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6.2 eV, respectively. The assignment of the final very weak 
peak VI11 is rather uncertain, but we do calculate a 1T2 state 
of Vch+,  9.3 eV from the ground state, with predominant 
orbital configuration 8ai 11Ot21, having -20% of configurations 
which differ from V c h  by one spin orbital. 
Conclusions 

The ab initio calculations we have described here are 
successful in interpreting the photoelectron and absorption 
spectrum of TiC14. The d-d transition in VC14 is well described 
by the limited configuration interaction calculations we have 
performed, but the charge-transfer states, where more electron 
reorganization occurs upon excitation, are calculated to be 
some 2 eV too high, as we also found in the case of TiC14. 
Only a tentative interpretation of the photoelectron spectrum 
of vck is possible due to the large number of states of vc14+ 
which are calculated to contribute to the spectrum. It would 
appear that in this molecule an interpretation of the photo- 
electron spectrum in terms of a simple orbital picture is not 
possible. 

Cotton and Kalbacher 

Registry No. TiC14, 7550-45-0; V c h ,  7632-51 - I ;  vc14+, 
57842-82-7. 
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Several years ago a series of compounds thought to have the general formula Ml3MozXs (MI = K, Rb, Cs; X = C1, Br) 
was reported, and the structures of the binuclear anions were described as confacial bioctahedra with one-third of the bridging 
halogen atoms missing or, alternatively, as pairs of square pyramids sharing a basal edge. We now present evidence that 
these anions are in fact MozXsH3- ions with bridging hydrogen atoms and that they result from oxidative addition of HX 
to intermediates such as MOfi7(H~o)~- .  The compounds are diamagnetic. In the case of the chloro species, tritium labeling 
has demonstrated the presence of the H atoms and the reactions of MozXsH3- with D+ or MozXsD with Hf generate 
HD. There is also infrared evidence for the presence of the bridging hydrogen atoms. 

Introduction 
In 1969 Bennett, Brencic, and Cotton1 reported that reaction 

of dimolybdenum tetraacetate with aqueous hydrochloric acid 
produced, under certain conditions, dinuclear anions which 
could be precipitated with large alkali cations such as Rb+ and 
Cs+ to give compounds of apparent formula MhMo2C18. An 
x-ray crystallographic study showed that these were not the 
desired oxidation products of M02Cls4- (Le., species retaining 
the same C14MoMoC14 structure); instead, they were species 
similar in structure to the Mo2C1g3- ion, but lacking one 
bridging C1- ion. The Mo2Cls3- ion was found at a site of D3h 
crystallographic symmetry and the occupancy factor for the 
bridging position was refined to 0.67. It was concluded that 
the vacancy in one bridging position of each anion was 
randomly distributed in the crystal as a whole (Le., that it 
varied randomly from one unit cell to another). An ap- 
proximate measurement1 of the magnetic susceptibility in- 
dicated paramagnetism roughly consistent with the existence 
of one unpaired electron per formula unit, as would be required 
by the postulated formula. Moreover, the crystal structure 
analysis excluded the possibility of any other formula, except 
for the possible presence of one or more hydrogen atoms, a 
contingency not considered at the time, since the structure and 
magnetic data appeared perfectly consistent. 

More recently, we investigated the analogous bromo 
compounds2 and found a structure for CssMozBrs entirely 
identical (except for a slight technicality concerning space 
group symmetry, which is unimportant in the present context) 

with that of Rb3MozCls. In this case, however, the magnetic 
susceptibility was not measured until after the structure had 
been published. It was then found that Cs3Mo2Brs is dia- 
magnetic.3 The magnetic susceptibility of RbsMo2Cls was 
then remeasured, using a carefully purified sample. It, too, 
was found to be diamagnetic.3 

To reconcile the diamagnetism of these compounds with 
their structures, only two possibilities appeared to exist: (1) 
the assumption of strong intermoiecular antiferromagnetic 
interactions, sufficient to put the Nee1 temperature well above 
25 OC; (2) revision of the formulas in the only way consistent 
with the crystallographic results, namely, by addition of one 
atom of hydrogen to each formula unit. The first possibility 
appeared highly improbable and so attention was turned to 
obtaining direct evidence regarding the latter. 
Experimental Section 

The cesium salts of MozBrsH3- and Mo2Br73- and the rubidium 
and cesium salts of Mo2ClsH3- were prepared according to literature 
meth0ds.1~2~5 The deuterated compounds were prepared by reaction 
of DBr or DC1 with M o ~ ( C H ~ C O Z ) ~  under the same conditions 
employed in the preparation of the corresponding hydrido compounds 
but with longer reaction times. 

