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carbonyl has been the subject of electrophilic attack 
(either by SO2 itself or by the SOz-BF3 adduct, which is 
stable below ambient  temperature^^^). The product is 
probably best considered as an intermediate (2) in the 

__-__- v--- =% 

(OC),Fe 
1 vy: -BF,_ yrJ 

(OC)3Fe-. , \O-BF3 (OChFe-0 / No: .. 
2 3 

(45) H. S. Booth and D. R. Martin, J .  Amev. Chem. Sac., 64, 2198 (1942). 

hypothetical Friedel-Crafts sulfination reaction 1 + 3. 
[It should be emphasized that complexes of type 3 have 
yet to be reported. However, a complex of type 2 
containing the Lewis acid SbFj, rather than BFa, has 
been prepared by Kaesz and  coworker^.^^] 
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Gas-phase Si[Si(CHa)a]r possesses S i S i  and Si-C bond lengths of 2.361 =t 0.003 and 1889 i 0.003 8, including estimated 
standard errors, respectively, and SiSi-C and Si-C-H angles of 110.9 i 0.6 and 109.3 zt 1.7". The (CH3)sSi groups appear 
to  undergo cooperative torsional displacements of about 14" from Td symmetry in order to relieve nonbonded interactions 
between methyl groups. 

Introduction 
The first successful preparation of tetrakis(trimethy1- 

silyl)silane, Si[Si(CH3)3]4, was reported in 1964 by Gil- 
man and Smith.3 Quite stable and unreactive, the 
yellow solid melts a t  261-263". The proton nmr ex- 
hibits a sharp singlet a t  r 9.79, indicating that all pro- 
tons are equivalent. Tetrakis(trimethylsily1) silane 
presented a favorable opportunity to extend studies of 
the influence of nonbonded repulsions on molecular 
structure4 to an analog of tetrakis(t-buty1)methane. 

Experimental Section 
The electron diffraction apparatus employed has been described 

elsewhere.6 Except for the special heated nozzle assembly neces- 
sitated by the relatively nonvolatile sample, diffraction patterns 
were recorded and measured by the usual techniques.6 Least- 
squares structure refinements upon the experimental leveled 
intensity were based on the elastic scattering factors of Cox and 
Banham' and the inelastic scattering factors of Tavard* and did 
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~ h y s . ,  sa, 827 (1960). 
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not differ significantly from procedures described elsewhere.9 
Comparison between experimental and theoretical points was 
carried out utilizing a weighting function proportional to the 
scattering variable for the composite reduced molecular intensity 
curve, M ( s ) .  Asymmetry constants a were estimated10 to be 
2.5 b-l for C-H distances and 2.0 b-l for Si-Si and Si-C dis- 
tances and were taken to be 1.0 k-l for all nonbonded distances. 
No correction was made for shrinkage effects." 

Results 
Figure 1 shows the molecular intensity curve deter- 

mined for Si[Si(CH3)a]4 by blending together data from 
the individual camera distances. The index of resolu- 
tion was 0.95 for each of the three experimental camera 
ranges. Fourier inversion of the molecular intensity 
produced the radial distribution function illustrated 
in Figure 2. The results of our structural refinement 
are summarized in Table I. Experimental data were 
analyzed by least-squares fittings of the molecular in- 
tensity, and a representation of the error matrix deter- 
mined during the final runs is reproduced in Table 11. 
Listings of the experimental leveled intensity and the 
background used in data analysis a t  regular intervals of 
the scattering variable are given in Table 111. Table 

(9) L. S. Bartell, D. A. Kohl, B. L. Carroll, and R.  M. Gavin, Jr., J .  

(10) D. R. Herschbach and V. W. Laurie, ibid., 35, 438 (1961). 
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(1962). 

Chem. Phys. ,  42, 3079 (1965). 
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Figure 1.-Molecular intensity curves determined for Si[% 
(CHs)al4. 

IV  compares parameters determined in this investiga- 
tion with parameters for related molecules. 

Discussion 
The Si-Si and Si-C distances in Si[Si(CH3)3]4 are 

nearly the same as the corresponding distances in ele- 
mental silicon12 and in silicon carbide, l3  respectively. 
The C-Si-C bond angle determined is slightly less 
(-1 .So) than the tetrahedral angle, in accordance with 
simple Gillespie-Nyholm considerations. 

