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The reaction of Brz in the presence of AlBr3 with o-carborane produces a dibromo substitution product, o-BloBrzHsCzHz, in 
which the Br atoms are in the 9 and 12 positions, exactly opposite the two C atoms. Thus, the Br atoms are on adjacent 
B atoms, and the molecular symmetry is CZ.. Molecular orbital arguments suggest that electrophilic substitution has 
taken place. The crystal structure has the space group Pbn21, with four molecules in a unit cell having dimensions n = 
7.42, b = 13.03, and c = 11.75 A. 

This study is part of a series of investigations of 
probable electrophilic or nucleophilic substitution on 
polyhedral molecules. Recognition1 that the car- 
boranes are “superaromatic” systems led to a predic- 
tion of ground-state charge distributions, which, to- 
gether with the free valence,l might form a basis for 
location of sites of electrophilic and nucleophilic sub- 
stitution. Appropriate qualifications’? are that the 
charge distribution of the ground state should also re- 
semble that of the transition complex (probably more 
nearly applicable to polyhedral structures than to other 
structures) and that steric or neighbor effects as well as 
concerted mechanisms are not completely dominant. 
It has therefore seemed most appropriate to give initial 
attention to  halogen attack or to N atom attack from 
bases for which steric problems are minimized in the 
initial tests of these reactivity predictions. 

The near-icosahedral geometry, including multiple 
coordination and the relatively long C-C distance, of 
the Bloc2 unit have been established.2r3 In addition, 
the eight C1 atoms in BloClsH2C2H2, which was pre- 
pared4 by reaction of Clz with o-carborane in the pres- 
ence of ultraviolet light, have been shown2 to sub- 
stitute a t  all but the two most positively chargedl B 
atoms of o-carborane. It was of special interest to 
study the earlier stages of halogenation under electro- 
philic conditions inasmuch as the molecular orbital 
results for total charge on B atoms yielded nearly 

(1) R. Hoffmann and W. N. Lipscomb, J. Chem. Phys. ,  86, 3489 (1962). 
(2) J. A. Potenza and W. N. Lipscomb, Inorg. Chem., 8 ,  1673 (1964); 

for an X-ray diffraction s tudy of BlaCzCllz see W. N. Lipscomb, “Boron 
Hydrides,” W. A. Benjamin, Inc., New York, N. Y., 1963, p 26. 

(3) D. Voet and W. N. Lipscomb, Inovg. Chem., 8 ,  1679 (1964). 
(4) H. Schroeder, T. L. Heying, and J. R. Reiner, i6id., 2, 1092 (1063). 

equal probability for the 8, 9, 10, and 12 positions, 
which are furthest from the C atoms in o-carborane. 
We show here that dibromo-o-carborane, which had 
been prepared5 by bromination of o-carborane in the 
presence of AlBr3, is substituted a t  the 9 and 12 posi- 
tions, opposite the two C atoms. The isolation5 of 
this dibromo derivative thus produces a distinction 
between the 9 and 12 positions and the 8 and 10 posi- 
tions. We also show that, although the charges on B 
atoms 8, 9, 10, and 12 are very nearly the same, the 
highest filled molecular orbitals show greater negative 
charge density a t  the 9 and 10 positions than a t  the 8 
and 10 positions. Hence, an electrophilic interpreta- 
tion of this reaction is plausible. 

Structure Determination 
A single crystal of o-B1oBr2H&aHz which was 0.7 mm 

in length and 0.06 mm square in cross section was 
mounted on the needle axis, designated as c. A second 
crystal, cut into a cube 0.05 mm on edge, was mounted 
on the a axis. Reciprocal lattice symmetry of D2h 
and unit cell dimensions of a = 7.42 f 0.02, b = 13.03 
=!= 0.03, and c = 11.75 f 0.02 A were established. 
Extinctions of OK1 where k is odd and of h01 when h + 1 is 
odd indicate either Pbn21 or Pbnm as probable space 
groups. Only upon unambiguous location of the Br 
atoms was the space group shown to be Pbn21. 

Diffraction data were collected on the Buerger auto- 
mated X-ray difiractometer with the use of Cu Ka: 
radiation and a Xe proportional counter. The time of 
scan, which is proportional to the angle of scan in de- 
grees, was varied to  maintain proportionality with the 

(5 )  H. D. Smith, T. A. Knowles, and H. Sohroeder, ibid., 4, 107 (1965) 
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TABLE I a , b  
LIST OF OBSERVED Fhk6 VALUES 

a Fhki is listed followed by as used in the least-squares refinement. The value of h and the range of k are given in 
parentheses. Unobserved reflections are indicated by a zero followed by an asterisk, experimentally unobserved reflections by 
a U, and space group extinctions by an extra comma. XI1 reflections are on the same scale as FOOO, which is given as a reference 
point. All Fhkt  values are included for which F, as measured by the diffractom- 
eter was greater than zero. * Scatteriw factors for all atoms were used as obtained from the "International Tables of X-rav 

The summation for FOOo is for the entire unit cell. 

