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Hlo, so that no adjustments of the remainder of the 
molecule have been made. The energy gaps between 
the lowest filled and highest unfilled molecular orbitals 
are also given in Table IX. The CZ structure seems to 
be distinctly less stable than the Csv structure, which is 
only slightly less stable than the observed structure of 
C, symmetry. We are not sure, without a considerably 
extended investigation of variations of many para- 
meters, that this result is of significance, but we would 
surely have been disturbed if the method had yielded 
greater stability for either the CBv or Cp structures. 
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Single crystal three-dimensional X-ray diffraction studies a t  - 100' have established the structures of B4H6C2H2 (mono- 
clinic, P21/n, four molecules in a unit cell having a = 8.97, b = 10.60, c = 5.83 A., and p = 95" 47') and of B ~ H ~ C ~ ( C H B ) ?  
(orthorhombic, P2lnm, two molecules in a unit cell having a = 5.709, b = 6.046, and c = 10.556 Ak.). The structure is ail 
icosahedral cap of BdC2 with one B as apex and a five-xnembered B3C2 ring having C atoms adjacent and two BHB bonds. 
These molecules have C, symmetry and strongly resemble B6Hla in geometrical and valence structures. 

The dihydrocarborane B4H6C2HZ, more precisely 
known as 2,3-dicarbahexaborane(8) was first discovered 
and synthesized by Weiss' in very small yields in a 
reaction of BjHg with C2H2 a t  elevated temperatures 
and pressures. The syntheses of this compound and, 
for the first time, of its alkyl analogs2 B4H6C2RR' (in 
particular B4H&(CH3)2) in excellent yields from BjHg 
and RCCR' with the use of 2,6-dimethylpyridine as a 
catalyst represent a significant advance in the avail- 
ability of these interesting molecules for further study. 

The structure for B4H6CzHz implied by the original 
name,' ethenyltetraborane(8), was shown to be in- 
consistent with the IlB nuclear magnetic resonance 
spectrum2 obtained by Williams, who first assigned2aY 
the structure confirmed below by X-ray diffraction 
methods and subsequently reported in a preliminary 
c o m m ~ n i c a t i o n ~ ~ ~  on B4H6C2(CH&. Further interest, 
which led to the elucidation of both structures described 
herein, was generated by the suggestion of a possible 
internal rearrangement,6 perhaps leading to a more 
stable isomer in which the C atoms are nonadjacent. 
However, this rearrangement has not occurred, and it is 

(1) H .  G. Weiss, t o  be published. Also H. G. Weiss and I. Shapil-o, 

(2) T. P. Onak, R. E. Williams, and H. G. Weiss, J .  A m .  Chem. Soc., 84, 

(3) R. E. Williams, H. G. Weiss, and T. P. Onak, private communica- 

(4) W. E. Streib, F. P. Boer, and W. N. Lipscomb, J .  A m .  Chew%. Soc., 

( 5 )  W. N. Lipscomb, "Boron Hydrides," The  W. A. Benjamin Co., New 

( 6 )  R. Hoffmann and W. N. Lipscomb, l i ro tg .  Chem., 2,  231 (1963). 

U. S. Patent 3,086,996 (April 23, 1963, filed June 13, 1956). 

2830 (1962). 

tions. 

86, 2331 (1963). 

York, X. Y., 1963. 

Also ASTIA Report A D  273469, Feb., 1962 (unclassified). 

shown below that the C atoms of the framework are 
adjacent to  one another in both B4HsC2H2 and BJH~CS- 
(CH3)2. 

Experimental 
The samples, both stable liquids a t  room temperature, were 

distilled and sealed into capillaries on a vacuum line. During 
slow growth of the crystal, near -50" for both compounds, the 
capillary which was mounted on a Weissenberg or precession 
goniometer was maintained a t  low temperature by a cold gas 
stream obtained by evaporation of liquid h*2.7 Supercooling of 
B1H6Cn(CHB)2 by as much as 20" caused some difficulty in ob- 
taining single crystals, which mere finally obtained from a suit- 
able seed remaining after a polpcrystallirie sample was carefully 
melted 

