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The bromination of o-BlOH,,C2H~ in the presence of AlC13 produces o-Bl0BrsHiCaHn in which the Br atoms are at the 8 (or 
lo) ,  9, and 12 positions of the Bloc2 polyhedron. These results are consistent with the structure of the 9,12-dibrominated 
compound, o-BL0Br2H8C2H2, and with the correlation of reactivity with ground-state charge distribution obtained earlier 
from extended Huckel theory and here from a new nonempirical molecular orbital theory. The space group is C2/c, and 
there are eight molecules in a unit cell having parameters a = 12.28, b = 8.51, c = 23.42 A,  and p = 90.3". 

Introduction 
The elucidation of the structure of o-B10Br3H7C2H2> 

the final product of stepwise substitution of unsub- 
stituted o-carborane with Brz in the presence of A1C13, 
completes structural work on the known Br derivatives 
of o-carborane. The 9,12 substitution of Br in o-Blo- 
Br2HaC2H2, established in the preceding paper, im- 
plies the structure of o-BloBrH9C2H2. It seems prob- 
able to us that this reaction of Br2 is electrophilic and 
that the ground-state charge distribution in the parent 
o-BloHl&!zHz determines the charge distribution of the 
transition state well enough to indicate the major fea- 
tures of sequential substitution. We are well aware of 
the qualifications2 of this idea but are interested in its 
limitations and whether exceptions are primarily those 
of complex reactions for which the initial steps, when 
not sterically controlled, also follow this pattern. 

Here we show that the three Br atoms attached in o- 
B10Br3H7C2H2 are in a very nearly equilateral triangular 
arrangement, which, together with the structure of o- 
B10Br2H&2H2j is sufficient to  prove that the halogens 
are in the 8 (or lo) ,  9, and 12 positions. Our failure 
to distinguish between C and B, however, suggests that 
the Blocz cage is disordered in all senses in which the 
three Br atoms of the triangle can be permuted. 
Finally, we compare the experimental results with as- 
pects of the ground-state charge distribution8s4 in o- 
B10H10C2H2 and establish the assignment of peaks in 
the llB 64.2-Mc nuclear magnetic resonance (nmr) 
~ p e c t r a ~ , ~  of these compounds. 

Structure Determination 
-1 large single crystal of o-B10Br8H7C2H2, from acetone 

solution, was cut into cubes 0.03 mm on edge. Two 
crystals, one mounted on the b axis and one on the c 
axis, were used for data collection. Reciprocal lattice 
symmetry of 2/m and unit cell parameters of a = 12.28 
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f 0 02, b = 8.54 f 0.02, c = 23.42 f 0.02 4, and /3 = 
90.3 f 0.4" mere established from photographs. The 
assumption of eight molecules in the unit cell led to the 
reasonable calculated density of 2.06 g for the 
crystals, Extinctions of hkl when h + k is odd and of 
h01 when 1 is odd lead to possible space groups Cc or 
C2/c. The Br arrangement found as described below 
established CP/c as the correct space group. 

The three-dimensional data were collected m ith the 
use of an Xe proportional counter on the Buerger 
automated X-ray diffractometer, using a scan time 
which was proportional to the Lorentz factor. Within 
each level one reflection was chosen as a monitor and 
measured after each group of 15 reflections. After 
each level was completed, a set of six zero-level reflec- 
tions mas measured. Equivalent reflections agreed to 
within 2u,, where u0 is the square root of the total 
number of counts. A total of 2172 independent reflec- 
tions was recorded for levels 0 6 k 6 8 and 0 < 1 6 7. 
After correction for Lorentz and polarization factors, 
the data were correlated to a single scale with the use 
of weights which were inversely proportional to the net 
number of counts for Fo2 3 and which were inversely 
proportional to bo for FO2 6 Here uo is the square 
root of the counts in background plus scan for a reflec- 
tion having zero net count, and the average bo is taken 
over all uC in the sphere of reflection. The correlated 
Fo are shown in Table I. Of the 2172 measured values 
of Fo2, 1132 17-ere greater than 1 . 5 ~ ~  after background 
corrections, and all reflections less than 1.53., ( F o  < 73 
on the scale of those in Table I) were cxcluded from 
final refinements and discrepancy factors. 