Two somewhat approximate assessments, one experi- 
mental and one theoreticai, were made of the possible 
consequences of intermethyl repulsions in the mole- 
cule. In  the first, least-squares analyses of the ex- 

TABLE I 
PARAMETERS FOR ( CH3)&iba 

Parameter y g ,  A I,, A Angle, deg 

Si-Si 2.3614Z 0.003 0 , 0 6 5 3 ~  0.003 
Si-C 1 . 8 8 9 4 ~  0.003 0 . 0 5 5 f 0 . 0 0 3  
C-H 1 . 1 1 7 3 ~  0.004 0.0713Z 0.004 
L Si-Si-C 110.9 rt 0.6  
L Si-C-H 109.3 3Z 1 . 7  
(CH3)aSi torsionb 11 f 3.6  

3.855 0 . 1 3 5 4 ~  0.015 s i .  . .sic 
C .  . . C( 1,3)c 3.054 0 . 1 1 6 f  0.018 

Uncertainties are estimated standard errors including the 
effects of known systematic errors. See L. S. Bartell in “Physi- 
cal Methods in Chemistry,” A. Weissberger and B. W. Rossiter, 
Ed., 4th ed, Interscience, New York, N. Y. ,  in press. * See text 
for meaning. Distance which is a dependent parameter. 

TABLE I1 
ERROR MATRIX FOR ( CHa)l&isa 

r(Si-Si) r(Si-C) r (C-H)  LSi-Si-C LSi-C-H Rot$ l(Si-Si) 1(Si-C) 1(C-H) $(S i . .  ,Si) 1(C. .C)c R 
r(Si-Si) 5 .7  -0 .5 -1.1 -4.8 -5.4 -2 .5  0.8 -1.0 -1.3 3 .3  3 . 5  -4 .6  
r(Si-C) 3.1 -1.1 -2.2 -4.6 3 .5  -1.8 -1.3 -2.4 -2.3 -1.9 -8 .7  
r( C-H) 4 .7  1.8 -4.0 -4.1 0.9 1.2 0 .4  0.5 1 .9  4 . 4  
L SiSi-C 6 .2  5 .4  3 .3  2 .0  2 .0  2 .9  -3 .7  4 . 7  10 .0  

I (  Si-Si) 3.9 1 . 6  2.2 1.8 3 . 0  7 .7  
Z(Si-C) 2 .5  2 .2  2 . 1  1 .9  7 . 5  
Z(C-H) 6 .1  3.1 2 .7  11.1 
Z(Si. .Si) 18.8 9 . 3  11.0 
Z(C. * .C)c 20.0 9 .4  

L Si-C-H 18.9 - 8 . 5  -2.9 3 .2  5 . 5  7 .1  -5.1 19.2 
Rotnb 42.3 -4.9 -4.7 -6.6 -23.8 -14.0 -22.7 

R 38.8 

Units for the distances and amplitudes are 
Pngstroms; those for the angles are radians; the index of resolution R is dimensionless. Matrix elements are given by u%j = sign[B,, -‘I 
{ lBz,-llv’wv/(n - m ) ) ’ I 2 ,  where the notation corresponds to that of 0. Bastiansen, L. Hedberg, and K. Hedberg, J .  Chem. Phys., 27, 
1311 (1957). Since the elements are based on a diagonal (nonoptimum) weight matrix, they do not represent bonafide standard errors. 

See text. 

a Values are x 103. Based on 110 intensity values interpolated from 297 data points. 

Rotation of the ( CH3)3Si groups from tetrahedral symmetry. I (  C * . . C) for (CH&Si group. 

perimental intensities were run a t  various fixed tor- 
sional displacements from T, symmetry. These dis- 
placements moved all corresponding groups equally, 
preserving T symmetry. For sake of calculation, an- 

gular displacements about the Si-C bonds were taken 
to  be equal to the displacements about the Si-Si bonds 
and were in a sense to augment the interhydrogen avoid- 
ance. This constraint for the Si-C rotations to follow 
the Si-Si rotations surely imposes far too great a methyl - -  

(12) M. E. Straumanis and E. 2. Aka, J. A g g l .  Phys. ,  23, 330 (1952). twist, as we shall see, but has only a secondary influence 
on the diffraction analyses. The methyl twists in- 

(13) N. W. Thibault, Ameu. Mineral.,  a9, 249 (1944); L. S. Ramsdell, 
ibid. ,  29, 431 (1944); 30, 519 (1945). 
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TABLE 111 

EXPERIMENTAL LEVELED INTENSITY AND 

BACKGROUND DAT.4 USED FOR Si[Si( CHa)a] 4" 

4 . 3 5 4  
4 . 4 7 8  
4.S$ 
4 . 7 2 5  
4 . 6 5 3  
4 . 9 7 4  
5 . 3 9 9  
5 . 2 2 3  
5 . 3 4 7  
5 . 4 7 1  

- e 1 1 9  
5 . 8 4 3  
5 . 9 6 1  
6.091 
5 . 2 1 5  
6 .339  
6 . 4 6 3  
6 . 5 8 7  
5 . 7 1 1  
6 . 1 3 5  
6 . 9 5 9  
1.082 
1 . 2 0 5  
7.330 
7.454 
7 . 5 7 8  
7 . 7 0 1  
1 . 8 2 5  
7 . 9 d 9  
8.371. 
8.195 
8.319 
8 . 4 4 3  
8 . 5 6 7  
8.690 
8 . 8 1 4  
8 .937  
9 .060  
9 ,184  
8 . 3 0 7  
9 . 4 3 1  
9 . 5 5 4  
9 . 6 7 7  

