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The analytical sample was recrystallized from pentane. When 
this hydride was heated in solution, i t  decomposed rapidly and 
the solution turned dark green. 

Bis (trichlorosilylirontetracarbonyl), [ ClaSiFe (CO)a] %.-A sam- 
ple of 2-3 g of C13SiFeH(CO)r was slowly sublimed under high 
vacuum into a 60-70 ml Carius tube equipped with a Teflon 
valve. Pentane (5.0 ml) and tetrafluoroethylene (1.2 1. a t  STP) 
were introduced a t  liquid nitrogen temperature. The reaction 
mixture was then warmed slowly to room temperature. Gentle 
agitation of the tube immediately precipitated a coarse, bright 
yellow, crystalline material. (During this process the Carius 
tube was kept behind a protective shield. Tetrafluoroethylene 
under pressure is potentially dangerous.) The excess tetrafluoro- 
ethylene and pentane were removed at reduced pressure. The 
remaining product, [Cl&Fe(CO)a]z, is pure as formed and de- 
composes above 90'. The infrared spectrum was complicated 
by the rapid decomposition of the complex in solution. The 
bands observed immediately after preparing a hexane solution 

were 2114 (w), 2079 (w), 2070 (m), 2061 (m), 2053 (s), 2049 (vs), 
2037 (w), and 2011 cm-l (w); additional weak bands of Fe(CO)s 
a t  2023 and 2000 cm-1 were observed even in the fresh sample 
and increased rapidly with time. 

Thermal Decomposition of [ClrSiFe(CO)a] *.-A sample of 0.20 
g of [Cl~SiFe(CO)alz (0.33 mmol) was placed in a 25-ml Carius 
tube equipped with a Teflon valve. The tube was evacuated and 
then slowly heated. At 120-130', the compound melted to  an 
orange-brown semisolid, which resolidificd a t  this temperature, 
in approximately 10 min, to a powdery yellow solid, [CI&iFe- 
(CO)z] 2, which was identified by infrared spectroscopy;13 this 
reaction proceeded in high yield. The mass spectrum of the 
gaseous reaction products contained the ions Sicla+ and Fe(CO)b+ 
as well as their fragments. 
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Raman and infrared frequencies below 700 cm-l are assigned to the various skeleton modes of the hexamethyldimetal deriva- 
tives of silicon, germanium, tin, and lead. A staggered, D 3 d ,  configuration is clearly indicated for (CH3)6Ge2, while for the 
remaining molecules the evidence with regard to selection rules is not clear-cut. Approximate normal-coordinate analyses 
were carried out to obtain a consistent set of skeletal force constants for the molecules. The eigenvectors from the analyses 
were used to calculate bond polarjzability derivatives from the absolute Raman intensities of the AI skeletal modes. These 
in turn were used to calculate bond orders, n/2,  v i a  Long and Plane's 6 function model equation. While lower by a factor 
of 3 than the expected value of unity, the n/2 values for the metal-metal bonds are fairly constant despite substantial changes 
in the force constants. Furthermore the previously determined n/2 values for Hgzz+ and Ree(CO)io fall in the same range, 
with only Mn2(CO)lo having an exceptional (high) value 
single homonuclear metal-metal bonds 

Introduction 
A recent paper2 from this laboratory reported abso- 

lute Raman intensities and metal-metal bond polariz- 
ability derivatives for the molecules Mnz(CO)lo and 
Rez(CO)lo and for the aquo Hgz2+ ion, as well as for the 
bridged complexes Bis(OH)1Z6+, Pb4(OH)44+, and Tld- 
(OC2H6)4. The major conclusion was that weak metal- 
metal interaction in the bridged species could be readily 
distinguished from the genuine bonds present in the 
nonbridged species. For this purpose Raman in- 
tensities, interpreted with the aid of Long and Plane's 
semiempirical equation connecting bond polarizability 
derivatives with bond  order^,^ are much more useful 
than are vibrational frequencies and the force constants 
determined from them. These considerations were 

* To whom correspondence should be addressed. 
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13498 from the National Institute of General Medical Sciences and by Na- 
tional Science Foundation Giant GP-10122. 

(2) C. 0. Quicksall and T. G.Spii-o, Inovg. Chem., 9, 1045 (1970). 
(3) T. V. Long, 11, and R. A. Plane, J. Chem. Phys. ,  48, 457 (1965). 