Analysis of the three-dimensional Patterson function 
yielded a near-equilateral triangular arrangement for 
the three Br atoms if the space group C2/c was assumed. 
Peak heights a t  all positions for Br. . .Br interactions 
were 1200 =t 100 on an arbitrary scale. No such inter- 
nally consistent interpretation was possible in the space 
group Cc. These Br contributions gave a value of RF 
= 211Fol - ~ F c [ ~ / X ~ ~ F o ~  of 0.36. A three-dimensional 
electron density map based upon signs for the Br con- 
tributions showed 52 candidates for light atoms in the 
range from 30 to 60% of the height of a B atom, but 1 2  
of these formed an icosahedral structure appropriately 
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TABLE I 
LIST OF OBSERVED Fhkl VALUES~'~  
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i o  
I =  4 fKlfHII 0 I l - 1 4 ~ 1 4 1 1 1 l r 2 5 6 ~ 2 9 5 ~ 4 9 4 ~ 3 1 C ~ 7 5 ~ 4 9 1 ~ U ~ 4 1 4 r 2 5 6 5 ~ 9 8 1 ~ 5 8 3 ~ 6 9 ~ 1 7 4 ~  

a Fhkl is listed followed by a comma. The general extinction (hkl ,  h + k = 2n + 1) is not indicated; account must be taken of 
this when reading the table. Unobserved reflections are indicated by a zero, and experimentally unobserved reflections by  
a U. The summation for FU0o is for the entire unit cell, 
All Fhkz values are included for which F, as measured by the diffractometer was greater than zero (however, see text for those Fhii 
values used in the refinement). * Scattering factors were used as obtained from the "International Tables for X-Ray Crystallography," 
The Kynoch Press, Birmingham, England, Vol. 111,1962, p 202 f f .  

All reflections are on the same scale as FOOO, given as a reference point. 

situated near the three Br atoms. Leat-squares refine- 
ment using anisotropic thermal parameters for these 
three Br and twelve light atoms yielded R F  = 0.09 for 
the 707 largest reflections, and two more cycles of aniso- 
tropic least-squares refinement led to R F  = 0.12 for the 
largest 1132 observed reflections. H atoms were added 
in expected (but not observed) positions, and a study 
was made of the possible disordering of B and C posi- 
tions. 

These studies, summarized in the present paragraph 
and in Tables I1 and 111, suggest some disorder is 
likely. Atom numbers are shown in Figure 1, which 
shows the molecular structure. First, the para icosa- 
hedral distances were ccmputed from the final X-ray 
structure assuming all icosahedral atoms to be B 
(column 2 ) )  after two cycles of refinement in which 
atoms 1, 2, and 6 are taken as "3 C and '/3 B (a dis- 
order produced by random permutation of triangle of 
Br3 in positions 8, 9, and 12: column 3)] and after two 
cycles in which atoms 1 and 2 are C and all others are 

TABLE I1 
p u m  ICOSAHEDRAL DISTANCES 

12 B 
refined Idealized Idealized 

Atoms structure Disorderedb Orderedb disordered ordered 
1-12 3.17a 3 .31  A 0.038 3 . 3 0 i  0.038 3 . 2 6  3 .23  
2-9 3 . 2 4  3.24 1 0 . 0 3 6  3.24 zk 0.037 3.26 3 .23  
3-10 3 .43  3 . 4 1  i. 0.042 3 .41  f 0.042 3 . 3 4  3 .34  
4-11 3 .41  3 . 4 0  =tOo.035 3 . 4 0 j l 0 . 0 3 6  3 . 3 4  3 .34  
5-7 3 .37  3 . 3 7 f 0 . 0 3 5  3 . 3 7 & 0 . 0 3 5  3.34 3 .34  
6-8 3 . 2 5  3 . 2 8 z t  0.047 3 .27  1 0 . 0 4 8  3.26 3 .34  

a The short 3.17 A is due to the fact that  atom 12, owing t o  
the proximity of the Br atom to which i t  is bonded, did not re- 
fine well until the C atoms were designated (as either ordered or 
disordered). Standard deviations were obtained from the full 
variance-covariance matrix. 