2 . 5 9 5  

3 . 3 1 6 5  

3 . 4 0 9 0  3 . 5 0 5 5  
3 . 5 2 4 ?  
3 . 5 1 3 8  
3 . 4 5 3 7  
3 . 3 7 4 5  
3 . 3 5 1 6  
3 . 3 8 4 4  
3 . 4 2 9 8  
5 . 5 1 7 3  
3 . 5 9 0 6  
3 . 6 4 1 5  
d , 6 5 3 2  
3 . 6 7 1 4  
3.6912 
3 . 6 6 5 2  
3 . 5 9 8 5  
3 . 7 6 0 9  
3.1835 
3 . 8 4 8 8  
3 , 9 2 8 5  
3 . P 5 9 3  
4 . 0 4 6 5  
4 . 0 5 4 1  
4 . 0 2 2 2  
3 . 9 6 5 3  
3 . 9 2 6 4  
3 . 9 1 9 4  
3 , 9 2 5 0  
3 . 9 6 7 5  
3.9980 

5 . 9 5 6 5  
3 .8711 
3 . 7 3 5 1  
3 . 6 5 9 1  
3 . 5 6 9 3  
3.4962 
3 . 4 5 1 9  

3.3949 
3 . 3 8 4 1  
3 .3892  

4 . 0 0 1 2  

3 . 4 1 7 8  

3 .6534  3 . 6 6 Q 3  
3 . 6 1 4 3  
5.64CI 
3.6849 
3 . 6 8 9 5  
3,6938 
3 . 6 9 7 8  
3.7316 
3 . 7 3 5 2  
3 . 1 C 8 7  
3.71 I Q  
3 . 7 1 4 9  
3.7175 
3 . 7 2 c 4  
3.7229 
3 . 7 2 5 9 .  
3.7273 
3 . 7 2 9 3  
3 . 7 3 1 1  
3 .7328 
3 . 7 3 6 3  
3.7356 
3 . 7 3 6 0  
3 . 1 3 8 0  
3.738Q 
3.739P 
3 . 7 4 3 5  
3 . 1 4 1 0  
3 . 1 4 1 3  
3 . 7 4 1 6  
3 . 7 4 1 8  
3 . 7 4 1 9  
3.7423 
3 . 7 4 2 0  
3 . 7 4 2 1  
3 . 7 4 2 1  
3 . 7 4 2 2  
3 . 1 4 2 3  
3 . 7 4 2 4  
3 . 7 4 2 5  
3 . 7 4 2 7  
3 . 7 4 3 0  

9 . 8 3 3  
o . - 2 4  

10 .047  
1 0 . 1 7 0  
1 0 . 2 9 3  
1 0 . 4 1 6  
1 0 . 5 3 9  
1 0 . 6 6 2  
1 0 . 7 8 5  
1 0 . 9 0 P  
l I . 0 3 1  
1 1 , 1 5 4  
I 1 . 2 7 1  
11.100 
1 1 . 5 2 3  
1 1 . 6 4 5  
I I . 7 5 9  
11.591 
12.013 
1 2 . 1 3 6  
1 2 . 2 5 9  
12.381 
1 2 . 5 3 4  
12.626 
12 .748  
12.871 
12.993 
1 3 . 1 1 5  
13.238 
1 3 . 3 6 0  
1 3 . 4 8 2  
1 3 . 6 0 4  
13.725 
13 .848  
13.970 
14.092 
14.214 
1 4 . 3 3 6  
1 4 . 4 5 8  
1 4 . 5 8 0  
14 .701  
1 4 . 6 2 3  
1 4 . 9 4 5  
1 5 . 0 6 6  

3.4083 
3 . 4 5 8 3  
3 . 5 2 7 4  

3 . 6 9 9 0  
3.7841 
3 . 8 6 0 5  
3 .9198  
3 . 9 6 4 5  
3 . 9 8 8 ?  
4 . 0 0 0 2  
3 .9986 
3 . 9 8 4 4  
3 . 9 5 6 7  
3 . 9 1 1 1  
3 . 2 4 6 3  
3 . 8 0 8 5  
3 . 1 4 2 3  
3 .6139 
3 . S I P P  
3.577.4 
3 . 5 6 0 6  
3 . 5 7 3 4  
3.6078 
3 .6604  
3 . 7 1 4 0  
3 . ' 6 7 4  
3 .8124  
3 .8493 
3 .8809  
3.9083 
3.9323 
3 . 9 4 8 8  
3 . 9 6 4 1  
3 . 9 1 9 4  
3.9652 
3.9632 
3 . 9 4 8 2  
3.9266 
3.Q386 
3 . 8 8 1 3  
3 . 8 5 5 0  
3.8216 
3 .792c  