[II, 1962, p 202 ff .  S o  corrections were made for the anomalous 
- 

Crystallography," The Kynoch Press, Birmingham, England, Vol 
dispersion of Br. 

Lorentz factor. Check reflections were inserted after 
every group of 15 reflections on each level, and a set of 
six zero-level reflections was measured after each level 
of the reciprocal lattice was completed. Equivalent 
reflections all agreed within 2ucJ where uo is the square 
root of the total number of counts. A total of 1080 
independent diffraction maxima m-ere measured on 
levels HkZ for 0 6 H 6 7 and hkL for 0 6 L 6 10. 
Backgrounds were subtracted, and the usual Lorentz 
and polarization corrections IT-ere made in order to ob- 
tain Fo2 for each hkZ (Table I). The data which were 
taken about the a and c axes were then correlated by 
use of a weighted least-squares procedure in which a 
separate scale factor was assigned to each level. In 
the first method of correlation the standard deviation uc 
of each Fo2 was made proportional to the total number 
of counts of scan plus background (Table 11). In the 
second method the standard deviation C J ~  was taken as 
proportional to (actually 1% of) the number of net 
counts for Fo2 3 uCj and up = K for Fo2 6 ua, where K 
is 1% of F 2  a t  the value of Fo2 = 2sc where the change 
in up was assigned. Scale factors for these two methods 
(Table II), as  ell as the values of 

TABLE I1 
COMPARISON OF SCALE FACTORS FOR FRACTIONAL ASD 

SQUBRE-ROOT  CORRELATION^ 
Fractional Square-root Fractional Square root 

weights weights weights weights 
Level scale factor scale factor Level scale factor scale factor 

hkO 1.00 1 , 00 hk9 1 16 1.46 
hkl 1 .05 1 . 2 1  hkl0 1 .20  1 , 5 3  
hk2 1.07 1 .78  Okl 6 .95  7.27 
hk3 1.09 1 .47  1kZ 6 .66  8.66 
hk4 1.16 1 . 6 1  2kl 7 .38  8.30 
hk5 0 .99  1 .34  3kZ 7.56 9 . 6 3  
hk6 1 .01  1 .41  4kl 7.59 9 .48  
hk7 1 .01  1 .13  S k l  7 .90  10.56 
hk8 1.08 1.39 6kZ 8.38 11.17 

7kl  10.13 13.39 
a Deviations from constancy of the scale factors for each level 

are presumed to be due mostly to absorption errors for which no 
correction was made, but some errors in positioning of the crystal 
may also contribute. 

given in Table I11 show that the up weights (uJ-''' = 
up) yield more nearly consistent scale factors and better 
internal agreement than do the go weights. The supe- 
riority of up weights over uc weights was also clearly 
demonstrated in the last stages of refinement of the 
structure by least-squares procedures. 
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TABLE I11 
COMPARISON OF Raorrelaiian FOR FRACTIONAL AND SQUARE- 

ROOT CORRELATION“ 
Lower 

intensity KO. of 7- Roorrelatmn-- 
limit entries Fractional Square-root 

200, oou 1 0.011 0 060 
100,000 8 0 148 0.048 
50,000 18 0 060 0 071 
20,000 73 0 060 0 093 
10,000 93 0 047 0,081 

5 000 138 0 063 0.095 
2,000 192 0 093 0 112 
1,000 118 0 188 0 197 

500 71 0 255 0 267 
200 43 0 417 0.403 
100 15 0 643 0 643 
50 5 0 629 0 636 
0 3 0 769 0 772 

Over-all 778 0 075 0 085 
Roorrclat lun = Zu(F(1)2 - F ( 2 ) 2 ) / 2 u ( F ( 1 ) 2  + F ( 2 ) 2 ) .  

