI, 13: 10 
PFzH, 12:281, 283 
(PF2)2, 12:281,283 
(PF2)20,12:281,285 
PF4(CHj), 13:37 
PF4(C2HS), etc., 13:39 
PFe, 14:176 
(PH2 )z Cz H4, 14: 10 
PH3,11:124; 14:l 
P(NCO)j, 13:20 
[PN(C6Hs)Br] 3 .  11:201 

[ { P ( O C ~ H S ) ~ } ~ R ~ H ] ,  13:109 
[POz(OH)(NH2)] K, 1 3 ~ 2 5  
[PO2 (OH)(NH2)] (NH4), 13:23 
(POjNH2)Hz, 13:24 
(P04)3C1Sts, 14:126 
PS(CH3)z Br, 12:287 
PzSi, 14:173 
P3N3 Fq(C6Hs)2, 12:296 
P ~ N J F ~ ( C ~ H S ) ,  12:294 
PaBr4*4CH3CN, 12:226 
PaBrS *3CH3CN, 1 2 2 2 7  

P ~ C I ~ ~ C H J C N ,  12:226 
hBr6[N(C2H~)4] ,  1 2 ~ 2 3 0  

PaC16 [N(CH3)4], 12:230 

Pb(fod)z, 1 2 ~ 7 4  
Pb4BTgSe. 14:171 
Pbs16S2, 14:171 
Pb7BrloS2, 14:171 
[Pd(As(C6Hs)3} z(SCN)z], 12:221; 

[Pd(bipy)Clz], 13:217 
[PdBrz (C7Ha)l Dibromo(2,5-norbor- 

nadiene)palladium (11), 13: 53 
[PdBrz (CaH12)] Dibromo( 1,5-cyclo 

oc tadiene)palladium ( II ) ,  
13:53 

Pd(C4H6)CI2 Dichloro-( 1.4-buta- 
diene)-palladium(II), correc- 
tion), 1 1 2 1 6  

(NCS)2 isomer, 12:221 

[Pd(C4H6Cl)Cl] 2 Dichiorobis(4- 
chlorobutenyi)dipalladium(II), 
(correction), 11:216 

[Pd(CaHiz )(C3Hs 11 [BF4 1 h3-AliYl 
( 1,5cyciooctadiene)palia- 
dium (I1 ) te trafluoroborate. 
13:61 

Cyc1ooctadiene)-h Scyciopenta- 
dienyi-paiiadium(I1) tetra- 
fluoroborate, 13:59 

[Pd(CaHiz )(cs H702)I (BF41 (1,s- 
Cyclooctadiene) (2,4-pentane- 
dionato)palladium(II) tetra- 
fluoroborate, 13:56 

4cycloocten- 1 -yl)cyclopenta- 
dienyi palladium(II), 13:60 

[Pd(CloHaN2)(SCN)2] Dithio- 
cyanato-S-( 2,2'-bipyridine) 
paliadium(II), 12:222; (NCS)z 
isomer, 12:223 

[PdCiZ (CvHa)] Dichloro(2,5-norbor- 
nadiene)palladium(II) , 1%52 

[PdClZ (C, Hi2 ) ]  Dichioro( 1,5cyclo- 
octadiene)paliadium( 11). 
13:52 

iPd(c8 HIZ )(CS HS )1  [BF4 I (195- 

[Pd(C9H150)2 (CSHS 1 1  (8-methoxy- 

[Pd(en)ClZ], 13:216 
[Pd(en)2] [PdCi4], 13:217 
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[Pd{ P(CH2 0)3CCH3} 2 Clz ] , cis-, 

[Pd{P(C6H5)3}4] 9 13:121 
lPd {P(N(CH3 12 13) 2 c12 1 t trans-, 

[Pd(P(NCH3CH2)3CCH3} ZCl21, 

11:109 

11:llO 

cis-, 11:109 
[Pd P(OCH3)3}2Clz], cis-, 11:109 

(8-me thoxy-4-cyclooc ten- 1- 
[Pdz (Cg H 15 0 ) 2  Clz ] di-p-chloro-bis 

yl)dipalladium(Il), 13:60 

[Pd P(OCzHg)3} 4 1 ,  1 3 ~ 1 1 3  i 
Pr(thd),, 11:96 
Pr2S3, 14:154 
[PtBrz (C7 HS ) ]  Dibromo(2,5-norbor- 

nadiene)platinum(II), 13:50n. 
[PtBr2 (Cs Hs)] Dibromo( 1,3,5,7- 

cyclooctate traene)platinum- 
(11), 13:50n. 