Crystals of BaHsC2H2 were easily grown a t  about -50" as 
needles elongated along c, and were cooled to - 100" for diffrac- 
tion study. The reciprocal lattice symmetry of C Z ~  and the 
space group of P21/n from extinctions of h0Z for h + Z odd and 
of Ok0 when k is odd were established. Calibration of an hk0 
Weissenberg level and a c axis oscillation pattern with an AI 
powder pattern yielded unit cell dimensions of a = 8.97 i 0.03, 
b = 10.60 rt 0.03, and c = 5.83 d= 0.02 -A,, in conjunction with a 
precession h01 level which established the monoclinic angle p as 
95" 47' i 4'. The assumption of four molecules per unit cell 
leads to the very reasonable calculated density of 0.903 g. cm.7 .  
The levels hkL for 0 6 L 6 4 were taken on a Weissenberg goni- 
ometer, and levels Hkl for 0 6 H 6 3 and hKZ for 0 6 K 6 1 were 
photographed on a precession goniometer. Of the 1006 inde- 
pendent reciprocal lattice points only 93 were too weak to produce 
a measurable intensity. These photographs covered 7553 of 
the Cu Ka sphere of reflection. 

The BaHsC2(CH8)2 crystals gave 470 out of a possible 491 
unique reflections in the Cu K a  sphere. Levels Hkl for 0 6 H < 

(7) W. h-. Lipscomb, Norelco Repovte i ,  4, 56 (1957). 
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TABLE I 
THE OBSERVED STRUCTURE FACTORS= FOR B4H&H2 (A) AND B&Cz( CH& (B)  

A 

a The range of 1 and the value of k are given in parentheses. 
are listed and are separated by a slant line. 

For observed reflections, the value of 10/Fo 1, and its standard error, 
The standard error of IF, ! is obtained from the standard error of Po2 by the relation 

For absent reflections, which are indicated by. an asterisk, the standard error is not given. but is 1.4 IF,I. Extinctions are indicated 
by an extra comma, experimentally unobserved reflections by U. 

4 and hKZ for 0 6 K 6 5 were taken on a Weissenberg goniometer. 
The reciprocal lattice symmetry of Dzh, and extinctions of h f 
I for h + I odd in the h01 zone restrict the space group to 
Pmnm, Pmn21, or P21nm. Unit cell dimensions, calibrated 
against an A1 powder pattern, are a = 5.709 f. 0.008, b = 
6.046 f 0.004, and c = 10.556 f 0.010 b. Only two mole- 
cules are present in this unit cell, if we assume that the density of 
the crystal is near 1 g.  cm.-3 (calculated value 0.942 g. cm.-x). 
The 1lB nuclear magnetic resonance spectrum2 is inconsistent with 
the high molecular symmetry required by the twofold positions of 
Pmnm, and the molecular packing was considerably less favor- 
able in PmnBl than in P2lnm, which was tentatively chosen as the 
correct space group. Later analysis of the Patterson function 
showed that this choice is correct. 

Structure Determinations 
B4HeC2Hz.-Sharpened coefficients of a three-di- 

mensional Patterson function were computed after 

No extinction or absorption corrections were made. 

visual estimates of intensities had been corrected for 
Lorentz-polarization factors and correlated to a single 
scale. The line, l /2 ,  1/2 - 2y, l /2 ,  the plane, l/z - 
2x, l / 2 ,  '/a - 22, and the centrosymmetric interaction, 
2x, 2y, 22, were searched for mutually consistent peaks. 
After several false choices were made, one of these 
regions yielded all six of the heavier atoms upon three- 
dimensional superposition. Two cycles of least-squares 
refinement of the 18 position parameters were carried 
out, and a three-dimensional electron density map was 
found to show six peaks a t  heights, in arbitrary units, 
of 6000, 4700, 4950, 5250, 4950, and 6000. The 
assignment a t  this stage of the two peaks a t  6000 as C 
atoms was confirmed later by the reasonable back- 
ground of difference maps and behavior of individual 
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Classes of 
reflections 

All orders 
H = 2 X  
H = 2 N +  1 
K = 2 N  
K = 2 N  + 1 
L = 2 N  
L = 2 N  + 1 
K + L = 2 N  
K + L = 2 N  + 1 
L + H = 2 N  
L + H = 2 X  + 1 
H + K  = 2 N  
H + K = 2 N + l  
H + K + L = 2 S  
H + K + L = 2A\- + 1 

