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Abstract 

A model and parameters were developed which allow conformational calculations to be carried out on the 12-vertex boranes, 
carboranes and their derivatives, within the framework of the MM3 force field. In order to avoid description of all the bond angles, the 
molecule was represented as a superposition of two rings and two cap groups. The valence bonds between these moieties were described 
by a Buckingham potential. The statistical analysis of carborane molecules found in the Cambridge Structural Database has been carried 
out in order to find the mean values of the bond lengths and angles for these molecules. A parameter set was developed and used for the 
calculations on substituted carboranes, and the results show good agreement with the experimental data. © 1997 Elsevier Science S.A. 
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I. In troduct ion  

Molecular mechanics has become a powerful tool for 
modeling the structure of  polymers, biopolymers, and 
materials, as well as for many of their properties. So, it 
is quite useful and interesting to apply this method to 
molecules that have not been described until recently 
within the framework of molecular mechanics, such as 
metallocomplexes, metalloclusters, carboranes and other 
compounds with variable atomic coordination. The use 
of  the standard molecular mechanics procedures is not 
straightforward for these compounds. The usual connec- 
tivity methods are unsatisfactory, as far too many va- 
lence bonds and bond angles would need to be de- 
scribed around atoms with high coordination numbers. 

Several ways to solve this problem have been de- 
scribed in the literature. First, one can delete the bond 
angle bending terms, and keep only bond lengths. The 
bond angles around highly coordinated atoms will then 
be the 'natural '  result of  the interligand non-bonded 
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interactions [1,2]. A second way to circumvent this 
problem is to reduce the number of  valence bonds, for 
example using a dummy atom for symmetrical ligands 
such as cyclopentadienyl (Cp) and phenyl (Ph) [3-6]. 
The third way is to describe valence bonds within the 
molecular mechanics framework as interactions of a 
(non-directional) van der Waals [7,8] or Coulomb type 
[9,10]. This allows one to avoid program changes, and 
to avoid using connectivity files to reproduce the molec- 
ular graph for atoms with non-standard coordination 
types. We earlier used the latter option for a description 
of Cp-sandwich molecules, and for seven-vertex carbo- 
ranes and metallocarboranes. The details of  these mod- 
els can be found in reviews [11,12]. 

To our knowledge there are only a few reported 
attempts to describe carborane molecules within the 
framework of  molecular mechanics [13-15]. Two of  the 
approximations mentioned above have been used for the 
modeling of carborane molecules: usage of bond length 
terms without the bond angle description [13], and 
usage of Buckingham or Hill-like potential for a de- 
scription of valence bonds [ 14,15]. 

In this work we describe a model and parameter set 
that allow conformational calculations of  12-vertex bo- 
ranes and carboranes to be carried out with the MM3(94) 
program [16] in a way analogous to that used earlier for 
seven-vertex carboranes [14,15]. Four main types of 
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12-vertex boron cage compound were investigated: 
BI2H~2 (I), 1,2-C2B10Hl2 (ortho-) (II), 1,7-C2B10H12 
(meta-) (III), 1,12-C2B10HI2 (para-) (IV) dicarba- 
closo-dodecaboranes. To test the resulting model and 
parameter set, the conformational calculations on sev- 
eral substituted closo-carboranes were then carried out. 
The results of conformational calculations of metallo- 
carboranes, where a ligand substituted metal atom takes 
the place of one of the vertices, will be described in a 
subsequent publication. 

1.1. Model and method of calculation 

The cages of molecules I - I V  can be described as 
ideal or distorted icosahedrons. The coordination num- 
ber of every heavy atom is equal to 6, and consists of 
five neighbors in the cage plus one substituent. To use a 
molecular graph for description of these cages, the 
simplest case (molecule I) would require four angle 
types around every boron atom, and in order to do that 
we would have to identify equivalent boron atoms with 
different atom-type identifiers. Since it is difficult to use 
connectivity files in the MM3 program for atoms that 
have more than four neighbors, we used a special model 
that allows us to avoid these problems, and to use the 
MM3(94) program without any alterations. We are also 
hopeful that such a molecular description will corre- 
spond to physical reality. That is, the geometry in such 
a system is assumed to be dependent on the van der 
Waals interactions present, and to be insensitive to the 
bond and dihedral angles. There is previous evidence 
that this is a good approximation [14,15]. 