DBr (47% in DzO) was purchased from Bio-Rad, Richmond, Calif. 
Concentrated DCl was obtained from the ICN Co., Irvine, Calif. 
Tritiated water (250 wCi/ml) was purchased from New England 
Nuclear Corp., Boston, Mass. 

Infrared spectra were obtained on Nujol mulls using either 
polyethylene film or KBr plates. Spectra were calibrated with 
polystyrene. 
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The complete absence of D2 is consistent with this equation 
and the presence of D2 would have been a serious complication. 
The presence of some H2 is not, however, surprising when the 
likelihood of deviations from ideality in the experiment is 
recognized. The H2 must arise from H in the sample of 
CssMozBrsD. CsBr is rather hygroscopic and it was probably 
the main source of H20 in the preparation of Cs3MozBrsD 
although small amounts may also have originated in other 
ingredients of the reaction mixture. When it is recalled (see 
Experimental Section) that oxidative addition of HBr seems 
to occur more rapidly than that of DBr, an appreciable increase 
of the H:D ratio in the product, Cs3MozBrsD, over that in the 
reaction medium is to be expected. Thus even a few percent 
H in the nominally deuterated reagents could lead to some 20% 
of H in the Cs3MozBrsD. 

In view of the foregoing explanation, it was expected that 
a much neater experiment would involve the reaction of one 
of the octahalo systems with D20. In a manner analogous to 
that employed for the bromo compound, Cs3MozClsH was 
allowed to react with D20. The mass spectrum of the evolved 
gas showed that it contained 1.6% H2, 94.7% HD, and 3.6% 
D2. Since quantitative work to calibrate the mass spectrum 
was not performed and the relative peak heights are a function 
of which peak was used to tune the instrument, it is possible 
that the actual percentage of D2 may be lower than 3.6%. On 
the basis of these results, however, it is impossible to rule out 
the possibility that solvent exchange of the hydride takes place. 
Discussion 

In view of the evidence that the species previously believed 
to be Mo2Xs3- are in fact Mo2XsH3-, we now believe that eq 
1 represents the overall reaction for their formation from 
Mo2(02CCH3)4 and aqueous HX. Moreover, in view of the 
recent report by Brencic of the isolation of Cs3Mo2Br~2H20, 
it seems probable that eq 1 represents the combined result of 
two reaction steps 
Mo,(O,CCH,), + 4HBI + 3Br‘= Mo,Br,,- + 4CH,CO,H (la) 
Mo,Br,,- + HBr = Mo,Br,H3- Ub) 

Reaction lb  is then to be regarded formally as an oxidative 
addition of HBr to Mo2Br73-. Of course, in aqueous solution 
the HBr is dissociated and the process presumably takes place 
as two discrete steps, each involving the addition of an ion. 
While oxidative addition reactions are now very well known 
to occur at monatomic metal centers, so that the formal 
oxidation number of a single metal atom increases by +2, this 
appears to be the first (or at least one of the first) example 
of oxidative addition to a binuclear complex so that each metal 
atom has its formal oxidation number increased by + l e  

Even when Cs3M02Br7 is not actually isolated, as Brencic 
has done, it is seen in all preparations of Cs3MozBrsH as an 
initial, transient purple precipitate which changes to the dark 
brown CssMo2BrsH product in 45 min or less. The analogous 
reaction to eq l b  in which DBr is the oxidative addend 
proceeds much more slowly and approximately 24 h is required 
for the disappearance of all of the purple intermediate. 

The observation of infrared bands due to bridging hydrogen 
atoms is not new but has been largely confined to trinuclear 
species with equilateral triangular clusters of metal atoms and 
a (presumed) bridging hydrogen atom on each edge.8-10 These 
bands have been found in the 1100-1300-cm-1 range and shift 
into the 800-900-cm-1 range upon deuteration. 