taken as B (ordered structure: column 4). If one as- 
sumes B-B = 1.76, C-C = 1.64, and B-C = 1.70 A, 
one can calculate these para distances from an idealized 
model disordered as described above (column 5 )  and 
completely ordered (column 6). We see that the 
idealized disordered structure fits the X-ray results 
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TABLE I11 
EVIDENCE FOR THE INABILITY TO DETERMINE 

C ATOMS UNAMBIGUOUSLY~ 
Atom ~b 1 1 0  I I I d  IVB vf 

1 483 1 . 0 7 1 0 . 0 9  1 . 0 1 1 0 . 0 6  1.70 5 . 5 8  
2 307 1 . 1 1 1 0 . 0 5  1 . 0 6 ~ 0 . 0 5  1.69 4.97 
3 -42 1 . 0 3 & 0 . 0 6  1 . 0 4 + 0 . 0 6  1.73 5.56 
4 -225 1 , 0 3 1 0 . 0 5  1 . 0 1 1 0 . 0 5  1.76 3.69 
0 395 i . o o i 0 . 0 7  1 . 0 2 i 0 . 0 6  1.75 8.59 
6 30g 1 . 0 6 1 0 . 0 6  1 . 0 5 1 0 . 0 5  1 . 7 1  6.26 
7 56 l . O B = l c O . O 6  1 . 0 6 1 0 . 0 6  1.74 4.49 
8 461 0 . 9 9 i O . 0 7  1 . 0 2 1 0 . 0 7  1 .78  5.74 
9 240 1 . 0 2 1 0 . 0 5  1 . 0 4 1 0 . 0 5  1.80 4.69 

10 110 l.OO=lcO.06 0 . 9 8 1 0 . 0 6  1 . 7 %  5.82 
11 9 1 .01=k0 .05  1 . 0 1 2 ~ 0 . 0 5  1.77 4 .05  
12 193 1 . 0 1 1 0 . 0 6  0 . 9 6 1 0 . 0 5  1 .73  2.93 

Q Standard deviations were calculated from the full least- 
squares matrix. * Three-dimensional linearly interpolated elec- 
tron density at B positions from three-dimensional difference 
Fourier calculated on the basis of 12 B, 9 H, and 3 Br atoms with 
Rp = 0.12. One electron per cubic angstrom is 710 on this 
arbitrary scale. The atom multipliers of the “12 B” atoms 
after two cycles of least-squares refinement of only the atom 
multipliers (from the Rp = 0.12 parameters). d The atom 
multipliers of the 12 cage atoms after two cycles of least-squares 
refinement of only the atom multipliers (from the parameters 
determined with 9 H, 3 Br, 9 B, and three 2 / 3 ,  1/3 B atoms, 1, 
2, and 6). e The average nearest neighbor bond distances as 
calculated from the “12 B” Rp = 0.12 parameters. Standard 
deviations can be obtained from the average of the individual 
bond distances listed in Table V. Average isotropic equiva- 
lents as calculated from the anisotropic temperature factors of 
the “12 B” RF = 0.12 parameters. from 
the highest (height 730) nonresidual peak in the map (one elec- 
tron per cubic angstrom is 710). 

Q This atom was 0.2 

Figure 1 .-The molecular structure and numbering scheme for 
u-BliiBr3H7C2H2, Atoms are designated as follows: H( 1’,2’,3’,- 
4’,5’,6’,7’,10’,11’); B(3,4,5,6,7,%,9,10,11,12); C(1,2); Br- 
(8’,9’,12’). 

slightly better than does the idealized ordered model, 
but the results are not conclusive. They do suggest 
that  the disorder is most likely to involve atoms I ,  2, 
and 6. However, other possible choices, for example, of 
1 and 6 for C and 2 for B, or of 2 and 6 for C and 1 for 
B, were expected to lead to similar results, but they 
mere not refined. Other criteria for comparing or- 
dered and disordered structures are summarized in 

Table I11 (see footnotes). In column 2 we see that 
the highest residual of electron density (possible C con- 
tribution) is a t  atoms 1, 2 ,  5 ,  and 8, when the structure 
of 3 Brand 12 B is subtracted. Atom multipliers suggest 
atoms 1, 2 ,  6, and 7 (column 3) or atoms 2 and 6 
(column 4) after refinement of the disordered structure. 
Closest bond distances (column 5 )  suggest atoms I ,  2, 
and 6 for shortening due to the smaller covalent radius 
of C as compared with B. The thermal parameters 
(column 6) are quite ambigucus as a criterion, most 
probably because absorption corrections were neg- 
lected. The R, values of Table IV are simply not a 
local or detailed enough criterion for distinguishing be- 
tween these models. Bond distances shown in Table V 
favor bond 1-2 as most nearly a C-C bond, but 1-6 and 
2-6 cannot be excluded. One final, but somewhat 
negative, argument slightly in favor of some disorder 
is that our previous experience with comparable X-ray 
data from ordered crystals of comparable structures 
has led to more conclusive distinction between B and C 
than we have found here. 

