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pounds, it should be mentioned that no alkylamino- 
fluorophosphorane exhibits a P-F coupling constant 
of more than 900 cps12 although the P-F coupling 
constant of (CH&NPFZ is 1194 cps.lg This strongly 
suggests that the compound is a phosphine, not a phos- 
phorane. Under higher resolution it can be seen that 
each member of the fluorine resonance doublet is split 
into a 1 : 6 : 15 : 20 : 15 : 6 : 1 septet owing to coupling 
with the six equivalent protons ( J H F  = 3.1 cps). 

The bands observed in the ir spectrum of (CH3),- 
NPFBr may be fairly easily assigned by analogy with 
the ir assignments based on normal-coordinate calcu- 
lations for (CH&NPFZ and (CH3),NPBrZ recently 
made by Farran.,O The complete spectrum may be 
summarized by the following absorptions (in cm-l, 
with intensity and tentative assignments, respectively) : 
2950 (m), 2905 (mw), 2855 (w), and 2810 (m) (sym- 
metric C-H stretch) ; 1475, 1460, and 1445 (m) (methyl 
deformation) ; 1290 (ms) (C-N stretch) ; 1185 (ms), 
1175 (sh), and 1060 (mw) (methyl rock); 815 (ms) 
(P-F stretch); 458 (m) (?); 387 (ms) (C-N-C de- 
formation or P-Br stretch). 

The mass spectra of a sample of (CH&NPFBr show 
ions which correspond to the anticipated fragmentation 
pattern. Two peaks of about equal intensity a t  m/e 
175 and 173 correspond to parent ions (CH3)2h’PF7gBr+ 
and (CH3)&”Fs1Br+. The most abundant peak ap- 
pears a t  m/e 94 and corresponds to the loss of a bro- 
mine atom from (CH&NPFBr. The mass spectra of 
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Mich., 1967. 

other dialkylaminofluorophosphines and dialkylamino- 
fluorophosphoranes generally exhibit a fragmentation 
pattern which suggests that the P-N is most easily 
cleaved.Z1 This does not appear to be the case with 
dialkylaminohalofluorophosphines and -phosphor- 
anesZ2 

It has been mentioned in the Experimental Section 
that the principal volatile products of the reaction be- 
tween BrCN and (CH&NPF2 are (CH3)2NPF3(CN) 
and (CH3)2NPFBr. It is possible to suggest that the 
reaction proceeds according to the equation 
2(CH3)pliPFp + BrCN --+ (CH3)2NPF3(CN) + (CHB)2NPFBr 

The nonvolatile solid also obtained in this reaction may 
be accounted for by postulating the presence of a poly- 
meric cyanophosphine or further reaction of the alkyl- 
amino moiety with BrCN;. Such reactions are well 
known.23 It is of interest to note that PF3, in contrast 
to (CH&PI;PFZ, does not interact with BrCN, even a t  
i s  . This may suggest that the electron-donating 
ability of the (CH3)2N group (which increases the nega- 
tivity of the phosphorus atom) allows attack of BrCN. 

Acknowledgment.-Generous support of this work 
by the Petroleum Research Fund, administered by 
the American Chemical Society, is gratefully acknowl- 
edged. It is also a pleasure to thank Dr. J. Heeschen 
of the Dow Chemical Co., Midland, Mich., for help in 
obtaining the I9F nmr spectra. 

- r  0 

(21) R .  G. Cavell, C a n  J .  Chem., 45, 1309 (1967). 
(22) W. 2. Borer and K. Cohn, unpublished results, Michigan Sta te  Uni- 

(23) H. 4. Hagerman in “Organic Reactions,” Vol. 7, John Wiley a n d  
versity, 1968. 

Sons, Inc., New York, N. Y., 1953, pp  198-262. 