It appears that  a value of n/2  = 0.3-0.4 may be characteristic of 

confirmed and extended in a study of the bridged species 
[(CH3)3PtX]dJ where X = OH, C1, and I.* On the 
other hand the situation with regard t o  the three refer- 
ence unbridged molecules was not quantitatively satis- 
factory, with Mn2(CO)lo giving, inexplicably, a sub- 
stantially higher estimated metal-metal bond order 
than either Rez(C0)lo or HgZ2+, though still lower than 
the expected value of unity. 

It seemed worthwhile examining a broader range of 
metal-metal bonds, and we report here a Raman and 
infrared study of the molecules (CH3)&2, where M = 
Si, Ge, Sn, and Pb. While spectra for all of these 
species have been reported before5 and some simple 
valence force constant calculations have been carried 

(4) P. A. Bulliner and T. G. Spiro, Inovg. Chem.,  9, 1887 (1970). 
(5) (a) M. P. Brown, E. Cartmell, and G. W. A. Fowles, J .  Chem. Soc., 

506 (1960); (h) M. Murata and K. Shimizu, Nippon  Kagaku Zasshi ,  71, 
343 (1956); (c) J .  Chem. Phys., 28, 1968 (1955); (d) R. J. H. Clark, A.  G. 
Davies, R. J. Puddephatt, and W. McFarlane, J .  Amer .  Chein Soc., 91, 1334 
(1969) ; ( e )  C. C. Cerato, J. L. Lauer, and H. C. Beachell, J. Chem. Phys. ,  22, 
1 (1954); ( f )  T. L. Brown and G. L. Morgan, Inovg. Chem., 2, 736 (1963). 
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out, this study appears to be the first in which all four 
molecules are examined as a group, and a consistent set 
of force constants is calculated. In addition we have 
measured absolute Raman intensities for the A1 modes 
of principal interest and have used them, in connection 
with the eigenvectors from the normal-coordinate anal- 
ysis, to calculate metal-metal and metal-carbon bond 
polarizability derivatives. 

Spectra and Assignments 
Raman and infrared spectra below 700 cm-I for the 

four (CH3)6M2 compounds are illustrated in Figure 1. 

t t 

-~ 
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Figure 1.-Summary of vibrational spectra for (C6Ha)&b 
compounds, below 700 cm-'. The lengths of the vertical lines 
indicate the relative intensities of the bands in the Raman (A) 
and infrared ( 0 )  spectra. The dashed lines connect bands which 
are assigned to analogous vibrational modes in the four com- 
pounds (see text). 

The frequencies are in good agreement with those re- 
ported by previous workers. For ( c H ~ ) ~ S n z  and (CH3)6- 
Pb2 we were unable to examine the low-frequency 
(<200 cm-l) infrared region, and we have utilized the 
infrared frequencies given by Clark, et al . jd  The spec- 
tral region below 700 cm-l includes the skeletal vibra- 
tions of interest here: metal-carbon stretching, metal- 
metal stretching, and metal-carbon deformation. Car- 
bon-hydrogen stretching and deformation modes occur 
at higher frequencies. They are expected to  mix 
somewhat with the metal-carbon modes but very little 
with the metal-metal modes. 

Assignment of the frequencies depends on the 
assumed geometries for (CH3)6b12. Staggered (&) or 
eclipsed (D3h) configurations are possible. The repre- 
sentations spanned by a set of internal skeletal coordi- 
nates in these tn-o point groups are given in Table I. If 
there is free rotation about the M-?L1 bond (point group 
DSh,), the representations are the same as for Dsn Pre- 
vious workers have preferred Dsd symmetry for (CH3)6- 
Pbz and ( C H ~ ) ~ S I I ~ , ' ~  but D3h symmetry for (CHS)~-  
Siz.5a-c Table I shows that  the expected spectral differ- 
ences between the two models are not pronounced. In 
either case there should be three polarized Raman bands 
and these are readily identified in each of the spectra 
as the totally symmetric metal-carbon stretch, metal- 
metal stretch, and metal-carbon deformation (umbrella) 
mode, in order of decreasing frequency. 