Borane and carborane 12-vertex cages were repre- 
sented as a superposition of four formally independent 
parts: two rings and two cap groups (Scheme 1). 

Earlier, a similar model (one central ring and two 
caps) was used for a description of seven-vertex carbo- 
rane cages [14,15]. Some hints as to the potential useful- 
ness of such molecular partitioning are available from 
quantum chemical descriptions of cap-ring interactions 
in molecules of this type [17-19]. 

Interactions within a cap or ring group are presented 

Table 1 
Carbon atom positions according to Scheme 1 corresponding to 
carborane cage description 

1st way 2nd way 3rd way 

ortho-carborane 2 and 3 2 and 7 1 and 2 
meta-carborane 1 and 7 2 and 8 3 and 5 
para-carborane 1 and 12 5 and 7 - -  

as those within ordinary organic molecules, for instance 
as in the heterocycles, by bond stretch, angle bend, 
torsion, and other energy terms [16]. Ring-ring and 
ring-cap interactions (valence bonds) are described by 
Hill-like potentials, as normally used for a description 
of non-bonded intra- and intermolecular interactions. 
For such bonds, energies are represented by the equa- 
tion 

E b = eb /O(1 .84  × 105 exp( - 12.0R/Rb) 

- 2.25RVR ), 
where e b is close to the bond dissociation energy, R b is 
an ideal valance bond distance, and D is the dielectric 
constant. The possibility of using such potentials for 
bond energy description has been known for a long 
time, but they have not often been used. Recently, 
several non-standard descriptions of bond stretching 
have been discussed and applied to conformational 
problems [20]. 

The applicability of this model is confirmed by the 
correct reproduction of the bond lengths, bond angles 
and conformational peculiarities of the molecules under 
consideration. It should be mentioned that meta- and 
ortho-carborane molecules can be described within the 
framework of this model in three similar, but non- 
equivalent, ways, and that para-carborane can be de- 
scribed in two ways. The ways of describing molecules 
I I - I V  are shown in Table 1. 

1.2. Force field parameters for boranes and carboranes 

To carry out conformational calculations on boranes 
and carboranes we used the standard parameter set from 

® 

) 

@ 
Scheme 1. 
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Table 2 

Stretching parameters inside ring and cap groups: L o (,~), K~ (mdyn A -  1 ) 

483 

Bond ortho-Carborane ortho-Carborane meta-Carborane para-Carborane 
(1 st way) (2nd way) 

Borane 

L o K~ L o K~ L 0 K~ L 0 K~ L 0 K s 

B - C  1.704 3.0 1.715 3.0 1.704 3.0 . . . .  

B - B  1.765 3.0 1.768 3.0 1.764 3.0 1.763 3.0 1.787 3.0 
C - C  1.681 3.0 . . . . . . . .  

C - H  1.100 5.35 1.100 5.35 1.100 5.35 . . . .  

B - H  1.185 3.85 1.185 3.85 1.185 3.85 l. 185 3.85 1.185 3.85 

B - H  a 1.185 4.0 1.185 4.0 1.185 4.0 - -  - -  1.185 4.0 
C - H  a . . . . . .  1.100 4.0 - -  - -  

a Bonds inside cap groups. 

Table 3 

Parameters of r ing-r ing,  r ing-cap  and cap -cap  interactions (valence bonds): R b (,~), ~" (kcalmol  - l  ) 

Bond ortho-Carborane ortho-Carborane meta-Carborane para-Carborane 
(1 st way) (2nd way) 

Borane 

Rb e R b g R b e R b s R b e 

B - B  a 1.785 20.0 1.786 20.0 1.786 20.0 1.766 
B - C  a 1.719 20.0 1.725 20.0 1.720 20.0 - -  

C - C  a __ __ 1.669 20.0 - -  - -  - -  
B - B  b 1.780 35.0 1.782 35.0 1.782 35.0 - -  

B - C  b 1.730 35.0 1.719 35.0 1.715 35.0 - -  

C - B  . . . . . .  1.717 
B . .  • B c 2.350 0.01 2.350 0.01 2.350 0.01 - -  

C - - • C ¢ . . . . . .  2.350 

20.0 1.782 20.0 

- -  1.783 35.0 

35.0 - -  - -  

- -  2.350 0.01 
0.01 - -  - -  

Ring- r ing  interactions. 
b R i n g - c a p  interactions. 