Classes of 
reflections 

All orders 
H = 2L\7 
H = 2171' + 1 
K = 2N 
K = 2 N +  1 
L = 2 N  
L = 2 N  + 1 
K + L = 2 N  
K + L = 2 A 7 + 1  
L + H = 2iV 
L + H = 2 N  + 1 
H + K = 2 N  
H + K = 2 N  + 1 
H + K + L 
H + K + L = 2 x  + 1 

2 S  

H K L  

0 078 
0 077 
0 080 
0 079 
0 078 
0 07; 
0 079 
0 076 
0 081 
0 082 
0 075 
0 082 
0 075 
0 075 
0 082 

H K L  

0 068 
0 067 
0 068 
0 072 
0 065 
0 068 
0 067 
0 064 
0 O i l  
0 065 
0 070 
0 07% 
0 063 
0 071 
0 065 

TABLE I1 
DISAGREEMENT FACTORS BASED O N  F 

B&C& 

0.00-0.40 0,099 
0.40-0,50 0.053 
0.50-0.60 0.056 
0,60-0.65 0.066 
0.65-0.70 0.084 
0.70-0.75 0.086 
0,75-0.80 0.084 
0.80-0.85 0.114 
0.85-0.90 0.104 
0,90-1.00 0.100 

OKL HOL HKO HOO 0k0 001. 

0.098 0,063 0 ,071  0.296 0.125 0,087 

sin e R 

0.049 0.081 0.296 
0,070 0.064 

0,051 0.068 0.125 
0.145 0,074 
0.052 0.049 0.08; 
0,130 0.070 
0.131 
0.059 

0.063 

0,071 
0,071 

xE. = z 1 jF, 1 -  IF^ 1 I /zIF, I = 0.081 
R p  = zl<02 - Fo21/2F02 = 0.187 

R w F z  = [ Z U I  Fo2 - Fa2 ~ 2 / h F o 4 ] ' ~ 2  = 0.213 

BJW&(CH3)2 

0.00-0.40 0.101 
0.40-0.50 0,095 
0,50-0.60 0.071 
0.60-0,65 0.053 
0.65-0,iO 0.050 
0,70-0.75 0.046 
0. i5-0,80 0,079 
0,80-0,85 0.068 
0.85-0.90 0,057 
0.90-1.00 0,093 

OKI. HOL HKO HOO 0k0 001. 
0.122 0,063 0.045 0.013 0.243 0,059 

sin 0 R 

0.033 0,044 0.013 
0.080 0.04; 

0,140 0.041 0,174 
0.113 0.048 0.302 
0.118 0.033 0,059 
0.126 0.080 
0,133 
0.111 

0.063 

0.054 
0.03'; 

Over-all R factor based on F = 0.078 
R factor based on F2 = 0.154 
R factor based on w F 2  = 0.180 
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B(1) 

0.2903 
0,1231 
0.3636 
0.0090 
0.0074 
0.0148 

- 0.0016 
0.0021 

-0.0005 

TABLE 111. ATOMIC PARA METERS^ 
Atomic parameters for RaH&Hz 

B(2) B(3) B(3') C(4) 

0 1694 0 0951 0 2930 0 1750 
0 1909 0 1218 0 0670 -0 0034 
0 5373 0 2713 0 6490 0 2692 
0 0127 0 0094 0 0129 0 0110 
0 0076 0 0080 0 0114 0 0068 
0 0278 0 0253 0 0161 0 0224 

-0 0021 -0 0003 -0 0019 -0 0012 
0 0064 -0 0008 -0 0002 +o 0008 

-0 0037 0 0003 0 0026 -0 0016 
X Y Z 

0 1841 -0 0568 0 1243 
0 3594 -0 1005 0 4518 
0 3786 0 1587 0 2470 
0 1631 0 2852 0 6078 
0 0331 0 1695 0 1129 
0 3724 0 0787 0 7976 
0 0379 0 1469 0 4543 
0 1695 0 1140 0 7111 

Maximum values of u for the atomic parameters 
Boron 

0.0002 
0.0002 
0.0004 

0.0003 
0.0002 
0.0010 
0.0002 
0.0003 
0.0003 

B(1) 

0.2847 
0.0338 
0.0000 
0.0120 
0.0136 
0.0057 

-0.0014 

0 .  
-0. 