The only discrepancy is that  (CH3)6Pb2 has only two 

TABLE I 
DISTRIBUTION AND DESCRIPTIOX O F  SORhlAL M O D E S  

FOR THE CsMz SKELETON O F  (CH3)6M2' 
- e n  

Ai' AI" A211 E' E" 
(I<) (inactive) (ir) (ir, R) (R) 

Intern a1 A?" A?, E" E, 
coordinate (R) (inactive) (ir) (ir) (W 

MM str 1 0 0 0 0 
M C  str 1 0 1 1 1 
CMM bend 1 0 1 1 1 
CMC bend 1 0 1 1 1 
Torsion 0 1 0 0 0 
Total 3 1 2 3 3 
Redundancies 1 0 1 0 0 

___________ Dae _________- 

a Abbreviations: ir, infrared active; R ,  Raman active. 

observably polarized Raman bands. Soting this, 
Clark, et al.,jd assumed that the lower of these, a t  116 
cm-l, is a superposition of both the M-M stretch and 
the C-M-C umbrella mode. However their own sim- 
ple valence force calculation predicts the umbrella mode 
some 20 cm-I lower, and our calculations (vide inf~a) 
show that even with several interaction constants it is 
very difficult to force the two 41 modes into a predicted 
degeneracy. There is a weak Raman band a t  97 cm-', 
of uncertain polarization, which we prefer to assign to 
the umbrella mode. 

In  both the Dad and D,, point groups, four modes are 
expected for both the bl-C stretching and C-lf-C 
bending coordinates. For D3d geometry one expects 
two Raman (Alg, Eg) and two infrared (A,,, E,) bands, 
for each set of coordinates, with no coincidences. The 
only change on going to D311 selection rules is that  the 
ir mode of E symmetry (now E') becomes Raman active 
as well. Aside from contributions to modes which can, 
through redundancies, be expressed in terms of the other 
coordinates, the C-M-M bending coordinate contrib- 
utes to two modes of E symmetry. In D3d they are 
mutually exclusive, while in D3h the ir mode becomes 
Raman active as well. The torsional coordinate con- 
tributes only to a spectroscopically inactive mode in 
either point group. 

Examining first the (CH3)sGez spectra (Figure 1) we 
see tha t  the bands in the C-ilf stretching region (550- 
600 cm-l) are consistent only with Dad selection rules. 
There is no evidence for a third Raman band coincident 
with one of the ir bands. Likewise in the C-hf-C 
bending region, 160-240 cm-I, only two Raman bands 
occur, although we were unsuccessful in finding the ir 
bands. The C-M-M modes were not observed nor 
have they been reported elsewhere. Both (CH3)&n2 
and (CH3)& show two Raman and two ir bands in the 
M-C stretching region. However the higher of the two 
Raman frequencies is coincident, within experimental 
error, with the higher of the ir frequencies. For (CH3)6- 
Si, this coincidence has been the basis for inferring a 
D3h (or configuration.j"-' The difficulty with 
this interpretation is that  if the coincident Raman and 
ir bands arise from the same mode (E'), then the fourth 
mode (E") is missing and must be assumed to be degen- 
erate with the E' mode. There seems little to choose 
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between a Dah or a D3d model since either way there is 
apparently an accidental degeneracy of the two E type 
modes. In  the bending region both compounds have 
three Raman bands and only one ir band. The third 
Raman band, if assigned to a C-M-C mode, could be 
taken to confirm D3h configuration, or it could be as- 
signed to a C-M-M mode. Unfortunately neither 
assignment is easy to reconcile with quantitative calcu- 
lations. Despite a good deal of trial and error we have 
been unable to calculate the 215-cm-l band of (CH3)6- 
Siz or the 122-cm-l band of (CH3)~Sn2 satisfactorily. 
They have not been reported by others and may possi- 
bly be due to impurities. For (CH3)6Pb2 the M-C 
stretching region shows two ir bands but only one, non- 
coincident, Raman band. The bending region shows 
two Raman bands and one ir band, again without coin- 
cidences. Because in each region a t  least one band is 
missing, there can be no clear inference of symmetry. 

It appears therefore that  only for (CH3)6Ge2 is the 
evidence regarding molecular geometry clear-cut, and it 
favors the staggered, Dad, configuration. The spectra 
of the remaining molecules correlate satisfactorily with 
those of (CH3)6Ge2, as the dashed lines in Figure 1 show. 
It seems reasonable to assume that they all adopt the 
staggered configuration. It is particularly difficult to 
understand on physical grounds why (CH3)6Si2 should 
adopt a Dah or D3ht configuration since, being a t  least as 
crowded as (CH3)&3e2, i t  would be expected to prefer 
the staggered configuration a t  least as much. 