Solution of the structure by the heavy-atom method 
was accomplished in a straightforward way, Analysis 
of the symmetry plane and lines of the three-dimen- 
sional Patterson function yielded two nonenantiomor- 
phic structures, which yielded values of RF = ZllF.1 
- I F c ~ [ / Z ~ F o l  = 0.44 and 0.28 for Br positions only 
when the 770 largest of the 1080 reflections were in- 
cluded. It was shown at a later stage of the study that 
the structure which yielded RF = 0.44 would not re- 
fine, and hence all further comments apply to the 
second set of Br positions. A three-dimensional elec- 
tron density map phased by the Br atoms, which 
clearly indicated that the space group is Pbn21, yielded 
36 peaks ranging in height between 20 and 60% of the 
expected height of a B atom. Unfortunately, the Br 
atoms are related by a pseudo-center of symmetry a t  a 
point not suitable for either of the space groups in- 
dicated by extinctions. Hence, the Bloc2 polyhedron 
had to be chosen from its pseudo-enantiomorph, 
which occurred in the same region of the map. Nu- 
merical values were then computed for positions in Pat- 
terson space for all 36 peaks, from which 12 were 
selected as a basis for a model which indicated 5 B (or C) 
atoms in an icosahedral fragment. The remaining 
atoms of both the true structure and its pseudo-enantio- 
morph were then easily found, even though only 9 of the 
12 B and C atoms were present among the original 36 
peaks. Actually both the structure and its pseudo- 
enantiomorph were refined by least-squares procedures, 
but the pseudo-enantiomorph did not refine. The cor- 
rect structure yielded a value of R F  = 0.082 for 913 of 
the 1080 observed reflections. Inclusion of H atoms a t  
presumed positions in the model reduced R F  to 0.073 
after two more cycles of least-squares refinement of 
these same reflections. 

Until this point of the study, no distinction had been 
attempted between B and C atoms. We shall show 
that the structure is most probably completely ordered 
and that the pair of C atoms is opposite the pair of B-Br 
units in the icosahedron. It was first noted that the 
distances 2-9 and 1-12 of the icosahedron (Figure 1) 

Figure 1.-The molecular structure and numbering scheme for 
B10BrZHaC2H2. Atoms are designated as follows: H( 1’,2’,3’,- 
4’,5’,6‘,7’,8’,10’,11‘); B(3,4,5,6,7,8,9,10,11,12); C(1,2); Br- 
(9‘,12‘). 

TABLE IV 
para DISTANCES IN ICOSAHEDRON PROM 12 B REFINED 

STRUCTURE ( R  = 0.0733) 
Measd Idealized Measd Idealized 

Atoms distance, Aa- distance Atoms distance, Aa distance 

1-12 3 . 2 4 i 0 . 0 2 7  3 .23  4-11 3 . 3 7 h 0 . 0 2 7  3.34 
2-9 3 . 1 8 i 0 . 0 2 7  3.23 5-7 3 . 3 2 i 0 . 0 3 3  3.31 
3-10 3 . 3 0 i 0 . 0 3 2  3.34 6-8 3 .44z t0 .028  3.34 
a These distances and standard deviations (obtained from the 

full variance-covariance matrix) clearly indicate that the ordered 
structure is correct. 

were substantially shorter than the other four pairs of 
similarly related distances (Table IV). For com- 
parison, values of these distances are also given in 
Table IV  for an idealized icosahedral arrangement in 
which B-B = 1.76, B-C = 1.70, and C-C = 1.64 A. 
Secondly, we show in Table V comparisons of electron 
density, atom multipliers, distances, and thermal 
parameters. Columns I, IV, and V refer to the struc- 
ture composed of 2 Br, 12 B, and 10 H atoms ( R F  = 
0.073), while column VI refers to the final structure. 
In  column I we show the interpolated electron density 
remaining a t  the nuclei after subtraction of 2 Br, 12 B, 
and 10 H atoms. In  column I1 the atom multipliers 
listed were obtained after two cycles cf least-squares re- 
finement of only these multipliers starting with the best 
structure for 2 Br, 12 B, and 10 H atoms. Similar re- 
sults are shown in column I11 for a structure having 
initially 2 Br, 10 B, 2 C (at positions 1 and 2), and 10 
H atoms. In  column I V  the average nearest neighbor 
bond lengths are shown, and in column V the average 
isotropic equivalents of the anisotropic thermal paranie- 
ters are given. The final column shows the interpolated 
electron density in the final map. Thus, in varying 
degrees, these several criteria support the ordered 
structure. This final ordered structure yielded values 

and RWFz = jZw(lFo12 - IFc~2)2/2;w~Fo1411’2 = 0.189 after 
two further cycles of least-squares refinement of posi- 
tions and anisotropic thermal parameters. The details 

of R F  = 0.072, R F z  = Z\lFo12 - /Fc/21/ZIFo12 = 0.120, 
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TABLE V 
EVIDENCE FOR 9,12  SUBSTITUTION^ 