[PtBr, (Cs H12)]Dibromo( 1,5-cycIo- 
octadiene)platinum(II), 13:49 

[PtBr2 (C loH12)]Dibromo(3a,4,7,- 
la-te trahydro-4,7-me thano- 
indene)platinum(II), 13: 50n. 

[Pt(CzH4)C13] K, 14:90 
[Pt(CsHiz)(C5H702)1 [BF4I ( 1 5  

Cyclooctadiene)( 2,4-pentane- 
dionato)platinum(II) tetra- 
fluoroborate, 13:57 

EPtC1{ (C6H5 ) 3As}(C 13Hi9 0 2  ) I  
[ 8-( 1 -Acetylacetonyl) -4-cyclo- 
octen-1-yl] -chloro(triphenyl- 
arsine)platinum(II) 13: 63 

[PtCl(CsH12) {As(c6H5)3} ] Chloro 
(1,5-cyclooctadiene)(triphenyI- 
arsine)platinum(II) tetrafluo- 
roborate, 13 : 64 

[ PtCl2 (C7Hs ) ]  Dichloro(2,5-norbor- 
nadiene)platinum( 11), 13:48n. 

[PtC12 (CsHs)] Dichloro( 1,3,5,7- 
cyclooctate traene) platinum 
(11), 13:48n. 

[PtC12 (CsHlz)]Dichloro(l,5-cyclo- 

[PtC12 (CloH12)] Dichloro(3a,4,7, 
7a-tetrahydro-4,7-methano- 
indene)-, 13:48n. 

PtC13F3K2, 12:232, 234 
[PtCI, ] Na2, 13: 173 
PtF6K2, 12:232,236 
[Pt12 ( C ~ H S ) ]  Diiodo(2,5-norbor- 

nadiene)platinum( lI), 13: 5 In. 

octate traene)diiodoplatinum- 
(11), 13:51n. 

[PtI, (CsH12) ](1,5-Cyclooctadiene) 
diiodoplatinum(II), 13:50 

[PtNH:NC6H4 F(m- and p-)- 
{ P ( C ~ H S ) ~ } ~ C I I B F ~ ,  trans-, 
12:29,31 

[PtIZ (CsHs)] (1,3,5,7-Cy~l0- 

[ PtNH:NC6 H4 N 0 2  @ -) - 
{P(C2HS)3} z C ~ I  BF4, trans-, 
12:31 

[PtNH:NC6Hcj {P(C2Hg)3}2C1] 

[PtNHNH2 C6H4 F@-) (P(c2 H5 )3} 2 1 

[PtN:NC6H4 F(p-) {p(c2 H5 3) 2 cll 

Pt[P(C2Hg)3] 2CIH, tram-, 1 2 ~ 2 8  

[Pt{P(~6H5)2(C6H11)}2~121~ cis- 

BF4, trans-, 1 2 ~ 3 1  

BF4, trans-, 12:32 

trans-, 1 2 ~ 3 1  

Pt [P(C2 H, ) ] C12, cis-, 1 2 2 7  

and trans-, 12:241n. 