Force Constants 
Approximate normal-coordinate analyses were car- 

ried out on all four (CH3)6M2 molecules, using an eight- 
atom ethane-like model with methyl groups treated as 
single atoms of mass 15. The aim was to obtain a con- 
sistent set of metal-metal force constants and also to fit 
the spectra with sufficient accuracy to produce reliable 
eigenvectors for the A1 skeletal modes, for use in calcu- 
lating bond polarizability derivatives from the measured 
Raman intensities. 

TABLE I1 
MOLECULAR PARAMETERS FOR (CH3)&z 

,--Distances, A- 
M MM MC CMC angles, deg Ref 

Si 2 .34 1.90 109.5 6 
Ge 2.42 1 .98  109.5 7 
Sn 2.80 2.18 109.5 7 
Pb  2 .88  2 .25  109.5 8 

Molecular parameters are listed in Table 11.6-8 

These were used to construct the G matrices using 
Schachtschneider's program GMAT.' Both G and F 
matrices were factored using symmetry coordinates gen- 
erated by standard group theoretical methods. 
Schachtschneider's program FPERT' was used to solve 
the secular equations, with least-squares adjustment 

(6) L. 0. Brockway and N. R. Davidson, J .  Amev.  Chem. Sac., 6S, 3287 
(1941). 

(7) Distances estimated from covalent radii: L. Pauling, "Nature of 
the Chemical Bond," 3rd ed, Cornel1 University Press, Ithaca, N. Y., 1960. 

(8) H. A. Skinner and L. E. Sutton, Tuum.  Puvuduy Soc., 36, 1206 (1940). 
(9) J. H. Schachtschneider, Technical Report No. 231-64 and 57-65, 

Shell Development Co., Emeryville, Calif., 1964 and 1965. 

of the force constants. The principal valence force 
constants were initially chosen to fit the different spec- 
tral regions approximately. Interaction force con- 
stants were then added as needed to improve the agree- 
ment between observed and calculated frequencies. 
Since no frequency could be assigned with confidence 
primarily to C-M-M bending, the associated force con- 
stant was set equal to zero in order to avoid an ill-condi- 
tioned fit of the frequencies. I ts  effect is absorbed 
primarily by the C-211-C bending constant. 

The final calculated frequencies are compared with 
the observed frequencies in Table 111, while Table IV 

TABLE I11 
OBSERVED AND CALCULATED FREQUENCIES FOR 

(CH3)& (& SYMMETRY) 
-(CHa)eSih ,-(CHa)sGeh -(CHa)sSnh -(CHa)aPbz- 

Species Obsd Calcd Obsd Calcd Ohsd Calcd Obsd Calcd 

Raman Bands 
E, 688 688 586 590 519 519 458 462 
Aig 638 639 569 567 509 505 458 453 
Ai, 404 395 273 270 192 190 116 117 
E, 251 248 192 192 152 147 141 130 

E," 215? 0 . .  . 0 122? 0 . . . 0 

Infrared Bands 
E, 691 698 595 590 520 519 467 463 
Ai, 610 607 560 562 499 503 448 452 
A z u  243 248 . .  . 217 142 147 118 113 
E, 243 247 . , . 192 142 147 118 130 
EUa . . . 0 . . . 0 . . . 0 . . . 0 
Calculated values constrained by setting fclarai = 0. 

Aig 184 163 165 164 135 126 97 103 

TABLE IV 
ADJUSTED VALENCE FORCE SONSTANTS 

FOR (CH&MZ (MDYNIA)~  
(CHdssiz (CHa)sGez (CHdsSnz (CHd6Pbz 

Principal Force Constants 
f Bf If 1.70 1.54 1.39 0 98 
fMC 2 .49 2.47 2 .08  1.74 
fcnic 0 .20 0.17 0.09 0.07 

Interaction Force Constants 
koM?,oBr (str-str) 0 .11  0.07 0.04 0.02 
kBf,rnr,cnfc(str-bend) -0 .05 -0.05 -0.05 -0.04 
kc>rc,cntc(bend-bend) 0 .03 0.05 0.02 0.01 

and all other interaction constants were constrained t o  zero. 
a Principal force constants for torsion and for CMM bending 

lists the adjusted force constants and Table V shows the 
A1 eigenvectors. The results given are for an assumed 
staggered, Dsd, configuration of the molecules. For 
(CH3) 6si2, calculations were also performed using an 
eclipsed, Dah, configuration. The frequency fit was of 
the same quality and the changes in the force constants 
and eigenvectors were negligible. It seems safe to as- 
sume that  for the other molecules as well the assumed 
configuration is of no great consequence to the normal- 
coordinate analysis results. 