0 .  
-0. 

0 .  
0. 
0 .  

Boron 

0.0010 
0.0009 
0.0002 

0.0017 
0.0021 
0.0005 
0.0012 
0.0009 
0.0004 

n 

4451 
0980 
1326 
1044 
4230 
3867 
5904 

Carbon 

0.0002 
0.0002 
0.0003 

0 0002 
0 0002 
0 0008 
0 0001 
0 0003 
0 0002 

Atomic parameters for B4H&(CH~)2 
B ( 2 )  B(3) 

0 0000 0 1047 
-0 0513 0 1096 

0 0000 0 1291 
0 0149 0 0177 
0 0175 0 0170 
0 0071 0 0048 

0 0012 
0 0019 
0 0002 

Y 

-0 0965 
-0 2312 

0 0589 
0 0902 
0 3949 
0 5616 
0 4322 

Tetminal 

0 0039 
0 0029 
0 0053 
0 766 

C(4) 

0 2412 
0 2970 
0 0678 
0 0145 
0 0109 
0 0043 
0 0026 

-0 0003 
-0 0012 
z 

0 0  
0 0  
0 2603 
0 0858 
0 2410 
0 1465 
0 1097 

Maximum values of u for the atomic parameters 
Terminal Bridge 

Carbon H H 

0 0010 0 0148 0 0064 
0 0006 0 0147 0 0072 
0 0002 0 0053 0 0033 

0 0014 
0 0010 
0 0003 
0 0009 
0 0005 
0 0004 

1 425 0 652 

a The atomic parameters and the maximum value of the standard deviation for each type of atom are given. 

C(4') 
0.2759 

-0.0313 
0,4657 
0.0114 
0.0073 
0.0255 

- 0.0004 
0.0019 
0,0023 

T 
2.647 
5.839 
1.623 
2.928 
2.480 
3.182 
2.628 
2.174 

Bridge 

0.0026 
0.0022 
0.0042 
0.455 

c15) 

0.4128 
0.4349 
0.1420 
0.0269 
0.0135 
0.0060 

- 0.0020 
-0.0013 
- 0.0016 

T 

3.286 
1 ,699 
3.491 
0.966 
1.923 
3.009 
3.397 

Methyl 
H 

0.0119 
0.0120 
0.0052 
1.036 

x, y, z are in units 
of the cell edges, the isotropic temperature factors ( T )  are in units of A.2, and the anisotropic temperature factors (0,) are dimension- 
less. The isotropic thermal parameters are in the form exp( - T sin2 O/Xz) and the anisotropic thermal parameters are in the form 
exp( - ( ~ * P I I  + k2P22 + &%, + 2hkP1, + 2 h l h  + 2kZP28)). 
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1.223 P 

Fig. 1.-The structure and labeling convention for X-ray 
In B ~ H ~ C ~ H Z  atom 5 designation of atoms in BaHG(CH3)2. 

becomes a hydrogen atom. 

I 

Fig. 2.-Electron density sections through atoms of the 
B4H6C2(CH3)2 structure. The False peak is indicated by a 
question mark. 

atomic thermal parameters. After two cycles of re- 
finement of B and C with isotropic thermal parameters, 
a difference electron density map showed all eight H 
atoms uniquely a t  an average height of 390 + 60 units, 
whereas the highest peak which could not be accounted 
for was 150 units in height. \{-e then carried out a 
refinement of B and C atoms with anisotropic thermal 
parameters, another difference electron density map 
which showed only random noise, two cycles of refine- 
ment of H atom positions and isotropic thermal param- 
eters, and a final cycle of refinement of all atomic 
positions with anisotropic thermal parameters on B 
and C. The finalvalue of RF = B 1 IFo I - ‘ F ,  I / 2  Fo 1 
is 0.081 for all reflections (Tables I and TI). 

B~HsC2(CH3)L.--B brief attempt to solve this structure 
in two-dimensional projections failed, but it was readily 
solved from the three-dimensional Patterson function 
without the use of superposition techniques. Both 

0.781 

Fig. 3.-Bond distance in B4H&!r(CH3)2. 