More recently, Sacconi and coworkers11 have reported 
M(p-H)3M species (M = Fe, Co) in which the protium 
compound of iron has a band at 1048 cm-1 while the deuterium 
analogue has a band at 790 cm-1. The shift here is about 5% 
short of the full amount for a change in reduced mass from 
1 to 2. In other dinuclear systems for which infrared data are 
available, the M-H-M bands appear over a wide range. For 

Table I. Infrared Mo-H-Mo and Mo-D-Mo Absorptions (cm-’) 
for Hydridooctahalodimolybdate(II1) Complexes 

Mo- MO- Mo- MO- 
Compd H-Mo D-Mo Compd H-Mo D-Mo 

~~ 

Cs,Mo,Br,H 
Cs,Mo,Br,D 
Cs,Mo, Br,.2H,O 

1245 Cs,Mo,Cl,H 1245 
915 Rb,Mo,Cl,D 916 

Cs,Mo,Cl,D 904 
Rb,Mo,Cl,H 1274 

The mass spectra were obtained at 8 kV referenced to He and Hz. 
Tritium Labeling. Tritium-enriched Rb3MozClsH was dissolved 

in dimethyl sulfoxide. One milliliter of the resultant solution was added 
to Aquasol scintillation counting fluid for tritium counting. A control 
mixture of unlabeled Rb3MozClsH, dimethyl sulfoxide, Aquasol, and 
a known quantity of 3H2O was counted also. 

The octabromo system Cs3MozBrs3H could not be counted because 
of its dark color and Cs3M02Cls3H proved to be too insoluble in all 
solvents except water, with which it reacts. 

Results 
It is not, in fact, easy to prove or disprove the presence of 

one hydrogen atom in compounds of such high molecular 
weights which are also practically insoluble except when they 
react with the solvent. 

The first experiment4 was to repeat the preparation-of 
“Cs3Mo~Brs” under conditions where the uptake of a gas (02) 
or the evolution of a gas (H2) would be evident. Neither was 
observed. This appeared to leave, then, only the possibility 
that the oxidizing agent is HX and, thus, that the overall 
reaction of Mo2(OAc)4 to give the isolated products had to 
be described by eq 1. 

Mo,(OAc), +5HX + 3M’ + 3 X - =  M,Mo,X,H + 4HOAc (1) 

The use of tritium labeling was feasible only for Rb3- 
MozClsH. Two independent experiments, where the counting 
procedure was calibrated with a blank sample prepared from 
Rb3Mo2C18 to which a known activity of 3H2O had been 
added, gave the following values for atoms of H per formula 
unit: 1.12 and 0.818. 

Infrared evidence for the presence of bridging hydrogen 
atoms is presented in Table I, where the frequencies of bands 
with medium intensities are listed for analogous protium- and 
deuterium-containing compounds.15 The observed shifts are 
in the range of 90-96% of the values expected for an increase 
in reduced mass by a factor of 2. This indicates that the modes 
responsible for the bands are nearly pure antisymmetric 
Mo-H-Mo and Mo-D-Mo stretches in which essentially all 
of the motion is executed by the H and D atoms. 

We have found that Cs3MozBrsH reacts slowly with 23% 
aqueous HBr or with water to liberate hydrogen. From the 
acid solution an apparently homogeneous brick red precipitate 
is obtained which appears from analysis to be Cs3MozBrs 
although the analytical data are not precise enough to afford 
definitive identification. The average of several analyses for 
percent Br is 53.1 while the theoretical values for CssMozBrs 
and Cs3MosBrsH are 54.90 and 51.93, respectively. 
Cs3M02C18H does not react at an observable rate with aqueous 
HCl but does react with H20 to generate H2. The above 
observations proved useful in demonstrating that hydrogen is 
actually present in the MI3Mo2XsH compounds as the fol- 
lowing results show. 

In the first experiment, a sample of Cs3MozBrsD was added 
to degassed, frozen water. The entire system was then 
evacuated and allowed to warm to 25 OC. The gas generated 
was collected and its mass spectrum was recorded. It consisted 
of 20% H2, 80% HD, and no detectable quantity of D2. 
Ideally, the gas should have been 100% HD according to eq 
2. 