Bond Polarizability Derivatives.-The intensities and 
depolarization ratios of the three AI Raman bands were 
measured for each molecule in CC14 solution and used 
to calculate mean polarizability derivatives for the 
normal modes, &/bQ, = E ' ~ ~ ,  as described previ- 
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TABLE VI TABLE V 
AI, EIGENVECTORS FOR (CH&MZ 

Qia Qz Q 3  

(CH$)sSiz 
S M C h  0.2668 0.0849 0.0011 
SA1 11 -0.1732 0 2011 0.0281 
so $1 c - 0.4390 0,5510 - 0,4880 

(CHdsGez 
suo 0.2659 0.0201 0,0019 
Sm -0.0540 0,1496 0.0474 
Scnrc - 0.1400 0.5250 - 0.4040 

(CH3 )BSnz 
Safe 0.2632 0.0089 0.0005 
SM a1 - 0.0304 0,1251 0.0167 
s c  h i  c - 0.0764 0.3800 - 0.5060 

(CH3)zPbz 
S M C  0.2610 0.0029 0.00001 
Snm -0.0162 0.0969 0.0011 
SC3IC -0.0396 0.2440 - 0.5480 
5 Q is the normal coordinate, numbered in the order of decreas- 

ing frequency of the corresponding AI, modes. S is the sym- 
metry coordinate, constructed from the indicated internal coordi- 
nates. 

0us1y.~ Unfortunately (CH3)8Pbn decomposed rapidly in 
the laser beam of the Raman spectrometer and no mean- 
ingful intensities could be obtained for i t .  

The normal mode polarizability derivatives can be 
decomposed into contributions from each of the inter- 
nal coordinates via the transformationlo 

ElQi = d3u lu ia 'u  (1) 
U 

where E ' ~  is the mean polarizability derivative with re- 
spect to the internal coordinate 11, N ,  is the number of 
such internal coordinates in the set, and lui is the eigen- 
vector element connecting the normal mode with the 
symmetry coordinate constructed from the internal co- 
ordinate set. Since there are three skeletal AI modes, 
the transformation involves three simultaneous equa- 
tions, involving the unknowns E ' C M )  E 'Mhl ,  and E'CMC." 

Furthermore the sign of sQi is undetermined because the 
intensity is proportional to ( z ' ~ ~ ) ~ .  Consequently 
there are four possible pairs of solutions to the three 
simultaneous equations, the members of each pair differ- 
ing only in sign. For each molecule it was found that  
only one pair of solutions gave reasonable magnitudes 
for S'CM and ~ ' 1 ~ 3 1 .  Table VI gives the more positive 
set for each of these solutions, Reorientation of bonds, 
;.e., a bending coordinate, is assumed not to  contribute 
to atg i  in the Wolkenstein bond polarizability theory.12 
When subject to test this assumption has been found to 
be reasonably ~ a l i d . ~ , 1 ~  The dc1fc values are indeed 
quite small. Table IV also gives bond orders, n/2, cal- 

(10) R. E. Hester in "Raman Spectroscopy," H. A. Szymanski, Ed., 
Plenum Press, New York, iS, Y., 1967, Chapter 4. 

(11) There is actually a fourth unknown since C-M-M bending also con- 
tributes to  the A1 block. Because of the form of the redundancy, however, 
lcafai,i - Z C J I C , I .  Therefore we set B'CUJI = --d'cafc, and the contribu- 
tion to  eq 1 from angle bending becomes 2v'%1cuc,td'cuc. 

(12) RI. Wolkenstein, Dokl. Akad .  h'auk SSSR, 30, 203 (1941). 
(13) D. A. Long, D. C. hlilner, and A. G. Thomas, Pvoc. Roy. Soc., Seu. A ,  

237, 197 (19.56). 

v (Alg ) ,  cm-1 

184 (ChIC) 
404 (MM) 
628 (MC) 
165 (ChIC) 
273 (MM) 
569 (MC) 
135 (CMC) 
192 (MM) 
509 (MC) 

Pih 

0,658 
0,018 
0.037 
0.649 
0.066 
0.021 
0.425 
0.081 
0.181 

B'Q, Az 
0.141 
0,553 
0.627 
0.143 
0.380 
1.07 
0.339 
0.348 
1.81 

B I u ,  a2 

-0.05 
1.69 
1 .33  

-0.03 
2.20 
1.81 

-0.21 
3.89 
2.93 

d 2  

0.31 
0.48 

0.37 
0 .58  

0.42 
0.70 

. . .  