CONTRIBUTION FROM THE JOHS HARRISON LABORA~ORY O F  CHEXISTRY AND THE 
LABORATORY FOR RESEARCH ON THE STRUCTURE OF MATTER, 

UNIVERSITY OF PENNSYLVANIA, PHILADELPHIA, PENSSYLVAXIA 19104 

Synthesis of the Hydrides of Germanium, Phosphorus, Arsenic, and Antimony by the 
Solid-Phase Reaction of the Corresponding Oxide with Lithium Aluminum Hydride’ 

BY JON M. BELLAMA AND ALAN G. MAcDIAKMID 

Received March 27, 1968 

When SiOp, GeOz, P206, Asp03 ,  or Sbz03 was heated with a deficit of LiAlH4 in the absence of solvent a t  148-170”, a rapid 
reaction took place to give SiH4, a mixture of GeHb, GezHa, and GesH8, PH3, AsH;j, and SbHs, respectively. S o  volatile 
tin, boron, or titanium hydrides were formed when SnOp, B203, or TiOa was heated with LiAlH4. 

It has been demonstrated by Weiss and FisherZ that aluminum hydride appeared in the SiH4 produced. 
when lithium aluminum hydride is heated to ag- This is a most convenient method for the small-scale 
proximately 200” with excess powdered silicon dioxide synthesis of SiH4 since no volatile reagents or solvents, 
in the absence of solvent, silane, SiH4, is formed. Ap- from which the SiH4 must be subsequently separated, 
proximately 7.1Oj, of the hydrogen present in the lithium are employed ; the apparatus and experimental pro- 

was undertaken in order t o  ascertain &ether this Pro- 

other volatile hydrides. 

(1) This report is based on portions of a thesis submitted by J. M. Bellama 
t o  t h e  Graduate School of the  University of Pennsylvania in partial fulfill- 

work was supported in part  by the  Advanced Research Projects Agency, 
Office of the  Secretary of Defense. 

cedure are also extremely simple. The present study 
ment of the  requirements for the  degree of Doctor of Philosophy. T h e  

(2) H. G. Weiss and H. D. Fisher, I7iOi.g. Chem., 2, 880 (1963). 

cedure could be used for the convenient of 
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The following oxides were heated with a deficit of 
lithium aluminum hydride in the absence of solvent at 
148-170': SOz, GeOz, SnOz, P z O ~ ,  As203, Sb203, Bz03, 
TiOz. In  view of the apparent complexity of the reac- 
tion between germanium dioxide and lithium aluminum 
hydride, the yields of all hydrides obtained are ex- 
pressed in terms of the percentage of hydrogen in the 
lithium aluminum hydride employed which finally ap- 
peared in a given hydride. They are: SiH4, 6.9%; 
GeH4, 4.4%; Ge2H6, 2.7%; GeoHg, 0.6%; PH3, 8.0%; 
AsH3, 10.9%; and SbH3, 0.2%; no volatile tin, boron, or 
titanium hydrides were detected. In most systems the 
ratio of reactants was varied; this resulted in a change 
in yield. Although the above percentage yields are 
small, useful quantities of most of the hydrides can 
readily be obtained in the pure state in a short time by 
this method. 

With the exception of germanium dioxide, all of the 
oxides employed are relatively inexpensive and hence 
the low conversion of oxide to hydride is of no great 
practical concern. When the germanium dioxide resi- 
due, after appropriate pretreatment, was reheated with 
further quantities of lithium aluminum hydride in nine 
consecutive experiments, the yields of germanium hy- 
drides obtained in each experiment were found to be 
essentially identical with those observed in the first ex- 
periment. 

The production of GezHe and Ge3Hs in addition to 
GeH4 is difficult to explain although it is possible that 
the higher hydrides may arise from the preliminary 
formation of a lower oxide of germanium which con- 
tained germanium-germanium bonds. 

Experimental Section 
All work was carried out in a borosilicate (Pyrex) glass vacuum 

system. 
General Procedure.-The oxide and fresh, finely ground Li- 

AlHa were placed in a long-necked 250-ml round-bottom reac- 
tion flask and were mixed by manual shaking. The reaction 
flask, which contained a loose plug of glass wool in the neck to 
prevent solid particles from being carried into the vacuum system, 
was attached to the vacuum system by a ground-glass joint 
sealed to the top of the neck of the flask. A 500-ml surge bulb 
was provided to protect the apparatus from the large volume of 
hydrogen suddenly evolved in the preparation of PH3 and AsH3. 
The reaction vessel was evacuated and a stopcock was then 
turned so that any volatile material formed in the reaction vessel 
would be pumped continuously through five traps in series im- 
mersed in liquid nitrogen. The reaction vessel was then heated 
in a syrupy phosphoric acid bath. 