5 . 6 0 6 7  

3 . 7 4 3 3  
3 . 7 4 3 7  
3 . 7 4 4 2  
3 . 7 4 9 8  
3 . 7 4 5 5  
3 . 7 4 5 4  
3 . 7 4 7 4  
3 . 1 4 1 5  
3  . 7 4 9 7  
3 . 1 5 1 1  
3 . 7 5 2 5  
3 . 7 5 4 1  
3 . 1 5 5 8  
3 . 7 5 7 7  
3 . 1 5 q S  
3.1517 
3 . 1 6 3 9  
3 . 1 6 6 4  
3 . 7 5 9 1  
3 . 7 1 1 C  
3 . 7 7 b C .  
3 . 1 7 7 2  
3.1198 
3 . 7 8 1 6  
3 . 7 8 2 8  
3 . 7 8 4 0  
3 . 7 8 5 3  
3 , 7 3 6 1  
3 . 7 8 8 5  
3 . 1 3 0 8  
3 . 7 9 5 0  
3 . 7 9 9 6  
3 . 8 0 4 4  
3 .8094 
3 , 8 1 4 5  
1 .8194 
3 , 8 2 3 5  
3 , 8 2 1 0  
3.8303 
3 . 8 3 3 4  
3 . 8 3 6 5  
3 . 8 3 9 4  
3 .8424 
3 . 8 4 5 5  

1 5 . 1 8 8  3 . 7 5 7 9  
1 5 . 3 0 9  3 . 1 3 1 3  
1 5 . 4 3 1  3 . 7 2 5 6  
1 5 . 5 5 2  3 . 6 8 9 5  
1 5 . 6 7 4  3 . 6 8 5 2  
1 5 . 7 9 5  3 . 6 9 5 0  
1 5 . 9 1 1  3.7149 
1 6 . 0 3 1  3 . 1 4 5 6  
1 6 . 1 5 9  3 . 7 8 2 5  
I6.2PO 3,8195 
1 5 . 1 0 1  3 . 8 5 5 2  
16.522 3 . R 9 5 7  
1 5 . 6 4 5  3 . 9 2 2 6  
15 .764  3 . P 4 6 3  
1 5 . 8 8 4  3 . 9 6 2 0  
17.C05 3 . 9 7 2 8  
17.126 3 . 9 7 9 2  
1 7 . 7 4 7  3 . 9 8 0 P  
17.367 3 .9790 
1 7 . 4 8 8  3 . 9 1 4 0  
1 7 . 6 0 9  3 . 9 6 5 5  
17.129 3 . 9 5 8 4  

1 7 . 9 7 0  3 . 9 4 1 1  
15.090 3 . 9 3 5 5  
I R . Z I !  3 . 9 3 1 5  
18.331 3 .52V0  
1 8 . 4 5 1  3 , 9 3 1 7  
1 8 . 5 7 1  3 . 5 2 6 2  
18 .601  3 . C 2 6 5  
18.811 3 . 9 2 5 5  
18.931 3.9223 
1 9 . S 5 1  3 . 9 2 5 6  
1 9 . 1 7 1  3.9328 
19.291 3 . 9 3 5 1  
1 9 . 4 1 0  3 . 9 4 2 5  
1 9 . 5 3 0  3 . P 5 1 9  
1 9 . 6 5 0  3 . 9 5 8 5  
19.769 3.9670 
19.P89 3 . 9 7 3 0  
20.C08 3 . 9 7 7 4  
20.127 3 . 9 8 5 7  
2 0 . 2 4 7  3 . 9 9 4 1  
2 0 . 3 6 6  4 . 0 0 5 1  

! ? . s a  3 . ~ 5 0 6  

B(S) 

3 , 8 4 8 6  
3 . 8 5 1 7  
3 . 8 5 4 8  
3 . 8 5 7 9  
3.8509 
5 . 8 5 3 9  
3.8669 
3.8698 
3 . 8 7 2 7  
3 . 8 7 5 6  
3 . 8 7 8 6  
3 . 8 8 1 5  
3 . 8 8 4 4  
3.8874 
3 . 8 9 0 4  
3 .?"4 
3 . P 9 6 4  
3 . 8 9 9 5  
3 . 9 0 2 6  
3 . 9 0 5 7  
3 .90RP 
3.91?1 
3 . 9 1 5 3  
3 . 9 1 5 5  
3.9111 
3  . 9 2 5 0  

5 .971  
1 . 2 0 3  7 , 4 5 4  
, . 6 5 5  
7.897 
F . 1 2 3  
8 . 3 5 9  
1 . 5 9 3  
F . 8 2 1  
?.CIS2 
P .2F3  
9 . 5 1 3  
9 . 7 4 4  
n . 9 7 4  

l i . 2 3 5  
I C . 4 3 5  
I C . 5 6 5  
I C . S Q 5  
11.125 
1 1 . 3 5 5  
! I  .584  
I I . f I 4  
I I . C 4 3  
12.272 
12.531 
1 2 . 7 3 1  
1 2 . 0 5 9  
13.188 
13.416 
1 3 . 6 4 5  
1 3 . P 1 3  
1 4 . 1 0 l  
14.329 
1 4 . 5 5 1  
I d . 7 8 1  