Atom Ib I I C  IIId I V  vf VIQ 

1 111 1 . 1 1 1 0 . 0 5  1 . 0 1 f 0 . 0 4  1.69 3 .52  508 
2 105 1 . 0 4 f 0 . 0 4  0 . 9 8 f 0 . 0 4  1.70 2 .71  550 
3 82 0 . 9 6 f 0 . 0 5  0 . 9 7 f O . 0 5  1.72 6.01 415 
4 -12 0 . 9 9 f O . 0 5  0 . 9 9 + 0 . 0 4  1.74 3.76 479 
5 -37 0 . 9 7 r t 0 . 0 5  0 . 9 7 i O . 0 5  1.72 3.84 451 
6 53 0 . 9 9 i 0 . 0 5  0 . 9 8 f O . 0 5  1 .73  5.22 426 
7 68 1 . 0 1 f 0 . 0 4  1 . 0 1 1 0 . 0 4  1 .75  3 .41  426 
8 3 l .OOfO.04  0 . 9 9 f 0 . 0 4  1.79 3.14 495 
9 66 0 . 9 7 1 0 . 0 5  0 . 9 7 i O . 0 4  1 .75  3 .90  454 

10 21 0 . 9 6 f 0 . 0 4  0 . 9 8 f O  04 1 74 3 13 423 

12 73 0 . 9 9 i O . 0 4  0 . 9 9 & 0 . 0 4  1 .77  3.60 469 
a All standard deviations were obtained from the inverse 

least-squares matrix. Three-dimensional linearly interpolated 
electron density a t  B positions from three dimensional differ- 
ence Fourier. Fourier was calculated on the basis of 12 B, 12 
H, and 2 Br atoms with RF = 0.073. One electron per cubic 
angstrom is 350 on this arbitrary scale. The highest non- 
residual peak on the map was 206. The atom multipliers of 
the “12 B” atoms after two cycles of least-squares refinement 
(from the RF = 0.073 parameters). The atom multipliers of 
the 10 B and 2 C atoms after two cycles of least-squares refine- 
ment (from Rp = 0.071, or final, parameters). e The average 
nearest neighbor bond distances as calculated from the “12 
B” RF = 0.073 parameters. f The average isotropic equiva- 
lents as calculated from the anisotropic temperature factors of 
the “12 B” Rp = 0.073 parameters. Q Three-dimensional 
linearly interpolated electron density from the final Fourier 
(RF = 0.072) on an arbitrary scale. The highest peak not 
that  of a known atom was 61 on this scale. 

11 -49 0 . 9 8 f 0 . 0 5  0 . 9 9 i O . 0 5  1 .78  3 .35  406 

of values of R for different classes of reflection and dif- 
ferent ranges of scattering angle are shown in Table VI. 
We wish to emphasize the importance of local details, 
such as bond distances, electron densities, atom multi- 
pliers, and thermal parameters for producing such fine 
distinctions as identification of B and C atoms, es- 
pecially when heavy atoms are also present in the struc- 
ture. The insensitivity of values of the various R’s is 
illustrated by least-squares refinement of a somewhat 
disordered structure arising from the assumption of 
equal probability of Br substitution a t  any adjacent 
pair of the set of B atoms numbered as 8, 9, 10, and 12. 
The crystal structure obtained by ordering of the Br 
atoms would then have 0.6 C and 0.4 B a t  both posi- 
tions 1 and 2, and 0.4 C and 0.6 C at  both positions 3 
and 6. Refinement of this structure led to values of 
RF = 0.073, Rp2  = 0.122, and RWF2 = 0.193 for the 
same 909 (Fo 3 1 . 3 ~ ~ )  of 1080 observed reflections 
tested for the final ordered structure. Even in the 
unlikely event that some disorder of this type is pres- 
ent, we feel that the detailed criteria indicate pre- 
dominantly substitution of Br a t  positions 9 and 12. 