TABLE Iv 
FINAL VALUES FOR 

RB = ZllF.l - ~F,II/ZIF,~ FOR 1132 OF 2172 REFLECTIOYS 
R p  

All (h ,  k ,  I # 0) 
h even 
h odd 
k even 
k odd 
1 even 
I odd 
k + I even 
k + 1 odd 
h + I even 
h + I odd 
h + k even 
h + k + I even 
h + k + 2 odd 
Over-all 

Ordered 

0.110 
0.110 
0,110 
0.110 
0.110 
0.116 
0.105 
0.111 
0,109 
0.111 
0.109 
0.110 
0.116 
0.105 
0.1196 

0,302 

Rpzb 

Range of sin 8 

0.00-o .40 
0.40-0.50 
0.50-0.60 
0.60-0.65 
0.65-0.70 
0.70-0.75 
0.75-0.80 
0.80-0. %8 
0.85-0.90 
0.90-1.00 

Ordered 

0.101 
0.108 
0.125 
0.121 
0.120 
0.146 
0.156 
0.149 
0.202 
0.163 

0.215 
-RF- 7 

Disordered 

0.102 
0.10% 
0.125 
0.121 
0.119 
0.136 
0.155 
0.149 
0.202 
0.163 

Disordered 

0.110 
0.109 
0.110 
0.109 
0.110 
0.116 
0.104 
0.111 
0,109 
0.111 
0.109 
0.110 
0.116 
0,104 
0.1194 

0,301 

0,215 
h-0. of 

reflections 

161 
152 
205 
124 
127 
116 
111 
78 
40 
19 

In spite of the possible disorder, the molecular struc- 
ture is certain. In  particular, the 8 (or lo) ,  9, and 12 
positions of the three Br seem to us to be unambiguously 
established, especially since this is the only way that a 
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Bond 

8'-9' 
8'-12' 
9'-12' 

8-8' 
9-9' 

12-12' 

1-2 
1-6 
2-6 

1-3 
1-4 
1-5 
1-6 
2-3 
2-6 
2-7 
2-1 1 
5-6 
6-10 
6-11 

3-4 
3-7 
3-8 
4-5 
4-8 
4-9 
5-6 
5-9 
5-10 
6-10 
6-11 
7-8 
7-11 
7-12 
8-9 
8-12 
9-10 
9-12 

10-11 
10-12 
11-12 

TABLE V 
BOND DISTANCES 

Bond 
length,a A 

ordered u, A 
Br-Br 

3.90 0.007 
3.88 0.006 
3.91 0.006 

B-Br 
1.99 0.038 
1.94 0.024 
1.98 0.025 

c-c 
1.65 0.044 

B-C 
1.74 0.042 
1.68 0.041 
1.76 0.036 
1.68 0.051 
1.68 0.046 
1 . 7 1  0.035 
1.66 0.035 
1 , 7 5  0.037 

Bond 
length," A 
disordered A 

Br-Br 
3.90 0.004 
3 .88  0.006 
3.91 0.004 

B-Br 
1.99 0.038 
1.94 0.024 
1 .98  0.025 

('1'3 C, '/3 B)-('/3 C, ' / B  B) 
1 .66  0.044 
1.70 0.051 
1.71 0.034 

('/a C, '/3 B)-B 
1.74 0.042 
1 .68  0.041 
1.77 0.036 

B-B 
1.76 0.038 
1 .72  0.043 
1.74 0.041 
1.76 0.036 
1.80 0.039 
1.80 0.032 
1.66 0.047 
1 . 8 5  0.038 
1 .77  0.043 
1 .73  0.034 
1 .82  0.038 
1.74 0.042 
1.83 0.037 
1 .78  0.036 
1.74 0.036 
1.79 0.042 
1.85 0.048 
1.80 0.037 
1.82 0.035 
1 .80  0.038 
1 . 7 5  0.037 