15.012 1 5 . 2 3 9  

1 5 . 4 6 5  
1 5 . 6 9 3  
1 5 . 9 2 0  
1 5 . 1 4 7  
15.313 
16.600 
16 .F26  
1 7 . 0 5 2  
1 7 . 2 7 1  

1 ? . 7 2 P  
1 7 . 9 5 3  

1 7 . 5 0 3  

4 . 4 C 8 1  

4 . 5 1 3 C  4 . 4 7 1 5  
4 . 4 3 0 7  
4 . 4 : 2 4  
4 . 1 6 7 9  
4 . 4 4 1 0  
r . 2 0 3 4  
4 . 1 2 P S  
1.9506 
3 . 8 7 5 2  
Z . 8 3 5 1  
3 . c 3 5 2  
J . C 7 5 3  
/ . I 2 7 3  
1.2116 
A . 4 0 Q 3  
" 4 P 1 7  
i . 4 9 4 q  
. ? . 4 6 ! 6  
t . 3 6 8 8  
4 . ? 2 ? 6  
4 . 0 5 3 7  
3.39:4 
L . 0 3 6 7  
i . 0 7 4 0  
4.1820 
4.2730 
4 . 3 2 9 7  
4.36P3 
4 . 3 5 4 7  
4 . 3 7 7 9  
"SCS3 
4.2008 
4 . 2 3 7 3  
4 . 1 6 1 7  
4 . 0 9 1 9  
4 . 0 3 9 3  
4 . 0 2 4 3  
4 . 3 5 2 8  
4 . 1 1 1 0  
4. 1 0 4 3  
4 . 2 5 5 1  
4 . 2 Q 2 3  
1.304C 
4 . 3 0 4 9  
L . 2 8 4 2  
4 . 2 5 9 9  
4 . 2 4 6 8  

4 . P 4 P 3  
4.2305 
4 . ? 3 2 8  
4 .2279 
4 . 2 2 4 2  
4 . 2 1 1 3  
4 . 2 1 8 9  
L.1172 
4 . ? 1 6 2  
4 . 2 1 5 5  
4 . 2 1 5 1  
4 . 2 1 5 1  
* , 2 1 5 3  
4 . 2 1 5 8  
4 . 2 1 6 3  
4 .2169  
4 . 2 1 7 1  
4 , 2 1 7 1  
4 . 2 1 1 1  
4 . 2 1 7 1  
4 . 2 1 7 1  
r . 2 1 1 1  
4 . 2 1  7 0  
4.2159 
4,2168 
4 , 2 1 6 7  
4 . 2 1 6 5  
4 . 2 1 5 4  
4 . 2 1 6 2  
4 . 2 1 6 0  
4 . 2 1 5 7  
4 . 2 1 5 3  
4 . 2 1 5 c  

is.:?a 
1 8 . 4 0 s  
I E . 6 2 8  
1 ? . 8 5 2  
19.077 
19 .301  
1 9 . 5 2 4  
I C . 7 4 8  
1 9 . 9 7 1  
20.:95 

2 0 . 5 4 0  
2 2 . 8 6 3  
? I . S S 5  
7 1.301 
' 1 . 5 2 Q  
2 1 . 7 5 1  
2 1 . 0 7 2  
22 .194  
Q a . 4 1 5  
7 ? . 6 3 5  
9 9 . 4 5 6  
2 3 . C 7 6  
2 3 . 2 9 6  
2 3 . 5 1 6  
3 3  . i , ! S  
2 3 . P 5 5  
? 6 . 1 7 4  
?4.93 
24 .612  
2 4 . 8 3 0  
2 5 . 0 4 1  
2 5 . 2 6 5  
2 5 . 4 8 4  
2 5 . 1 0 1  
2 5 . 9 1 8  
2 5 . 1 3 5  
2 5 . 3 5 1  
2 6 . 5 6 3  
25.784 
27 .C05  
$ 7 . 7 1 5  

2 7 . 5 4 5  
27.85: 
28 .074  
7=.7='a 
2 8 . 5 0 2  
2P .715  

2 n . i l i 8  

< 7 . 4 3 0  

4 . 2 2 4 9  
4 . 2 1 1 1  
4 .2313  
4 . 1 0 1 5  
4 . 1 5 7 5  
4 . 1 7 P I  
d . 1 9 7 0  
4.2065 
4 . 2 1 4 6  
'.22C8 
4 . 2 7 4 2  
l . ? 3 ? 4  
4 .2356  
L . 2 4 ? 1  
4 . 2 4 5 4  
4.2349 
4.:249 
4 . I l S I  
4 . 1 9 a 5  
4 . 1 8 7 3  
4 . 1 l X l  
4 . I P 2 1  
4 . 1 9 4 1  
4 . 2 1 4 0  
4 .2366 
4 . 2 6 1 7  
> . ? P O 4  
4 . 2 9 5 8  
4 . 2 9 9 2  
4 . 2 9 1 5  
4 . 2 7 5 :  
" 2 5 9 5  
4 . 2 4 0 1  
4 . 2 2 4 7  
4 r Z I l 5  
4 . 2 1 0 5  
4 . 2 1 8 1  
4 . 2 3 2 2  
4 . 2 5 1 7  
4 . 2 7 3 1  
4.2909 
4 . 3 3 4 9  
4.3132 
4 . 3 3 8 9  
4 . 3 0 6 5  
d.3CC7 
4 . % 0 9  
4 . 1 7 C 5  
4.2":C 