B and C atoms were located and identified, and the 
arbitrary origin along x was chosen by setting the x 
coordinate of atom 2 a t  zero (Fig. I). The structure 
determination was completed by (a) least-squares 
refinements of B and C positional parameters (atoms 
1-5) with the use of the 190 largest reflections, (b) 
refinement of B and C atoms with isotropic thermal 
parameters with the use of all reflections, (c) a difference 
electron density map which located all nonmethyl H 
atoms (atoms 6-9), (d) isotropic refinement of atoms 
1-9, (e) refinement of B and C atoms with anisotropic 
thermal parameters, (f) another difference electron 
density map which confirmed H atoms 6-9 and showed 
the locations of H atoms 10-12, (g) refinement of all H 
atoms with isotropic thermal parameters, and (11) 
final least-squares refinements of all position parameters 
in the complete structure. The final R value is 0.0’78 
for all reflections (Tables I and 11). A final electron 
density map of the molecule is shown in Fig. 2. The 
interesting occurrence of a peak nearly the height and 
area of an H atom on the symmetry plane and near 
the molecular center was shown to be due to lack of 
convergence of the Fourier series: a least-squares 
refinement of H atom 6 and of a new H atom placed at  
the question mark (Fig. 2) was subject to seven cycles 
of least-squares refinement during which the thermal 
parameter B in the temperature factor exp (-B sin2 
O/Xz)  behaved normally for Hg, but rose from 2.0 to 
53,710 A.* for this new “H atom.” Thus the presence 
of a peak a t  this new position is clearly inconsistent 
with the observed X-ray data. Finally, we made an 
additional attempt to distinguish between B and C 
atoms by noting that if all B and C atoms are assumed 
to be equal in weight (to C atoms) the values of l i p ,  

RF2, and RuF2, for observed reflections only, refined no 
lower than 0.10, 0.20, and 0.29, considerably higher than 
the values 0.08, 0.15, and 0.18. respectively, obtained for 
the correct structure. 

Results and Discussion 
Final atomic coordinates are given in Table 111. 

In Table IV we give the polar angles 4,  in the x, y 
plane, and p ,  from the z axis, in a form5 so that a molecu- 
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TABLE IVa 
(A) 

@b 

90.0 
0. 

236.7 
322.5 
274.3 
116.5 
90.0 
0 .1  

123 3 
236.8 
15 6 

108.7 
90.0 

0. 
231.5 
116.4 
343.8 

90.0 
0 .  

127.9 
252.9 

14.4 
90.0 
0 .  

223.2 
116.3 
90 0 
0.  

137.7 
247.6 

. . .  

. .  

. .  
I . .  

. . .  
90.0 

0 .  
90.0 
0. 

B&.C2H2 

Pb 

61.3  
62.2 
96.8 
96 .8  

133.6 
0. 

61.1 
60 .3  

132.1 
103.4 
104.3 

0 .  
57 .5  
63.6 

128.5 
102.4 

0 .  
57.5 
64.4 

131.9 
101.7 

0.1 
65.7 
66.2 

126.0 
0. 

65.4 
66.0 

123.1 
. . .  
. . .  
. . .  
. . .  
. . .  
* . .  
0.  

87.7 
0 .  

87 .5  

Distance, 
A. 

1.741 
1.779 
1.765 
1.748 
1,751 
1.061 
1.714 
1.783 
1.798 
1.084 
1.315 
1.300 
1.779 
1.783 
1.509 
1.146 
1.258 
1.765 
1.798 
1.489 
1.072 
1.299 
1.748 
1.509 
1.418 
1.027 
1,751 
1.489 
1.418 
1.057 
1.027 

1.061 
1.084 
1.146 
1.072 
1.315 
1.258 
1.300 
1.299 

1 .087 

Cor- 
rected 

distance,” 
A. 

1.724 
1.786 
1.777 
1.754 
1.757 
1 ,045  
1.704 
1.780 
1.801 
1.072 
1.304 
1.289 
1.772 
1,785 
1.507 
1.135 
1.253 
1.753 
1.795 
1.491 
1.057 
1.289 
1.743 
1.511 
1.419 
1.017 
1.745 
1.488 
1.417 
1.085 
1.036 
1.028 
1.745 
1.099 
1.158 
1.086 
1,324 
1 264 
1.312 
1.310 

@b 

90.0 
0 .  