Some samples of LiAlH4 were found t o  contain small amounts 
of diethyl ether impurity which was given off (sometimes to- 
gether with ethylene) when the temperature of the reaction vessel 
was between 110 and 150'. Since the reaction between most of 
the oxides and LiAlH4 is either very slight or does not occur a t  all 
in this temperature range, the diethyl ether and/or ethylene, if 
liberated, was removed from the liquid-nitrogen collection traps 
before the temperature was raised further. If desired, the LiAlH4 
may be heated under these conditions and then cooled, before 
adding the oxide. The reaction vessel was raised from room tem- 
perature to the temperature a t  which reaction occurred (ap- 
proximately 148-170') during about 0.5 hr. Reaction generally 
occurred suddenly and rapidly and it was usually complete within 
1-2 min after the reaction commenced. The hydrogen evolved 
was continuously pumped away through the traps immersed in 
liquid nitrogen. 

Commercial grade chemicals were used. 

Preparation of SiH4.-A mixture of SO,, in the form of fresh, 
dry, 200-mesh silica gel (7.2524 g, 120.69 mmol) and LiAlHd 
(0.8946 g, 23.57 mmol), started to react a t  170". Reaction was 
complete after several minutes. The only volatile material re- 
covered was pure SiH4 [52.5 mg, 1.64 mmol, 6.94% yield; mol 
wt, 32.0 (calcd 32.1); confirmed by infrared3 and mass spectra]. 

When more LiAlH4 was added to the cooled residue in the re- 
actor vessel which was again heated, only a very small amount 
of SiH4 was evolved. After repeating this operation twice more, 
no SiH4 was evolved. However, when aqueous hydrogen chlo- 
ride was added to the solid residue, small quantities of SiH4 were 
evolved. I t  is believed that the Si02 was deactivated by the 
presence of a protective coating of one or more of the following 
substances which might have been formed on the surface of the 
SiOz particles: LiaO, AlzO3, Si, Ligi, AlSis. The last two species 
could react with the hydrochloric acid to give SiH4. 

Preparation of GeH4, Ge&, and GeaHa.-In a typical experi- 
ment a mixture of GeOz (5.0558 g, 48.339 mmol) and LiAlHi 
(0.2242 g, 5.980 mmol) in the molar ratio 8.21: 1.00 began t o  
react a t  165'. Reaction was complete within 1 min. Infrared 
examination of the volatile products isolated showed that they 
consisted of GeH4, GetHs, and Ge3H8 only. Pure GeH4 [13.5 
mg, 0.176 mmol, 4.3795; yield; mol wt, 76.1 (calcd 76.61); con- 
firmed by infrared4 and mass spectra] was obtained by passing 
the mixture through a trap held a t  - 134" in which the GeH4 did 
not condense. The condensate in the -134" trap was then 
passed through a trap held a t  -78' in which Ge3H8 (approxi- 
mately 1 mg, 0.004 mmol, 0.6% yield; identified by infrared5 
and mass spectra) condensed. The more volatile material was 
Ge2H6 [8.4 mg, 0.11 mmol, 2.72% yield; mol wt, 150.3 (calcd 
151.25); confirmed by infrared6 and mass spectra]. 

Addition of further quantities of LiAlH4 to the residue from the 
reaction, followed by heating, yielded only negligible quantities 
of germanes; however, the addition of aqueous hydrogen chlo- 
ride to the residue gave GeH4 (3.2 mg) and GezHe (1.5 mg). 
These obsm ations might be explained by an hypothesis analo- 
gous to that proposed for the SiOi-LiAlH4 reaction system. 

Optimum yields of GezHs resulted when the molar ratios of 
LiAlH4 to GeOz were approximately 1 to 8-10. If the ratio of 
GeO; was increased, the over-all yields of germanium hydrides 
decreased; if the GeO2 to LiAlHa ratio was decreased to below 
5 :  1, only GeH4 was produced. Also, with the lower ratio, the 
reaction took place with almost explosive violence. 