Results and Discussion 
The crystal structure is shown in projection in Figure 

2, atomic parameters are in Table VII, and bond dis- 
tances are listed in Table VIII. No corrections of the 
bond distances for thermal motion have been made, 
because of the somewhat large standard deviations of 
the distances between light atoms. Comparison of 
this “icosahedral” structure, averaged to CzV symme- 

TABLE VI 
FINAL VALUES FOR RF = 2 ! l F o j  - lFc’l/ZIFo~ for 909 OF 

1080 REFLECTIONS (ORDERED STRUCTURE) 
hkl RF hkl R y  

All (h ,  k ,  I # 0)  0.073 k + 1 even 0.071 
h even 0.074 k + I odd 0.074 
h odd 0.071 h + I even 0.072 
k even 0.063 h + Zodd 0.074 
k odd 0.083 h + k even 0.080 
1 even 0.067 h + k odd 0,066 
1 odd 0.078 h + k + l  

Even 0,078 
h + k + 1  
Odd 0.068 

so. of i io.  of 
Range of sin 0 RF. reflections Range of sin E Rg reflections 

0.00-0.40 0.065 80 0.70-0.75 0,063 90 
0.40-0.50 0.049 81 0.75-0.80 0,084 100 
0.50-0.60 0.056 122 0.80-0.85 0.115 101 
0.60-0.65 0.052 75 0.85-0.90 0.115 106 
0.65-0.70 0.080 92 0.90-1.00 0.140 62 

6 

Figure 2.-The molecular packing as seen in the Okl projection, 

try, with structures of O - B ~ ~ H ~ ~ ( C C H ~ B ~ ) ~ ~  and o-BloCls- 
HzCzH2* shows a general trend toward longer bond 
distances as one moves further from the C atoms 
(Table IX). The somewhat short B-9-B-12 distance 
in o-Bl0Br2HSCZH2 is an exception, which may be real. 
On the other hand, this exception may be associated 
with the proximity of these atoms to the Br atoms which 
can yield difficulties in the location of nearby atoms in 
crystal structure analysis. Comparison of these re- 
sults with those of BloH12(NCCH3)z6 is also included for 
contrast because it is a precursor of o-carborane, but, 
in the polyhedral fragments, bond distances around 
the periphery tend to be longer, on the average, than 
those in the interior of these fragments. 

Molecular orbital calculations have been made on 

(6) J. Reddy and W. K. Lipscomb, J .  Chem. Phys., 31, 610 (1959) 
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TABLE VI1 

T y p e  Atom X UZ Y c?J Z US 

C 1 0.502 0.003 0.780 0,001 0.238 0.002 
C 2 0.291 0.002 0.770 0.001 0.272 0.002 
B 3 0,400 0.005 0.670 0,002 0.210 0.002 
B 4 0.613 0.003 0.667 0.002 0.269 0.002 
B 5 0.629 0.003 0.778 0.002 0.359 0.002 
B 6 0.431 0.004 0.841 0.002 0,363 0.003 
B 7 0.245 0.003 0.645 0,002 0,323 0.002 
B 8 0.443 0,003 0.582 0,001 0.318 0,001 
B 9 0.596 0.003 0.651 0.001 0.411 0.002 
B 10 0.477 0.003 0.756 0.002 0.470 0.002 
B 11 0.257 0.003 0.755 0.002 0.416 0.002 
B 12 0.371 0.002 0.638 0.001 0.449 0.002 
H 1 ’ C  0.554 0.832 0.161 
H 2‘ 0.171 0.811 0.220 
H 3‘ 0.372 0.644 0.114 
H 4‘ 0,742 0.639 0.218 
H 5‘ 0.766 0.821 0.378 
H 6’ 0.431 0,927 0.380 
H 7‘ 0.110 0.602 0.309 
H 8’ 0,444 0.484 0.303 
Br 9 ’ d  0.784 0.0002 0,579 0.0001 0.500 0.0000 
H 10‘ 0,808 0.786 0.565 
H 11‘ 0.128 0.789 0.469 
Br 12’ 0.287 0.0003 0.551 0.0002 0.573 0.0002 

Type Atom PII up,1 P 2 Z  upzz &a upss PIZ uplz Pia UPIS  D m  “Pza 
C 1 266 47 51 11 64 15 -17 18 -16 23 10 11 
C 2 173 33 54 9 51 12 -9 17 20 20 16 9 
B 3 473 94 79 17 31 14 -53 33 -30 30 37 12 
B 4 147 43 60 12 67 16 -8 17 79 22 9 12 
B 5 138 40 65 13 75 17 -24 18 -65 22 -19 13 
B 6 299 63 43 13 95 24 -50 23 -12 32 2 14 