. . .  

. . .  

a Extensive decomposition prevented intensity studies with 
(CH3)oPbz. Depolarization ratio from analyzed scattered 
radiation from polarized incident radiation. 

culated from the bond polarizability derivatives with 
the 6 function model equation of Long and Plane.3 

Discussion 
The force constants obtained from the normal-coor- 

dinate analysis are all reasonable. The M C  stretching 
and CMC deformation force constants are in good 
agreement with those reported for the analogous 
(CH3)&i species14 as are the interaction constants 
Kcu,c11 and k c m , c ~ c .  The metal-metal force con- 
stants are substantially higher than those calculated by 
Brown, et ~ 1 . ~ ~ "  and by Clark, et aZ.,5d using 41, frequen- 
cies only. For (CH3)6Si2 and (CH3)&ez the present 
values of f11-11 are in good agreement with the values 
given for disilane (1.75 mdyn/A)I5 and digermane (1.60 
mdyn/,k) .I6 The metal-metal force constants de- 
crease smoothly with increasing atomic number from Si 
to Pb, in accord with expectation based on the homonu- 
clear bond strengths of the group IV e1ements.l' 

The main point of interest here concerns the estimate 
of bond orders from bond polarizability derivatives via 
the Long and Plane e q ~ a t i o n . ~  This equation can be 
criticized on the grounds that  it is based on a vastly 
oversimplified model of the chemical bond. On the 
other hand i t  has proved quite successful in calculating 
bond polarizability derivatives, within about 3076, for 
a wide range of molecules without any adjustable pa- 
r a m e t e r ~ . ~  Even if bond orders calculated with this 
equation are not meaningful in an absolute sense, they 
may a t  least be useful in comparing chemically related 
systems. 

Such comparisons are quite revealing for the (CH3)e- 
M2 molecules. Table VI shows that, although the 
metal-metal bond polarizability derivatives more than 
double on going from M = Si to A I  = Sn, the calculated 
bond orders va'y by only 30%. The absolute values of 
n/2 (0.32-0.42) are about one-third as large as they 
should be, since we are clearly dealing with single bonds. 
The important point is, however, that  the n/2 values 
are nearly constant and that they do not correlate with 
the force constants. It is clear that while the force con- 
stants reflect changes in the metal-metal bond 

(11) (a) H. Siebert, Z .  Anovg. Allg. Chem., 273, 170 (1953); (b) K. Shim- 
izu, .Vippoiz Xagaku Zasshi, 77, 1284 (1956). 

(15) AI. Pfeiffer and H. J. Spangenberg, Z. Phys .  Chetn. ( L e i p z i g ) ,  232, 
47 (1966). 

(16) E. A. Clark, Thesis, Fordham University, 1966. 
(17) K. W. Mackey and R. Watt, Organometal, Chem. Rev. ,  Sect. A ,  137 

(1969). 
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strengths, the n/2 values reflect, a t  least roughly, the 
expected constancy in the number of bonding electrons, 
even if the actual electron count is off by a factor of 3. 

Of still greater interest is the fact that two out of the 
previous three n/2 values2 for single metal-metal bonds 
fall in the same range, even though the molecules are 
quite different in electronic structure. For HgZ2+ n/2 
= 0.38, while for Rez(C0)lo n/2 = 0.36. The only ex- 
ceptional value is given by Mnz(CO)lo for which n/2 = 
0.66. We can offer no explanation a t  present of the 
Mn2( CO)l0 anomaly, although a possibility is suggested 
in the succeeding paper.I8 However, with five ap- 
parently well-behaved representatives from a fairly wide 
range of metal-metal bonded molecules, i t  now becomes 
a reasonable conjecture that a metal-metal bond of unit 
bond order will give n/2 = 0.3-0.4 as calculated with 
the Long and Plane equation. 