The GeO2-rich residue remaining from the reaction could be 
readily reactivated by heating it in a furnace (in the presence of 
air) a t  900' for approximately 15 min. When the resulting solid 
was treated with LiAlH4 and heated, germanes were obtained in 
esseutially undiminished yield. Thus 10 g of GeOs was treated 
with ~ 0 . 3 - 0 . 4  g of LiAlH4 in each of nine separate experiments, 
each experiment being followed by reactivation of the GeOZ. 
This complete operation resulted in the formation of 170 mg of 
pure GeH4, 75 mg of pure GezHs, and 7.5 mg of pure Ge3H8. 
It is believed that the air-heating process oxidizes a t  least some 
of the species which form the protective coating on the GeOl 
particles. 

Preparation of PH3.-A mixture of PZOS (7.134 g, 50.24 mmol) 
and LiAlH4 (0.2111 g, 5.826 mmol) in the molar ratio 8.26: 1.00 
was heated to 165'. A very vigorous reaction which was com- 
plete in a few seconds took place. The only volatile material 
recovered was pure PH3 [15.8 mg, 0.465 mmol, 8.07, yield; mol 
wt, 33.8 (calcd 34.0); confirmed by infrared? and mass spectra]. 
Since both white and red phosphorus are produced in this reac- 
tion, the reaction vessel should be filled with nitrogen before dis- 
connecting it from the vacuum system a t  the completion of the 
experiment. 

Preparation of AsH3.-A mixture of As203 (9.7752 g, 49.420 

(3) C. H. Tindal, J. W. Straley, and H. H. Nielsen, Phys.  Reu., 62, 151 
(1942). 

(4) J. W. Straley, C. H. Tindal, and H. H. Nielsen, ibid., 62, 161 (1942). 
( 5 )  W. L. Jolly and J. E. Drake, Inoug. Syn.,  7 ,  38 (1963). 
(6) J. E. Griffiths, J. Chem. Phys., 40, 321 (1964). 
(7) E. Lee and L. K. Wu, Trans. Faraday SOL., 36, 366 (lY3P). 
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mmol) and LiAlHa (0.1757 g ,  4.360 mmol) in the molar ratio 
10.67: 1.00 was heated to 148'. A very vigorous reaction which 
was complete in a few seconds took place. The only volatile 
material recovered was pure AsH3 [39.3 mg, 0.504 mmol, 10.9% 
yield; mol wt, 78.5 (calcd 77.93 j; confirmed by infrared'and mass 
spectra]. 

Preparation of SbH3.-A mixture of Sbz03 (15.363 g, 52.707 
nimol) and LiA1H4 (0.1983 g, 5.225 mmol) in the molar ratio 
9.08: 1.00 was heated t o  165" at which temperature a rapid re- 
action, which was complete in few a seconds, took place. The 
only volatile material recovered was pure SbH3 (approximately 
1 mg, 0.008 mmol, O.2yO yield; identified by infrared* and mass 
spectra j . 

Reaction with Miscellaneous Oxides and Oxide Mixtures.- 

(8) W. H. Haynie and H. H. Kielsen, J .  Chenz. Phys. ,  21, 1839 (1053). 

When LiAlHI was heated with the following oxides, no volatile 
hydride species were obtained: SnO2, Bz03, TiOz. When LiAlHi 
was heated with a mixture of B P O ~  aud SiOz, only SiHi was 
evolved. On heating a mixture of Si02 and GeOz with LiA41H4, 
no species such as SiH3GeHs8 was formed. Only SiHk and the 
expected mixture of germanes were obtained. When LirllHl was 
heated with a mixture of GeO2 and ASz08, only germanes and 
AsH3 were evolved. KO species such as GeH3AsHsIu was formed. 
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Initial studies suggest a substantial scope and chemistry for metalloboranes based on the B1pHle2- ligand and transition metal 
ions. (A) M (B,~H12)2~- with M representing cobalt, nickel, palladium, 
and platinum; (B) hiI(BloH12)La for palladium or platinum with L representing triorganophosphines; (Cj &I(BlUHl2)Ld- 
for cobalt, rhodium, and iridium with carbon monoxide and phosphine ligands. I t  is proposed that the BlUHlA2- moiety 
interacts with the transition metal atom primarily as a bidentate ligand to form an 11-atom icosahedral fragment. The two 
extra hydrogen atoms bridge edges of the open pentagonal face of the icosahedral fragment. Spectral and diffraction data 
fully support this ligand-metal interaction for all three types of complexes. 