4 . 2 1 4 7  
4 . 2 1 4 4  
4 . 7 1 4 2  4 . 7 1 4 i  
4.?14? 
4 . 7 1 U l  
6 . 2 1 4 3  
4 . 2 1 4 6  
4 . 2 1 5 3  
4 . 2 1 5 4  
4 . 2 1 6 0  
& . ? I 6 7  
4 . 2 1 7 5  
4 .2184  
4.2104 
4 . 2 2 0 5  
4 . ? ? 1 5  
4 . ? ? 7 Q  
4 .224?  
4 . ? 2 5 5  
4 .2273  
4 . 7 2 Q 5  
4 . 2 3 3 1  
4 .?318  
4 . 2 3 3 6  
4 . 2 5 5 6  
4 . 9 3 7 7  
4 . 2 3 9 9  
4 .2423  
4 . 9 4 4 3  
4 . 2 4 5 1  
~ . Z d V I  
4 . 2 5 1 4  
4 , 2 5 3 8  
4 . 2 5 6 7  
4 . 2 5 8 5  
4 .251  I 
4 .2637  
4 . 2 5 6 3  
4 . 2 6 C 0  
4 . 2 7 1 7  
4 . 2 7 4 5  
4 . 2 ' 7 4  
4 . 2 8 3 5  
4 . 2 8 3 5  
4.2868 
4 . 2 0 3 ?  
4 . 2 9 4 0  
4.2s7: 

? - . ? 2 Q  
'9 .10 '  
?Q.355  
7=.55P 
7C.7P1 
79.09? 
3t.903 
3 3 , 4 1 5  
3C.678 

! I . 0 4 7  
3 1 . 7 5 1  
3 1 . 4 6 7  
3 1 . 5 7 6  
3  I .F?5 
3?.:Q4 
52 .303  
3 ? . 5 1 '  
3 2 . 7 1 9  
3 7 . 9 7 '  
33 .135  
3 3 . 3 4 2  
3 3 . 5 5 9  
3 3 . 7 5 5  
3 3 . 9 5 1  
3 1 . 1 5 1  
3 4 . 3 7 3  
34 .578  
3 4 . 1 8 1  
3 r . o 8 1  
3 5 . 1 9 ?  
3 5 . 3 0 6  
3 5 . 5 9 Q  
3 5 . * 0 3  
3 5 , 0 2 5  
35.238 
3 5 . 4 1 1  
3 5 . 6 1 3  
3 5 . 8 1 4  
3 7 . 0 1 6  
3 7 . 2 1 7  
3 7 . 4 1 8  
3 7 . 6 1 3  
3 7 . S I S  

s a . 2 1 7  
3 ? , 4 1 5  
J P . 9 1 5  
3 t . 6 1 3  

3 0 . ? 3 5  

3 4 . c i e  

4.2189 
4 . 2 8 1 6  
4 .2927  
4 . 3 0 4 0  
4 . 3 1 7 4  
4 .3304  
4 . 3 3 1 9  
4 . 3 5 1 1  
A . 3 4 3 9  
2 . 3 5 2 2  
: .3579 
4.34P:: 
4 . 3 7 2 7  
6 . 3 6 5 5  
4 . 3 5 3 8  
4 . 3 5 4 1  

4 . 3 6 5 7  
4 . 3 7 3 3  
4 . 3 8 1 4  
4 . 3 5 4 3  
4 . 3 8 9 1  
4 . 3 9 9 1  
4 . 4 0 4 1  

4 . 4 1 5 8  
4 . 4 2 5 5  
4 . < 3 C Q  
4 . 4 3 1 3  
4 . i 3 2 0  
4 . 4 4 c 7  
4.44:7 
4 . 4 4 3 0  
4 . 4 5 0 1  
4 . 4 5 3 9  
4 . 4 5 9 7  
4 . 4 6 9 4  
4 . 4 7 e l  
4 . 4 8 5 6  
4 .4990  
4 . 5 0 6 7  
4 , 5 2 0 2  
4 . 5 3 1 4  
4 . 5 4 3 9  
4 . 5 4 P I  
4 . 5 5 4 6  
" 5 5 J O  
4 . 5 5 7 5  
4 . 5 7 5 1  