237.5 
322.9 
274.5 
118.7 
90.0 
0 .  

122.5 
241.3 

19 .0  
103.6 
90.0 
0 .  

230.2 
119.8 
339 4 

90.0 
0. 

129.8 
240.2 

20.6 
90.0 
0. 

223.4 
111.5 
90.0 
0 .  

136.6 
248.5 
. . .  
* . .  
* . .  
. . .  
. . .  
. . .  
90.0 
0 .  

90. 
0. 

P b  

0.  
61.6 
61 .6  
98.0 
98.0 

121.7 
0. 

60.9 
60.9 

134.8 
103.0 
103.0 

0. 
57 .5  
64.3 

128.9 
104.0 

0. 
57.5 
64.3 

128.3 
104.0 

0. 
64.6 
66 .0  

128.3 
0 .  

64 .6  
66.0 

128.3 
. . .  
. . .  
. . .  
. . .  
. . .  
. . .  
0 .  

83 .6  
0 .  

83.6 

Distance, 
A. 

1.705 
1.767 
1.767 
1.762 
1.762 
1.208 
1.705 
1.778 
1.778 
1.223 
1.381 
1.381 
1.767 
1.778 
1.521 
1.428 
1.284 
1.767 
1.778 
1,521 
1.428 
1.284 
1. 762 
1.521 
1.431 
1.507 
1.762 
1.521 
1.431 
1.507 
1.507 
1.507 
1.208 
1.223 
1.428 
1.428 
1.381 
1.284 
1.381 
1.284 

Cor- 
rected 

distance,c 
A. 

1.709 
1.772 
1.772 
1.763 
1.763 
1.221 
1.701 
1.776 
1.776 
1,214 
1.367 
1.367 
1 ,763 
1.780 
1.514 
1.438 
1.272 
1.763 
1.780 
1,514 
1.438 
1.272 
1.762 
1.526 
1.431 
1.516 
1.762 
1.526 
1.431 
1,516 
1.496 
1.496 
1,195 
1.234 
1.417 
1.417 
1.395 
1.295 
1.395 
1.295 

Q Maximum standard deviations obtained from the full variance-covariance matrix are k0.006 A. for BB and BC and *0.03 A. 
b Spherical coordinates for construction of boron hydride models, W. K. Lipscomb, “Boron Hy- 

Distances corrected for thermal motion on the assumption that 
These corrections are made with the use of the standard Busing-Levy program and are 

for BH and CH distances. 
drides,” The W. A. Benjamin Co., New York, N. IT., 1963, p. 227. 
the first atom rides on the second. 
very much larger than the corresponding corrections based on the assumption that the molecule moves as a rigid body. 

lar model can readily be made. Bond distances are 
also shown in Tahle IV, both uncorrected and then 
corrected for molecular oscillation on the assumption 
that  each second atom rides on each first atom. Bond 
distances and angles for B4H8C2(CH& are also shown in 
Fig. 3 and 4. No unusual features are present in the 
intermolecular contacts (Table V), or in the molecular 
packing of the crystal structures (Fig. 5 and 6). In 
BdHeCzH2 the five-membered BgC2 ring lies roughly 
parallel to  the (117) plane, while in B4HeC2(CH& the 
ring lies almost parallel to the (110) plane and, for the 
other molecule in the unit cell, the (710) plane. The 
shortest intermolecular contact is H.  . H  a t  2.5 A., in 
excellent agreement with similar distances in the boron 
hydrides, and close to the expected van der Waals 
contact of 2.4 A. 

t 

Fig. 4.--Bond angles in BdH&( CHa)2. 
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Fig. 5.-Projection of the BaH0C2H2 structure along the mono- 
Atoms 1, 2, 3, and 3' are B, atoms 4 and 4' are C, clinic c axis. 

and atoms 9 and 9' are bridge H .  

Fig. 6.-Projection of the B&C2(CH3)2 structure along the z 
axis. 