The n/2 values for the metal-carbon bonds in the 
(CH~)GMZ molecules show a greater variation, ranging 
from 0.48 for (CH3)GSiz to 0.70 for (CH3)GSnz. Part  of 
the variation may be due to neglect of the carbon-hy- 
drogen modes in the analysis. In  particular the HCH 
umbrella mode, which occurs a t  -750 cm-l, may mix 
appreciably with the A1 MC stretch. Since CH de- 
formation is not expected to contribute to s ' ~ ,  the effect 
of mixing would be mainly to lower the NIC eigenvector 
element for the A1 MC stretching mode and therefore to 
raise the calculated ~'110. Since mixing should be 
greatest for (CH3)6Si2, which has the highest M C  
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stretching frequencies, the effect of this correction 
would be to  compensate some of the observed variation 
in S'MC and in the associated n/2 values. We note 
that for the CC bond in ethane n/2 is 0 76 or 0 50,3 de- 
pending on which of two available sets of force con- 
stants is chosen.lD 

Experimental Section 
Preparations.-Hexamethyldisilane was obtained from Penin- 

sular Chemical Research Inc. (PCR) and distilled before use. 
Hexamethyldigermane was prepared from (CH3)aGeBr using the 
method described by Brown and FowlesZ0 ((CH3)aGeBr in molten 
potassium), and distilled in a vacuum line. Hexamethylditin 
was purchased from Alfa Inorganics and distilled in a vacuum 
line prior to use and the solutions were kept under an inert 
atmosphere. Hexamethyldilead was synthesized following the 
method of Calingaert and SoroosZ1 (PbC12 and CH3MgRr a t  
-10" in ether) and recrystallized from ether before use. 

Physical Measurements.-Infrared spectra (190-1000 em+) 
were measured for (CHa)& and (CHa)aGel as neat liquids be- 
tween CsI plates using a Beckman IR-12 infrared spectrophotom- 
eter. Raman spectra were recorded using a spectrometer de- 
scribed previously,2 employing the 6764-A (red) line from a mixed- 
gas Ar-Kr ion laser (Coherent Radiation Lab, Model 52) for 
excitation. Raman intensities were measured in CC14 solution 
using the 459-cm-1 ( V I )  line of the solvent as an internal standard. 
The spectrum of (CH3)ePbz was taken in ether, but extensive 
decomposition prevented accurate intensity measurements. 

Polarization measurements were made using a Polaroid filter 
placed before the entrance slit. The spectrometer was equipped 
with a polarization scrambler. Overlapping bands were re- 
solved using Lorentzian-shaped lines employing a Du Pont 310 
curve resolver. Areas were measured directly with a polar 
planimeter and corrected for instrumental response. 
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Low-frequency Raman spectra of hexaphenylditin, hexaphenyldilead, and tetrakis(tripheny1tin)tin are reported and as- 
signed. Sormal-coordinate calculations have been carried out for the totally symmetric vibrations of the two ethane 
analogs, using an assumed Dad model for the (Cs)sMn skeletons. The derived metal-metal force constants and eigenvectors 
appear rather insensitive to  the approximations made. The eigenvectors were combined with absolute Raman intensities, 
corrected for resonance enhancement, to allow the estimation of metal-metal bond polarizability derivatives and bond orders. 
The metal-metal bonds appear to be quite similar to those occurring in the hexamethyl analogs, contrary to the impression 
gained from considering only the metal-metal frequencies themselves. 

Introduction rivatives for metal-metal bonds. Our interest in the 
phenyl derivatives of tin and lead arose from a report3 
that the symmetric Sn-Sn stretching frequencies for 
(C&)eSnz and ((C6H&Sn)4Sn were 208 and 207 em-'. 

This report is one of a series2 from this laboratory 
concerned with force constants and polarizability de- 

* To whom correspondence should be addressed. While these frequencies were in reasonable accord with 
(1) This investigation was supported by Public Health Service Grant 

GM-13498 from the National Institute of General Medical Sciences and by the previously reported YSn-sn 190 em-' for ( C H ~ ~ S ~ Z , ~  
National Science Foundation Grant GP-10122. 

(b) B. Fontal and T. G. Spiro, ib id . ,  10, 9 (1971). 

(3) H. M. Gager, J. Lewis, and M. J. Ware, Chern. Commun., 616 (1960). 
(4) M. P. Brown, E. Cartmell, and G. W. A. Fowles, J .  Chem. Soc., 506 

(1960). 
(2) (a) C .  0. Quicksall and T. G. Spiro, Inovg. Chem., 9, 1045 (1970); 