4 . 3 6 0 8  

4 . 1 1  i o  

4.331a 
4 . 3 0 5 9  
6 .3101  
4 . 3 l i 3  
4 . 3 1 8 7  
4 . 3 2 3 0  
4 , 3 2 7 3  
4 . 3 3 1 7  
L.3361 
6 , 3 4 0 6  
4 . 3 4 5 1  
4 , 3 4 9 6  
4 . 3 5 4 1  
4 . 3 5 8 6  
4 . 3 6 3 1  
4.3676 
4 . 3 7 2 1  
4 . 3 7 6 7  
4,3912 
4 . 3 8 5 7  
4 .3901 
4 . 3 9 4 4  
6 . 3 9 8 7  
4 , 4 3 3 1  
4 . ? 0 7 5  
d. . .121 
4 . 4 1 6 7  
4 . 4 2 1 5  
4 . 4 2 6 5  
4 . 4 3 1 7  
4 . 4 3 7 3  
4 . 4 4 9 5  
4 . U b F 2  
4 . 4 5 4 1  

4.4502 4 . 4 6 6 5  
4 . 4 7 3 3  
4.4503 
4 . 1 8 1 4  
4 . 1 9 4 7  

a R2, 21-cm camera data (above); R3,  21-cm camera data 
(center); Ra, 11-cm camera data (bottom). The function 
M ( s )  is given by [ ( lo /B)  - 11. 

TABLE IV 
STRUCTURAL PARAMETERS FOR SILICON DERIVATIVES 

Distance, 
A, or 
angle, 
deg Si[Si(CHa)alP Sib Sicc Si(CHa)ld Si%Hae 

. . . 2.32 & 0.03 Si-Si 2.361 f 0.003 2.352 , . . 
Si-C 1.889AO.003 . . .  1.885 1 . 8 8 8 f 0 . 0 2  . . .  
C-H 1.117 & 0.004 . . . , . . 1.10 zt 0.05 . . . 
LC-Si-C 107.9 5 0.5  . , . , . . 109 5 I . .  

LSi-C-H 109.3 + 1 . 7  . , . . . . 110 i 3 . . .  
I, M. E. Straumanis and E. Z. Aka, J .  Appl. 

Phys., 23, 330 (1952). N. W. Thibault, Amer. Mineral., 29,  
249, 327 (1944); L. S. Ramsdell, $ b i d ,  29, 431 (1944); 30, 519 
(1945). W. F. Sheehan, Jr.,  and 1'. Schomaker, J .  Amer. 
Chem. Sac., 74, 3956 (1952). e L. 0. Brockway and J.  Y. Beach, 
ibid., 60, 1836 (1938); G. W. Bethke and M. K. Wilson, J .  Chem. 
Pltys., 26, 1107 (1957). 

This work. 

volve only interactions with the weakly scattering hy- 
drogens, whereas the Si-Si(CH3)s twists involve carbon 
displacements. All important molecular parameters 
were allowed to vary. The results of the least-squares 
analyses are shown in Figure 3 where the mean value of 

4 deg 

Figure 3.-Minima achieved in least-squares cycling as a 
function of the distortion of Si[Si(CH3)3]4 from Td symme- 
try. 

QI [over the skewed minimum between the & ~ ( Q I )  

limits] indicates a twist of 11' of the trimethylsilyl 
groups away from a reference T ,  structure. A smaller 
imposed methyl twist would probably have increased 
this value slightly. 

A simplified molecular mechanics model was investi- 
gated which incorporated only .%Si and Si-C torsions 
(denoted as a and p, respectively) and the closest inter- 
methyl nonbonded Ha * .H interactions (set A including 
12 interactions at a distance R) .  If the torsional po- 
tential energy for 4 Si-Si and 12 Si-C bonds is assumed 
to be 

Vt(a ,  p)  = 4Va0 sin2 (3cy/2) + 12V; sin2 (3/3/2) 
(1) 

= 9Ve@a2 + 27Vpop2 

and if VH(R) is the potential energy associated with a 
nonbonded pair of hydrogens, it can be shown for this 
model that, a t  static equilibrium 

a l p  = (3 vpo/ Va0) (bR/da)/(dX/dP) 

dV,/bQI = - 12(dVH/dR) (bR/dP) 

( 2 )  

(3 1 
and 

If the approximate barrier values V,O = 1 k~a l /mol '~  
and Vpo = 2.3 kcal/mo115 are inserted into eq 2 in the 

(14) A.  P. Cox and R. Varma, J .  Chem. Phys. ,  44, 2619 (1966). 
(15)  J. P. Lowe, Pyogt'. Phys. Oyg. Chem., 6, 1 (1968). 
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vicinity of a! E loo, a ratio of a!/@ = 25 is obtained, 
implying that the methyl twist, @, must be small. If 
the crude V,(R) function of Bartel14 is inserted into eq 
3, the equation is satisfied for a! = 18". 