The molecular structure has some nice geometrical 
features. The five-membered rings are nearly planar. 
Atom 2 of B ~ H ~ C Z H ~  lies 0.026 A. above the plane defined 
by 3 and 3' and the midpoint of 4 and 4') while atoms 
4 and 4' lie 0.022 A. off this plane in opposite directions 
from one another. Atoms designated by primes are 
related to  corresponding unprimed atoms by the 
molecular symmetry plane, exact for the B4H6C2(CH& 
structure, in which atom 2 lies 0.032 A. above the plane 
defined by atoms 3, 3', 4, and 4'. Some of these devia- 
tions may be statistically significant in view of the cal- 
culated standard deviations of 0.006: A. for bond dis- 
tances involving B and C atoms (Table IV). 

H 
I 

Fig. 7.-The sr-donation model for bonding in B4HsC2H2. 
Bond angles about C atoms are consistent with sp2 hybridiza- 
tion in both compounds. 

Atom 
(basic 

molecule) 

8 

8 
6 
7 
6 
8 

n 

TABLE Y 
SHORTEST INTERMOLECULAR CONTACTS 

Atom Type of 
(symmetry symmetry 

related transforma- Distance. 
molecule) tions" A.  

BiHsCzHz 
5 I 2.57 
5 21 2.62 
5' 21 2.66 
8 21, I 2 .93  
6 21, I, - T Z  2 .88  
8' - TX 2 . 9 0  
9' - T Z  2.81 

B ~ H ~ C ~ ( C H S ) ?  
6 11 - TT 2.60 
1 10 21 2 .91  
8 9 21 2.39 
9 8 - 21 2.39 

10 12 21, TY 2 . 6 8  
11 6 TU 2.60 
12 10 -21, TY 2.68 

for B4H6C2Hzr 
a t  Y = 0,  Z = 1/1 for B4HeC2(CH8)2; I, center of inversion; 
TX, cell translation in the X direction; TY, cell translation 
in the Y direction; TZ, cell translation in the Z direction. 

c 

a 21, twofold screw rotation a t  X = I/,, 2 = 

The valence structure is most interesting because of 
the very short C-C distances of 1.419 =t 0.006 A. in 
B1HsC2H2 and 1.431 + 0.006 A .  in B4H6C2(CH3)2, and 
because the C atoms of the B3C2 ring show bond angles, 
most accurately known in B4H6C2(CH3)2, near 120" (Fig. 
4). Because this distance and angle resemble those in 
graphite we have suggested4 a structure which has some 
multiple bonding between these C atoms, but weakened 
by a localized x donation to the apex B atom (Fig. 7). 
Thus, we start with sp2 hybridized C atoms which are 
only slightly modified by the participation of the sp2 
bonds in the direction of the relatively long distance of 
1.762 a. over which some n donation has been shown to  
occur in a molecular orbital analysis.* This n donation 
results in a charge transfer which has been shown to be 
partially compensated by some stabilizing back dona- 
tion of electron density from the boron framework into 
the antibonding n-orbitals associated with the C atoms. 
This bonding description seems to be a t  least consistent3 
with the highly resolved IIB nuclear magnetic resonance 
spectrum obtained3 a t  32 Mc. 

These structures are closely related to the structure 
of B6Hlo by the substitution of CC in these molecules 
for HhBBHh in B6HI0. On the surface, it is the same 



Vol. 3, No. 12, December, 1964 A 1,2-DICARBACLOVODODECABORANE DERIVATIVE, BloClgHzCzHz 1673 

near invariance in bonding which occurs when the 
bridge H atoms (Ht,) of BzHs are moved into the B 
nuclei in order to convert them conceptually to C 

which explore this idea may be worth the effort. 
Finally, we strongly emphasize that  short C-C 

bonds are not general in the carboranes.8 
atoms. It is not yet known how general these orbital 
invariances are, but i t  must be noted that  the cor- 
responding B-B bond5 of 1.596 * 0.012 A. in B6H10 
is by far the shortest known B-B distance in the boron 
hydrides, and our study of these dihydrocarboranes 
may well indicate that  this B-B distance in BeHlo 
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The near-icosahedral geometry of the BloCs unit exists in B&lsH&nHn. The C-C bond distance of 1.67 =t 0.02 b. can 
be predicted from proportional distribution of the thirteen electron pairs among the thirty icosahedral edges. Chlorine 
substitution has occurred a t  all B atoms except those two which are most positive and which are bonded to both C atoms. 
There are eight molecules in the unit cell which has dimensions a = 17.11, b = 13.47, and c = 13.65 .$.; the space group 
is Pbna. 