Standard Deviations 

1 .68  0.045 

1.66 0.035 
1.75 0.037 
1.65 0 047 
1.72 0 034 
1.81 0.037 

B-B 
1 . 7 5  0.038 
1 .73  0.042 
1.74 0 041 
1 .77  0.039 
1.80 0.039 
1.80 0.032 

1 . 8 5  0.038 
1.76 0.043 

1 .75  0.041 
1.83 0.037 
1 . 8 0  0.036 
1.75 0.036 
1.80 0.041 
1 . 8 5  0.048 
1.79 0.036 
1.82 0.035 
1.80 0.037 
1 .75  0,037 

u(Br-Br) 0.015* u(Br-Br) 0.015* 
u(C-C), ~ ( ~ / 3  C, '/3 B)-('/3 C, '/a B) 0.026 
u(B-C) 0.038 u('//a C, '/a B)-B 0.052 
u(B-B) 0.047 u(B-B) 0.038 

a Bond distances have not been corrected for thermal motion, 
The over-all standard deviations included in the table were 

computed by averaging equivalent bond types and applying the 
equation 

Individual standard deviations were computed from the full 
variance-covariance matrix obtained after the final least-squares 
cycle of refinement of all temperature and position parameters. 

triangular array of Br atoms can be formed from bro- 
mination of the 9, ~ ~ - O - B I ~ B ~ ~ H ~ C ~ H ~ .  

Results and Discussion 
A projection of the crystal structure along the b axis 

is shown in Figure 2,  where light atoms subject to the 
possible packing disorder are shaded. Bond distances 
and average deviations of various bond types (Table V) 
have not been corrected for thermal motion, in view of 
the possible disorder. Atomic parameters are given in 
Table VI. 

Figure 2. The molecular packing as seen in the projection along 
the b axis. 

The conclusion of these X-ray results on products 
of bromination in the presence of AlBr3 is that  9,12 
substitution is followed by 8 (10) substitution. These 
results also allow a unique identification6 of the llB 
nuclear magnetic resonance spectrum of unsubstituted 
carborane. The 19.3-Mc/sec spectrum is thus assigned 
as B-9 and B-12 a t  20.8 ppm, B-8 and B-10 a t  28 ppm, 
four equivalent B atoms (4, 5, 7, 11) a t  32.5 ppm, and 
B-3 and B-6 a t  33.3 ppm. The sequential order of halo- 
genation proved in this study has independently been 
suggested by Zakharkin and KalinenJ7 who counted iso- 
mers of halogenation products from o-carborane, C- 
methyl-o-carborane, and C,C'-dimethyl-o-carborane. 
They assumed that the methyl groups on carbon did 
not influence the sequential ordering of substitution and 
that the 3 and 6 positions (lagt to  be substituteds in 
photochemical chlorination) were too positively charged 
to be involved. Our results are not dependent upon 
these assumptions. 

Further studies of the structures of sequentially sub- 
stituted products are in progress. It is surely too much 
to expect that the apparently dominating effect of the 
C atoms of the framework will account for all sub- 
stitution reactions in the carboranes. In  particular, 
the order in which halogenation occurs a t  the 4, 5 ,  7, 
and 11 positions of o-carborane is very likely to  depend 
upon other mechanistic effects of a steric or electronic 
nature. Also the study of other reactions which are 
more complex than halogenation, the study of sequen- 

(7) L. I. Zakharkin and V. N. Kalinen, I e v .  Akad .  N a s k  S S S R  Ser. Khim.. 