-9 18 -9 20 31 10 B 7 231 49 59 13 33 12 
B 8 168 39 51 11 28 10 0 15 -6 17 8 9 
B 9 242 47 35 10 63 14 19 17 -20 23 -28 11 
B 10 175 40 52 12 40 13 22 16 -17 17 -6 9 
B 11 151 37 51 12 69 15 47 15 27 21 26 11 
B 12 88 33 41 10 107 18 25 14 -86 21 -10 11 
H 1 ‘0 210 55 60 -1 -16 5 
H 2’ 210 55 60 -1 - 16 5 
H 3‘ 210 55 60 -1 - 16 5 
H 4’ 210 55 60 -1 - 16 5 
H 5’ 210 55 60 -1 - 16 5 
H 6‘ 210 55 60 -1 - 16 5 
H 7‘ 210 55 60 -1 - 16 5 
H 8’ 210 55 60 -1 - 16 5 
Br 9‘ 188 4 73 1 99 2 38 2 -41 3 -13 1 
H 10’ 210 55 60 -1 - 16 3-5 
H 11‘ 210 55 60 -1 - 16 3-5 
Br 12’ 217 5 74 1 70 1 33 2 21 3 23 1 

FINAL ATOMIC COORDINATES I N  FRACTIONS OF CELL LENGTHS AND THERMAL PARAMETERS ( x 104)‘~~ 

Q The thermal parameters are in the form exp[ -(hzpll + kzp22 + &333 + 2hkPlz + 2hZp13 f 2kZ&)]. The standard deviations ( u )  
were obtained from the full least-squares inverse matrix. The ten hydrogen atoms were not unambiguously found on the final electron 
density map; their positions were calculated so as to place them 1.2 A from their respective B or C atoms and directed radially outward 
from the lines joining para atoms; the thermal parameters used for hydrogen were the average of the thermal parameters for the B and 
C atoms, d As Pbr12~ is a polar space group, the z coordinate of atom 9’ was held constant and not refined. 

BloCzHlz by a nonempirical method’ in which parame- the most negative (or least positive) B atoms in the 
ters for the potential energy matrix are taken from self- ground state of B10C2H12 are B-10 (and B-S), followed 
consistent field results on BzH6 and C2H6. There are very closely by B-9 (and B-12). Of the 72 molecular 
therefore no variable parameters, such as those which orbitals, orbital 36 is the highest filled MO, while or- 
exist in extended Huckel theories.lS* In  general, bital 72 is the most stable MO. The cumulative charge 
the results (Table X) are similar to those obtained from up to and including each orbital in order of decreasing 
the extended Hiickel theory, in that they indicate that stability is shown in columns 3-12 of Table X. On the 

basis of the net total charge, one might expect ap- 
proximately equal probability for electrophilic sub- 

(7) M. D. Newton, F. P. Boer, and W. N. Lipscomb, J .  Am. Chem. SOC., 
88, 2363, 2361, 2367 (1966); w. E. Palke and w. N. Lipscomb, ibid., 88, 
2384 (1966). 

York, N. Y.,  1963, p 86 ff. 

stitution a t  positions 8, 9, 10, and 12, with, of course, 
the qualifications noted in the Introduction. It may 

(8) W. N.  Lipscomb, “Boron Hydrides,” W. A. Benjamin, Inc., New 
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Bond 

9'-12' 

9-9' 
12-12' 

1-2 

1-3 
1-4 
1-5 
1-6 
2-3 
2-6 
2-7 
2-1 1 

Uncor 
length, A 

Br-Br 

3.80 

B-Br 
1 .98  
1.95 

c-c 
1.63 

C-B 
1.66 
1.73 
1.70 
1.74 
1.70 
1.75 
1,76 
1.72 

TABLE VI11 
BOND D I S T A X C E S ~ , ~  

d 

0 010 

0 022 
0 020 

0 029 

0 035 
0 028 
0 032 
0 034 
0 032 
0 034 
0.026 
0 027 

Bond 

3-4 

3-7 
3-8 
4-5 

4-8 
4-9 

5-6 
5-9 
5-10 
6-10 
6-1 1 
7-8 
7-11 
7-12 
8-9 
8-12 
9-10 
9-12 

10-11 
10-12 
11-12 

Uncor 
length, A 

B-B 

1.73 

1.79 
1.75 
1.80 

1.78 
1.69 

1.68 
1.79 
1.74 
1 . 7 1  
1.82 
1.69 
1.80 
1.75 
1.81 
1.78 
1.77 
1.73 
1.75 
1.75 
1.79 

d 

0.041 

0.032 
0.025 
0.030 

0.026 
0.030 

0,032 
0.026 
0,028 
0.030 
0.034 
0.030 
0.032 
0.030 
0.030 
0.027 
0.028 
0,029 
0,030 
0.028 
0,024 

a Standard deviations (A) for the various types of bonds are: 
C-B, 0.032; B-B, 0.037. The standard deviations were com- 
puted by averaging equivalent bond lengths based on a molecu- 
lar symmetry of Cpv and applying the equation 

I" c = [ k ( X &  - m/(Y - 1) 
i = l  

where the final average is a weighted average over all nonsym- 
metry-related groups of atoms of the same type. Individual 
standard deviations were obtained from the full variance- 
covariance matrix calculated during the final refinement of all 
position and anisotropic temperature factors. 

als may be dominating the choice of site of electro- 
philic attack a t  positions B-9 and B-12. 