o-Carborane1j2 (1,2-dicarbaclovododecaborane, Blo- 
H10C2H2) is most frequently assumed3r4 to have nearly 
regular icosahedral symmetry, differing from the 
B12H1z-2 ion5 by the slight shortening of C-C and B-C 
bonds in accord with the decrease in covalent radius 
from 0.83 A. for B to 0.77 8. for C. This assumption 
has been based, in part, on the extraordinary thermal 
stability of o-BloHloCzHz, which transforms to neo- 
carborane6i7 (m-BloHloCzHz) without decomposition a t  
470”. 

However, a model with a short C-C distance of 1.54 
8. has been suggested’ for o-carborane, which is con- 
jectured to transform to m-carborane by expansion of 
this short distance to one of about 1.77 8. in the transi- 
tion state, but the valence theory here is not clear, 
.especially as to the nature of the barrier between these 
suggested structures. In even stronger disagreement 
with the usually accepted structure is the recent report 
of an X-ray diffraction study8 which indicates an 
ethylenedecaborane type of structure for the BloCz 
unit. We show below that  both the proposal of the 

(1) M. M. Fein, J. Bobinski, N. Mayes, N. Schwarz, and M. S. Cohen, 
Inoug. Chem., 2, 1111 (1663). 

( 2 )  H. Schroeder, T. L. Heying, and J. I<. Reiner, ibid., 2, 1092 and foot- 
note 7 (1663). 

(3) R. Hoffmann and W. N. Lipscomb, J .  Chem. Phys., 36, 3489 (1962); 
I m r g .  Chem., 2, 231 (1963). 

(4) W. N. Lipscomb, “Boron Hydrides,” The W. A. Benjamin Co., New 
York, N. Y., 1963. 

( 5 )  J. Wunderlich and W. N. Lipscomb, J .  Am.  Chem. SOC., 82, 4427 
(1660). 

(6) H. Schroeder and G. D. Vickers, Inoig. Chem., 2, 1317 (1963). 
(7) D. Grafstein and J. Dvorak, ibid. ,  2, 1128 (1963). 
(8) L. I. Zakharkin, V. I. Stanko, V. A. Brattsev, Yu. A. Chapovsky, 

and Yu. T. Struchkov, Izu. A k a d .  Sci. SSR, 2069 (1963). 

short C-C bond and the ethylenedecaborane unit are 
not correct for the Blocz unit in BloC18HzCzHz and, 
furthermore, that  the near-icosahedral structure is 
indeed correct. Thus the two bonded C atoms share 
in the electron deficiency of the boron polyhedral en- 
vironment to an extent not hitherto proven. 

The possibility3 that  polyhedral boranes form a super- 
aromatic system raises questions of position and 
mechanism of electrophilic and nucleophilic substitu- 
tion. The ground-state charge distribution should be 
reasonably indicative of the position of substitution 
under the conditions that  the charge ciistribution in the 
transition state resembles that  in the ground state, 
and that  steric or neighbor effects are not dominant. 
Successive substitution changes the charge distribution 
for predictions of yet further substitution. Neverthe- 
less, the very strongly positive character found3 for 
the two B atoms bonded to both C atoms might be 
preserved in successive C1 substitution such that eight 
C1 atoms would appear on all B atoms except these 
two. We show that  this result is indeed correct and, 
hence, that probably electrophilic substitution has 
taken place. 

Structure Determination 
A needle-like crystal, 0.8 mm. in length with a square 

base 0.11 mm. on edge, was mounted along the needle 
axis (b) .  The reciprocal lattice symmetry is D2h, 
and unit cell dimensions are (X 1.5418 8.) a = 17.11 
=k 0.02, b = 13.47 * 0.02, and c = 13.65 =t 0.02 A. 
Extinctions of Okl when k is odd, of hk0 when h is odd, 