240; dimeric complexes with 
other tertiary pho sp hines, 
12:242 

Rb2 [Mo(H20)Cls], 1 3 ~ 1 7 1  
Rb3 [ M o C ~ ~ ] ,  13:172 
ReC15, 12:193 
[ReHg 1 “(C2 H5 ) 4 1 2 ,  13:223 

octadiene)platinum(II), 13:48 [ReHg] Na2, 13:219 
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S(CF,)(OzCCF3), 1 4 ~ 4 3  
S ( C F ~ ) Z ,  14:44 
S(CF3)2FZ, 1 4 ~ 4 5  
S(CF3)z (0), 14:42 
S(C3H,)z.BH3, 1 2 ~ 1 1 5  
SFsNFz, 12:305 
SFSOF, 11~131 
S(NFz)O%F, 12:303 
S(NFz)03F, 1 2 ~ 3 0 4  
(SNOC1)B Sulfanuric chloride, 

(SNOCl)3 Sulfanuric chloride, 
cyclic trimer, a-isomer, 13:9 

cyclic trimer, &isomer, 13: 10 
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SO(CH3)2, 11~116,  124 

SO,CI(NPCl3), 13: 10 
( S O ~ F ) ~ N C S ,  1 1 ~ 1 3 8  
(SO?F)zNF, 11:138 
(SO?F)zNH, 11: 138 
SO,F*, 1 1 ~ 1 5 5  
(SO3H)F. 11:139 
S2O.jF2, 11:151 
S2O6F2, 11:155 
S g ( N H ) 3 ,  11:184 
S s ( N H ) 2 ,  11:184 
SVNH, 11:184 

SOF4. 11:131 

SbBrS, 14: 172 

SbIS, 14:161,172 

Sc(fod)~, 12: 74; compound with 

Sc(thd)j, 11:96 
SiBrHg, 11:159 
[Si(CH3)3 {Co(CO)4} 1 ,  13:69 
Si(CH3)3 [P(CH3)2]. 13:26 
Si(CH3)3 [p(c6H5)2 1 ,  13:26 
Si(C3H5)4, 13:76 
Si(C6H4Cl)C13, 11:166 
si(C6H4Cl)H~. 11:166 
Si(C,&Cl)IH2, 11: 160 
Si(C6H5 )H 3 ,  1 1 : 1 62 
[(SiCl3)Co(CO)4], 13:67 
SiD4, 11:170 
[(SiF~)Co(C0)41, 13:70 
SiFbK2, 12:236 
SiHJ, 11:159 
(SiH3)3N, 11:159 
SiH4, 11:170 
SiIH3, 11:159 
SiMn, 14: 182 
Sip2, 14: 173 
SizDb, 11:172 

Sm(thd)~, 11:96 
Sm2 S3,14: 154 
Sn(CH3)2H3, 12:50, 54 
Sn(CH3)3H, 12:52 

(SbF6)02, 14:39 

Sb4CI2S2, 14:172 

HCON(CH3)2, 12:75, 76 

SizHg, 1 1 ~ 1 7 2  

Sn(CH3)3-Mn(CO)S, 12:61 
Sn(CH3 )3  -Mo(C0)3 (n-C H ), 12: 63 
S I I ( C ~ H ~ ) ~ ,  13:75 
Sn(C4H9)3H, 12:47 

SnD4,11:170 
SnH4, 11 : 170; compound with 

SnS2. 12:158, 163 

SrgCI(P04)3, 14: 126 

Sn(C6 Hs ) 3  H, 12:49 

(CzHs)20, 11:178 

SrzCI(V04), 14: 126 

TaBrS, 12:187 
TaBrsaCH3CN, 12:227; C2H,CN 

TaBr6 [N(C2Hs)4], 12:229 
TaCIS*CH3CN, 12:227; C2HSCN 

and C J H ~ C N  analogs, 12:228 

and C J H ~ C N  analogs, 12228  
[Ta(NCS)6] K, 13:230 
Tb(thd)3, 11:96 
Tb~S3,14:154 

ThBr6 [N(Ch3)4] 2,12:230 

ThCl6[N(CH3)4] 2,12:230 
ThCl.5 [N(CzHs)4] 2 ,  1 2 ~ 2 3 0  
Th14*4CH3CN, 12:226 
ThIs[AS(C6Hs)4] 2 ,  12:229 
TiBr4 *2CH3CN, 12:229; C2H5CN 