Both the greater acidityg of the protons attached to 
C as opposed to protons attached to B and the final 
chlorination2 of all B atoms of o-carborane before C is 
chlorinated suggest that the C atoms are least suscepti- 
ble to electrophilic attack. This chemical result is 
consistent with the framework charges (Table X) \I hich 
combine the charges of C and H or B and H, but there 
is some problem if only the net charges on C and B are 
considered. Our opinion is that this difficulty arises 
only because of the inappropriateness of the parame- 
ters from B2H6 and C2Hs for the carborane molecule. 
Thus, the complete self-consistent field results7 yield a 
charge of -0.03 e- on terminal H and of 0 00 on bridge 
H in diborane, but these same parameters plus similarly 
appropriate parameters for C yield charges of -0 035 
on H of CH and about -0.23 on H of BH Very 
probably one can expect considerably more appropriate 
parameters for carboranes from SCF results for simpler 
molecules such as C2B3H5 or C2B1HS, but until such re- 
sults become available the charges in Table X represent 
the best presently possible nonempirical molecular 
orbital calculations on the ground state of o-carborane 
The uniformity of transfer of charge from the various 
types of B atoms to their attached H atoms leaves the 
relative charges on B atoms in the same order and, in 
particular, leaves B-3 as the boron atom probably 
least susceptible to electrophilic attack as has been 
noted earlier in the X-ray diffraction study2 of o-B~o- 
ClsH2C2H2. One final observation on the cumulative 
orbital charges is that the highest filled orbitals on C-1 
accumulate charge much more slonly than do any of 
the B atoms, including B-3. Hence, if electrophilic sub- 
stitution is dominated by the charges in the highest 

TABLE IX 
AVERAGE CZv MOLECULAR BOKD DISTASCES 

No. of 
Type  equiv 

1-2 1 1.64 1.67 1.63 
1-3 4 1 .71  1.73 1 .71  
1-4 4 1.73 1.70 1.73 
4-5 2 1.79 1 . i 9  1.80 1.88 
3-8 2 1.76 1.75 1.73 1.75 
3-4 4 1.78 1 .81  1.76 1.85 
4-8 4 1.75 1.78 1.74 1.74 
8-9 4 1.77 1 .81  1.78 1.76 
9-12 1 1 .81  1.82 1.73 1 .84  
4-9 4 1.75 1.76 1. 76 1.78 

a Numbering corresponds to  Figure 1. 

of bond' bondsb o-BlaHlo(CCHzBr) z o-BioClsHzCzHz o-BioBrzH~CzHz BiaHir(NCCHa)* 

Atoms in BlaH12(NCCH3)2 are numbered 3 through 12. Equivalent bonds are based on 
Cz,, framework molecular symmetry. 

be of some significance, however. that the total charge 
in the five highest filled (and therefore most polariz- 
able) molecular orbitals yield 0.79 electron on atom B-9 
but only 0.60 electron on atom B-IO. These five MO's 
lie very closely together in energy and are separated by 
a gap of about 1.3 ev from orbital 41, which has an 
energy corresponding to a simulated self-consistent 
field molecular Hartree-Fock eigenvalue of - 0.45 
au. Thus, this set of five highest filled molecular orbit- 

filled orbitals of comparable energy, one would expect 
attack a t  B-3 before C-1, as has been found4 in the 
chlorination reaction. It has also been noted, in gen- 
eral agreement with the charge distributions as in- 
dicated by extended Huckel theory, that o-carborane 
can be tetrabrominated, whereas m-carborane can 
only be dibr~minated.~ 

(9) T. L. Heying, J. W. Ager, Jr., S. L. Clark, R. P. Alexander, S. Papetti ,  
J. A. Reid, and S. I. Trotz, Inoig. Chem.,  2, 1097 (1963). 
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Orbital‘ 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
72 