Cs,Mo,Br,D + H* + Br-= Cs,Mo,Br, + HD 
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Table 11. Structural Comparison of the Mo,X,H3- Ions 
with the Mo,Xg3- Ionsa 

William Stallings and Jerry Donohue 

there exist Mo-Mo bonds, as in the analogous W2C193- ion, 
since the central MX3M bipyramid is significantly flattened 
relative to the shape expected for the ideal confacial bioc- 
tahedron.14 The zero or near-zero magnetic moments are 
consistent with M-M bonding. Probably the factor which 
limits the closeness and strength of the Mo-Mo interaction 
in the M02x9~- species is the size of the bridging C1 or Br 
atoms, which impedes the approach of the Mo atoms to each 
other. When one of the three C1 or Br atoms is replaced by 
the bridging H atom, this steric factor is reduced and the 
Mo-Mo interaction can become appreciably closer and 
stronger. 
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Angles 
at 

bridg- 
Mag ing X Mo-X- 

Mo-Mo, mo- atoms, (term), Mo-X- 
Anion A ment deg A (br), A Ref 

Mo,Cl,’- 2.665 -0 65.6 2.384 2.487 13 

Mo2C1,H3- 2.380 0 56.8 2.380 2.500 1 

Mo,Brg3- 2.816 >o 64.9 2.544 2.624 13 

Mo,Br,H3- 2.439 0 54.3 2.554 2.612 2 

(1) (4) (6) (12) 

(10) (9) (10) (20) 

(9) (4) (3) ( 5 )  

(7) (2) (3) (5) 
a Numbers in parentheses beneath each parameter are esd’s 

occurring in the least significant digit. 

the hydride-bridged dimers, characterized as [HTi(C5Hs)2] 2 
and [HTi(CsHs)(CsH4)]2, bands are observed at 1450 and 
1230 cm-1, respectively.12 The dimeric chromium system 
H2Cr2(CO)io- exhibits a Raman-active band at 1004 cm-1 
which is shifted to 705 cm-1 upon deuteration.10 Thus, the 
bands we assign to bridging protium and deuterium atoms are 
within the proper range for p-hydrido and -deuterio systems. 

Now that the true identity of the Mo2XgH3- anions, with 
three bridging atoms including hydrogen, is known, a structural 
comparison of the pairs of M o ~ X ~ ~ - - M O ~ X ~ H ~ -  anions (Table 
11) is of interest. The data for the M02x9~- ions are taken 
from the work of Saillant and Wentworth.13 It is evident that 
the replacement of one C1 or Br bridge by an H atom 
enormously increases the strength of the interaction between 
the metal atoms; in both the chloro and the bromo pairs, the 
hydrido-bridged species has an Mo-Mo distance some 0.3-0.4 
A shorter than in the species with three halogen bridges, and 
the angles at the bridging halogen atoms contract considerably 
(ca. loo)  to some of the lowest values ever recorded for 
bridging C1 and Br atoms. At the same time the Mo-C1 and 
Mo-Br distances to the bridging atoms lengthen slightly. The 
Mo-X distances to terminal X atoms are unchanged, however, 
in support of the assignment of the same oxidation number, 
+3, to the Mo atoms in both the Mo2Xg3- and the Mo2X8H3- 
ions. 

It seems reasonable to suppose13 that in the M02Xg3- species 
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The crystal structure of Sb(CH3)16 was determined by the single-crystal x-ray diffraction technique using data collected 
from a fully automated diffractometer. The unit cell is monoclinic, space group P21/c, with a = 25.952 f 0.007 A, b = 
10.398 f 0.005 A, c = 28.146 f 0.009 A, and p = 122.32 f 0.02’, and contains eight molecules. The structure was elucidated 
to determine which isomer of the polysilane backbone had been synthetically prepared. A trial structure was obtained 
by direct methods and Fourier techniques and refined by full-matrix least squares. The final value of the R index is 0.092. 
Each independent molecule contains a bicyclo[3.3.1] system, a six-membered polysilane ring in a classical chair conformation, 
a six-membered polysilane ring, five of whose atoms are roughly coplanar, and an Si-Si-Si bond angle of 120’. Methyl 
groups bonded to the five coplanar silicon atoms are eclipsed. 

THF 
naphthalene 

Introduction 

The synthesis of permethylated, bicyclic, and cage poly- 
silanes has been recently reported by West and Indriksons.2 
Their preparation was accomplished by the reaction 

(CH,),SiCl, + CH,SiCl, + Na(K) - 
(CH,Si),((CH,),Si), + Na(K)Cl 

The product mixture was vacuum distilled and products in the 