If the next most important He a H interactions (set 
B with six H -  - . H  pairs) are introduced into the cal- 
culation, the angle a! is reduced to  16" a t  equilibrium, 
a t  which point the hydrogens of set A are 2.6 A apart 
(a distance 0.5 A longer than a t  a! = fl  = 0'). The 
hydrogens of set B resist a larger twist than 16" and 
nestle down to a 2.6-A distance, also, a t  equilibrium 
(a distance 1.1 A shorter than a t  a! = fl  = 0"). The 
remaining hydrogens play a much smaller role. In  
essence, then, the cooperative displacements just de- 
scribed have the effect of rotating the Si(CH& groups 
until the hydrogen bumps on any given group are cen- 
tered on the hollows between the methyls of the adja- 
cent groups. 

According to the model, the equilibrium structure is 
governed more by the interhydrogen interactions than 
by the relatively weak bond torsional potential func- 
tion, V(a!). This is underscored by comparing the 
total effective torsional force constant for concerted 
rotations, (b2 V(a!)/ba2)l8. = 34 X ergs/radian2, 
including H . . H interactions, with the "intrinsic" 
contribution b2Vt(a!)/daz = lSVao(a = 16') = 1.3 X 

10-l2 ergs/radian2, excluding H. * 0 H interactions. 
Such a large value of d2V(a) /ba2  implies that  thermal 
amplitudes of torsional oscillations are small. l6 The 
model also yields a potential energy lowering of 6.9 
kcal/mol upon deformation from T,  symmetry, a value 
much larger than thermal disordering energy. It stems 
almost entirely from the decrease in VH(R) for the 
closest 12 hydrogens. Although the methyl-methyl 
interactions appreciably reduce the torsional freedom, 
they do not restrict the internal rotation so severely 
that the proton nmr signal is split. 

The above experimental and calculated results are 
rather rough, a t  best. Nevertheless, they both suggest 
that  the trimethylsilyl groups twist in a correlated 
manner, by perhaps 14", in order to relieve intermethyl 
repulsions. 
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(16) Hence i t  seems reasonable to interpret the results of Figure 3 in 
terms of a torsional deformation instead of "torsional shrinkage effects" of 
the sort discussed by L. S. Bartell and D. A. Kohl, J .  Chem. Phys.,  39, 3097 
(1963). 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
UNIVERSITY O F  MICHIGAN, ANN ARBOR, MICHIGAN 48104 

Electron Diffraction Determination of the Molecular 
Structure of Dime t hylaminodichloro borane1 

BY F. B. CLIPPARD, JR., ANP L. S. BARTELL*2 

Received December 24, 1969 

Dimethylaminodichloroborane, (CHs)zNBC12, was found to have a planar CzNBClz skeleton. The B-N distance of 1.379 =k 
0.006 d is the shortest B-N bond so far measured and suggests that the boron and nitrogen are linked by a double bond. 
The Cl-B-N and C-N-B angles were 122.1 f 0.3 and 123.2 =I= 0.4', respectively. Root-mean-square amplitudes of vibra- 
tion were determined. The structural parameters are discussed in the light of results for related molecules. 

Introduction 
Dimethylaminodichloroborane and its bromide ana- 

log were first prepared by Brown and O ~ t h o f f . ~  The 
dichloride is a colorless liquid with a freezing point of 
-43" and a vapor pressure of about 20 Torr a t  20". 
Above its melting point the compound spontaneously 
dimerizes to form an insoluble solid with a low vapor 
pressure (about 1 Torr a t  91°)4 and was the first known 
example of self-association of an aminoborane.6 The 
crystal structure of the cyclic dimer has been deter- 

(1) This work was supported by a grant from the Horace H. Rackham 

( 2 )  Author to whom correspondence should be addressed. 
(3) C. A. Brown and R. C. Osthoff, J. Amev. Chem. SOC., 74, 2340 (1952). 
(4) H. E. Clark, Ph.D. Thesis, The  University of Michigan, 1968. 
(5) E. L. Muetterties, Ed., "The Chemistry of Boron and Its Com- 

School of Graduate Studies. 

pounds," Wiley, New York, N. Y., 1967, Chapter 7. 

mineds and the monomer has been studied in the in- 
frared and Raman regions by Whitmer.7 

An electron diffraction study of monomeric (CH& 
NBC12 was undertaken to  investigate the character of 
the B-N bond. 

Experimental Section 
Dimethylaminodichloroborane was prepared by the procedure 

of Brown and Osthoff and Whitmer,' and the purity was checked 
by infrared spectroscopy. Except while being used, the sample 
container was stored a t  -78' to prevent formation of the un- 
wanted dimer. 

The diffraction apparatus and the procedure for obtaining 
the experimental leveled intensity from the 21- and 11-cm camera 

(6) H. Hess, 2. Rvistallogv., Kvistallgeometvie, Kvistollphrs., Kvislall- 

(7) J. C. Whitmer, Ph.D. Thesis, The University of Michigan, 1965. 
chem., 118, 361 (1963). 