TABLE X 
CUMULATIVE ORBITAL CHARGES FOR Bl0CZHiz FROM NONEMPIRICAL MOLECULAR ORBITAL CALCULATIONS~,~ 

Energy, 
au 

-0 .38  
-0.39 
-0.40 
-0.40 
-0.40 
-0.45 
-0.46 
-0.47 
-0.48 
-0.49 
-0.49 
-0.50 
-0.53 
-0.54 
-0.55 
-0.67 
-0.68 

-11.28 
Ket Mulliken 

charged 
Framework chargee 

c- 1 B-3 

0.034 0.139 
0.116 0.163 
0.122 0.167 
0.129 0.198 
0.135 0.325 
0.151 0.498 
0.210 0.739 
0.215 0.795 
0.240 0.920 
0.431 1.058 
0.497 1.061 
0.698 1.067 
0.765 1.322 
0.980 1.322 
1.170 1.336 
1.202 1.584 
1.309 1.752 
5.673 4.484 
0.327 0.516 

0.292 0.258 

B-4 

0.038 
0,099 
0.285 
0.423 
0.437 
0.742 
0.810 
0.902 
0.906 
1.066 
1,155 
1,276 
1.330 
1.516 
1,560 
1.666 
1,883 
4.774 
0.226 

-0.015 

B-10 

0,181 
0,198 
0.292 
0.330 
0.599 
0.776 
1,107 
1 ,185  
1.299 
1.453 
1.456 
1.528 
1.696 
1,696 
1.819 
2.030 
2.129 
5.043 

-0.043 

-0.276 

B-9 

0.102 
0.395 
0.453 
0.673 
0.793 
0.811 
0.865 
0.869 
0,915 
1.056 
1.175 
1.477 
1.544 
1.597 
1.864 
1.951 
1.985 
4.999 
0.001 

-0,244 

H-1‘ 
0.073 
0.201 
0.201 
0.218 
0.218 
0.218 
0.218 
0.218 
0.263 
0.263 
0.377 
0,380 
0.380 
0.563 
0.684 
0.700 
0.700 
1.035 

-0.035 

H-3’ 
0.116 
0.116 
0.116 
0.163 
0.375 
0.375 
0.377 
0.477 
0,781 
0.781 
0.781 
0.783 
1.010 
1,010 
1.046 
1.149 
1,149 
1.258 

-0.258 

H-4’ 

0.001 
0,001 
0.233 
0.381 
0.381 
0.382 
0,447 
0.651 
0.651 
0.678 
0.847 
0.874 
0,912 
0.974 
1 I012 
1.013 
1,091 
1.241 

-0.241 

H-10’ 

0.135 
0.135 
0.135 
0.168 
0.403 
0.403 
0.456 
0.616 
0.870 
0.870 
0.870 
0.925 
0.936 
0.936 
0.948 
1.004 
1.004 
1.233 

-0.233 

a See ref 8. * Numbering scheme corresponds to Figure 1; only those atoms nonequivalent to CZ, symmetry are shown 

H-Q 

0.143 
0.477 
0.477 
0.515 
0,515 
0.520 
0.520 
0.520 
0.560 
0.560 
0.779 
0.843 
0.843 
0.904 
0.989 
1.023 
1.023 
1 ,245  

-0.245 

Orbital 
36 is the highest filled molecular orbital of this system; the next highest orbital lies a t  an energy of -0.09 au. 
filled molecular orbital. 
charge = net charge of B-H or C-H pair. 

Orbital 72 is the lowest 
e Framework Net Mulliken charge is the total charge on the atom minus the atomic number of the atom. 

It seems to us of some importance that the qualifica- 
tions which we have previously repeatedly stated and 
which are reiterated in this paper be kept in mind when 
electrophilic and nucleophilic reactions of polyhedral 
molecules are discussed. We do not imply that all re- 
actions of carboranes or polyhedral boranes can be uni- 
formly interpreted on a simple electrophilic or nucleo- 
philic basis, especially under circumstances where steric 
effects and cooperative transition states may be im- 
portant and, hence, have restricted this and earlier dis- 
cussion to relatively simple atomic, ionic, or small 
molecule reactions with the polyhedral species. More- 
over the relative charge transfer between a polyhedral 
molecule and a reactant may be different from that be- 

tween an aromatic molecule and the same reactant, de- 
pending upon relative orbital energies, and hence the 
criteria of carbon chemistry may be a moderately good 
guide, but some exceptions to a parallelism between 
borane reactions and reactions of aromatic systems are 
to be expected. 

Further structural studies in this general area of sub- 
stituted polyhedral molecules are in progress. 
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