(8) J. Potenza and W. N. Lipscomb, Inorg. Chem., 3, 1673 (1964). 
1311 (1965). 
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Type 

B-C 
B-C 
B 
B 
B 

B-C 
B 
B 
B 
B 
B 
B 
H 
H 
H 
H 
H 
H 
H 
Br 
Br 
H 
H 
Br 

Type 

B-C 
B-C 
B 
B 
B 

B-C 
B 
B 
B 
B 
B 
B 
H 
H 
H 
H 
H 
H 
H 
Br 
Br 
H 
H 
Br 

TABLE VI 
FIXAL ;\TOMIC COORDINATES IN FRACTIOXS OF CELL LENGTHS AND THERMAL PARAMETERS ( x 104)a8b,c 

Atom 

1 

3 
4 

6 

Y 
P 

1 it 
11 
1" 
1' 

3 
4' 
5 '  
6 

8' 
9'  

10 
11' 
12' 

1 
2 
3 
4 
5 
6 

8 
9 

10 
11 
12 
1' 
2' 
3 
4 '  
5' 
6' 
7' 
8' 
9' 

10' 
11' 
12' 

> 

7 

- 

2 - 

- 

Atom 

c 

PI1 

92 
67 

124 
41 
89 
37 
62 

129 
50 
77 
60 
67 
90 
62 
46 

133 
85 
72 
26 
96 

100 
86 
99 

119 

X 

0.460 
0.401 
0,327 
0,366 
0.462 
0.484 
0,269 
0.241 
0.317 
0,403 
0.366 
0.266 
0.530 
0,430 
0.300 
0,364 
0.530 
0.572 
0.198 
0,094 
0.276 
0,432 
0.367 
0.149 

"PI1 

25 
18 
27 
13 
26 
17 
18 
33 
16 
21 
19 
28 

2 
2 

3 

UZ 

0.002 
0,002 
0,003 
0.002 
0.003 
0,002 
0.002 
0.003 
0.002 
0,002 
0,002 
0.003 

0.0002 
0.0002 

0.0003 
pzs up?? 

215 48 
162 39 
120 31 
194 39 
139 40 
170 38 
162 39 
90 33 
77 28 

141 38 
153 35 
161 42 
203 
216 
229 
191 
141 
256 
184 
189 5 
115 4 
206 
236 
199 5 

P13 

37 
36 
29 
13 
31 
68 
24 
32 
43 
39 
18 
16 

13 
28 
21 
24 
24 
15 
37 
40 
45 
24 
35 

- 
i 

Y 

0,649 
0,752 
0.716 
0,525 
0.453 
0.598 
0.716 
0.563 
0.397 
0.446 
0,645 
0,519 
0.694 
0.884 
0.813 
0.485 
0,359 
0,612 
0,809 
0.539 
0.181 
0.353 
0,683 
0,443 
-033 
9 
9 
8 
4 
8 

13 

8 
9 
9 
5 
6 

n 
i 

1 
1 

1 

0.2 
- 11 
- 33 

21 
-1 
- 12 

-27 
-3 

4 
-5 
15 

- 20 
2 
3 

32 
- 38 
- 35 
- 13 

11 
-6 
- 20 

-7 
-31 

- a  

- 
I 

-u 

0 003 
0 003 
0 003 
0 003 
0 003 
0 003 
0 003 
0 003 
0 003 
0 003 
0 003 
0 003 

0 0003 
0 0003 

0 0003 
-?lz PI3 

27 -2 
19 -9 
25 -4 
18 13 
24 -13 
20 13 
22 17 
24 5 
16 -24 
22 -39 
20 -2 
27 - 17 

-3 
6 

-6 
- 22 

14 
-3 
- 16 

2 - 23 
2 -8 

- 27 
- 22 

3 4 

z 

0.333 
0,384 
0.325 
0.307 
0.357 
0.402 
0,392 
0,345 
0.363 
0.425 
0.445 
0.419 
0.302 
0.395 
0.288 
0.258 
0.343 
0.423 
0,405 
0.311 
0,351 
0,462 
0,494 
0.470 

11 
10 
11 
6 
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a The thermal parameters are in the form exp[ -(h2p1, + k2& + Z2p3, - 2hk& + 2hZ& + 2kZ&)]. The nine hydrogen atoms were 
not unambiguously located on the final electron density map; their positions were calculated so as to  place them 1.2 A from their 
respective BLOC2 cage atoms and directed radially outward from the lines joining para atoms in the 12 B refined structure; the thermal 
parameters used for hydrogen were taken as equal to those of their corresponding B atoms before the designation of C atoms. c Stand- 
ard deviations were obtained from the full least-squares matrix. 

tial substitution on m-carborane and other carboranes, 
and detailed mechanistic studies would be of consider- 
able interest. the sample. 
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