Three types of complexes have been established: 

Introduction 

Metalloborane chemistry is extensive and quite 
large in scope.2 The transition metal chemistry of 
B1oH1z2- is the subject of this report. This borane 
anion has been reportedly isolated in the form of the 
sodium salt by Wilks and Carter3 from the prolonged 
reaction of decaborane with sodium hydride. In ad- 
dition, Greenwood and Travers reported that the reac- 
tion of zinc and cadmium dialkyls with decaborane in 
ether yields M(Bl0Hl2) (ether)z Upon 
dissolution of the M (BloH12) (ether)2 derivatives in 
water, M ( B 1 0 H & 2 -  complexes of zinc and cadmium 
are obtained. An analogous mercury complex has also 
been reported.' Greenwood and Travers proposed 
tetrahedral coordination of the metal atom through 
direct metal-boron bonds with the 6,9 boron atoms of 
an unrearranged decaborane  age^-^ in both types 
of B 1 o H l z 2 -  complexes. 

We report here the synthesis and characterization of 

transition metal complexes of the BloHlZ2- ligand of the 
types: i\l(RloHlz)z2-, where 11 = Co, Ni, Pd, Pt; 
M(BloHlz)Lz, where X I  = Pd, Pt; L = triorganophos- 
phines; and hI(B10H12)L3-, where M = Co, Rh, I r ;  
L = CO and P ( C G H ~ ) ~ .  

Discussion 
Synthesis.-The most general synthesis of BloH122- 

rnetalloboranes is the reaction of excess B10Hi3-  ion with 
transition metal halide complexes. The B10H13- re- 
agent gives M (BloH12)22- compounds with cobalt, 
nickel, palladium, and platinum halide complexes. In 
addition, phosphine and carbonyl complexes of cobalt, 
rhodium, and iridium give 51(B10H12)L3- anions a5 il- 
lustrated with Vaska's iridium compound. Initial 
metal complexation of B10H13- may enhances the 
proton release either directly by capture with relatively 
weak bases such as B10H13-, CO(CO)~-, and R3P, or by 
hydrogen transfer to the metal. 
4B10H13- + [(C~Hj)3P]2SiC12 --+ Ni(BloH12)~~- f 

(1) Paper I: F. Klanberg, L. J. Guggenberger, and E. L. Muetterties, 2B10H14 f 2(CeHj)3P 4- 2C1- (1) 
I n o 1 g .  Chem., in press. 

sented in the first paper of this series.1 

2BloHi3- f [(C&)d'IzPtC12 --+ Pt(BiuHn) [ P ( C ~ H S ) ~ ] ~  + 
BioH14 -1 2C1- (2) ( 2 )  References t o  the pertinent reviews and  recent literature were pre- 

(3) P. H. Wilks and J. C. Carter,  J .  A m .  Chem. SOL., 88, 3441 (1966). 
(4) N. N. Greenwood and S. F. Travers, Inovg. Nucl. Chem. Letters, 2, 169 

(1966). 
( 5 )  N. N. Greenwood and N. F. Travers, J .  Chew. Soc., A ,  880 (1967). 
(6) N .  N. Greenwood and N. F. Travers, ibid. ,  15 (1968). 
(7) N. N.  Greenwood and N. F. Travers, Chem. Commun., 216 (1967). 

2BioH13- + [(CGH&P]&(CO)CI ----f 
I~(B~UH~~)(CO)[P(C~H~)~I*- + BioH14 + C1- ( 3 )  

(8) The  isolated BinHia- ion requires strong bases, metal alkyls, or hy- 
drides for BiaHi:2- formation.3 