TiBr6 [ N ( C ~ H S ) ~ H ~ ] ~ ,  12:231 
Tic14 *2CH3CN, 12:229; C2HsCN 

Tic16 [ N ( C ~ H S ) ~ H ~ ]  2 ,  12:230 
[Ti(NcS)6]K,, 13:230 
TiO, 14:131 
Ti03Ba, 14:142 
TiS2, 12:158, 160 
Ti2O3, 14:131 
Ti3BiqO12, 14:144 
Ti3OS, 14:131 
TIOF, 14:124 
Tm(thd)3, 11:96 
TmzS3,14:154 

ThBr4 4CH3 CN ,12:  226 

ThC14-4CH3CN, 12226  

and C3HTCN analogs, 12:229 

and CJH,CN analogs, 12:229 
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[VBr4] [AS(C6Hs)4], 13:168 

[ V ( ~ S O - C ~ H ~ O H ) ~ C ~ ~ ]  C1, 13:177 
[VBr4] [ N ( C Z H S ) ~ ] ,  13:168 

VC 18H30N303 Tris(4-methyl- 
amino-3-penten-2-onato)- 
vanadium(III), 11:81 

VC13,CH3CN adduct, 13:167 
[VC13 {N(CH3)3}2], 13:179 
[VC14] [ A s ( C ~ H ~ ) ~ ] ,  13:165 
[VCIe] [N(CzH5)4], 13:168 
[VCl4] [ N C ~ H S ) ~ ] .  11:79; com- 

pound with PCH3CN, 11:SO 
V(f0d)3, 1 2 ~ 7 4  

[V0(02CCHj)z] ,  13:181 
VO, 14:131 

(V04)CISr2, 14: 126 
[ V z c b ]  " ( C Z H S ) ~ ]  3 ,  13:168 
VzO3, 14:131 

WBr20, 14: 120 
WBr202,14:116 
WBr30, 14:118 
WBr40, 14: 11 7 
WCI20, 14:115 
WCl202, 1 4 ~ 1 1 0  
WCI3O, 14:113 
WCl4,12:185 
~ ~ 1 ~ 0 ,  14:112 

WC16, 12:187 
WC15, 13:150 

WIzOz, 14:121 
[W(NCS)6]Kz, 13:230 

[W(NO)zClz],, 12:264 
[W(N0)2Brz],, 12:264 

WNa,03 Sodium tungsten 
bronzes, 12: 153 

WOBrz , 14: 120 
WOBr3, 14:118 

WOBr4, 14: 11 7 

WOC13, 14:113 
WOCl2, 14:115 

WOCI4, 14: 1 12  
W02,13:142; 14:149 
W02Br2. 14:116 
WOzClz, 14~110 
W0212, 1 4 ~ 1 2 1  
wo6cr2 ,14:135 

XeFz, 11:147 
XeF4, 11:150 

Xc03, 11:205 
Xe04H-, 11:210 

XeF6, 1 1 ~ 2 0 5  

xeod3-, 11:212 
Xe06Na4*xH2O, 11:210 

Y(thd)j ,  11~96 
YzS3, 14:154 
Yb(N03)3*xHzO, 11:95 
Yb(thd),, 1 1 ~ 9 4  
Yb2S3, 14:154 

Zn(CSHsN)2(NCS)z, 12:251,253 
Zn(CZ0H10N4)(CS H4 N)4 9 0 , P s  7 ~ 6 -  

Tetra(4-pyridyl)porphinezinc, 
12:256 

[ZnC4] [Ru(NH3)6], 13:210 
ZrBr4 2CH3CN, 12:227; C2 H5 CN 

and C3H,CN analogs, 12:228 
Z ~ B ~ ~ [ N ( C ~ H S ) Z H ~ ] ~ ,  12:231 
Z r ( C s H 7 0 ~ ) z C l ~ ,  12:88, 93 
Zr(CbH702)3Br, 12:88, 94 
Zr(CsH702)3Cl, 12:88,93 
Zr(CsH702)31,12:88,95; com- 

pound with tetrahydrofuran, 
12:95 

ZrC1.4 -2CH3 CN, 12: 227 ; Cz HS CN 

ZrCLj [N(CzH~)zHz]2 ,12:231 
and C3H7CN analogs, 12:228 

[Zr(NCS)6]Kz, 13:230 
ZrSz, 12:158, 162 
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