Cap -cap  interactions. 

the MM3(94) program [16] (available to all users from 
Tripos Associates, 1699 S. Hanley Road, St. Louis, MO 
63144 and to academic users only from the Quantum 
Chemistry Program Exchange, Indiana University, 
Bloomington, IN 47405), augmented with additional 
parameters for these molecules. We determined stan- 
dard bond lengths and angles by analyzing the results of 
the X-ray investigations of these molecules, as reported 
in the Cambridge Structural Database [21]. We took into 
consideration the symmetries of the unsubstituted carbo- 
rane cages in the process of statistical analysis. 

The differences between bond angles of the same 

Table 4 

Bending parameters inside rings 

Angle 0 o (°) K o (mdynA, r ad -  1 ) 

B - B - B  104.0 0.3 

B - B - C  103.0 0.3 

B - C - B  115.0 0.4 
B - C - C  115.0 0.4 

C - B - C  100.0 0.3 

B - B - H  130.0 0.3 
B - C - H  122.0 0.3 

C - B - H  130.0 0.3 

C - C - H  122.0 0.3 

type were found to be not larger than 2-4  ° . The situa- 
tion with the bond lengths was not the same. A wide 
range of bond lengths was found, and and we were not 
able to describe this effect by the systematic influence 
of the substituents. It is very likely that the large 
dispersion results from both the non-precise experimen- 
tal bond length determinations due to the significant 
thermal motion of the carborane nuclei, and/or  flexibil- 
ity of bonds in carborane cages. 

We did not find identifiable regularities for bond 
lengths of the same type, with only one exception. 

Table 5 
Torsion parameters inside rings (kcalmol  J) 

Angle V I V 2 V3 

B - B - C - C  0.0 3.0 0.0 

B - B - B - C  0 . 0  3 . 0  0 . 0  

B - C - C - B  0.0 7.0 0.0 
B - B - B - B  0.0 3.0 0.0 
B - B - C - B  0.0 3.0 0.0 

B - C - B - C  0.0 3.0 0.0 

C - B - B - C  0.0 3.0 0.0 

H - B - B - H  0.0 3.0 0.0 
H - C - C - H  0.0 11.5 0.0 

H - B - C - H  0.0 7.0 0.0 
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Histograms of C - B  bonds in ortho-carboranes found in 

the Cambridge Structural Database, in which there are 

two types of such bond, allow us to conclude that the 
bonds of one type ( 1 - 3 ,  1 -6 ,  2 - 3 ,  2 - 6 )  are ca. 0 , 0 2 A  
shorter that the bonds of the other type ( 1 - 4 ,  1 -5 ,  2 - 7 ,  
2 - 1 1 )  (see Scheme 1; for those compounds  in which the 
C atoms are considered to be in the 1 and 2 positions). 

We chose the values of the ideal bond  lengths and 
bond angles so as to reproduce as well as possible the 
mean values of geometries according to the Cambridge 
Structural Database. Force constants were taken as for 

seven-vertex carboranes,  investigated earlier [14,15]. 
The parameter set developed in the present work is 

given in Tables 2 - 5 .  The torsion parameters of all 

exocyclic angles X - X - X - Y  and X - X - Y - Y  (X = B or 
C be longing  to the carborane cage, Y = H or another 
a tom of  the substi tuent attached to a cage) are equal to 
zero, and not shown in Tables 2 - 5 .  

2. Results and discussion 

The model  described above was used for conforma- 
tional calculations of unsubst i tuted molecules  I - I V ,  as 

well as for several substituted ortho-, meta-, and para- 
carboranes,  for which molecular  structures in crystals 

were previously reported. 
To characterize the unsubsti tuted ortho-carborane 

molecule  we used the first description in Table  1. For  
meta-carborane the third way was used, in order to put 
both carbon atoms inside one 'heterocycl ic '  ring. The 
first way was used for para-carborane, and in this case 
carbon atoms are situated in the cap positions. 

The calculated values of the bond  lengths of 
molecules I - I V  have been compared with the mean  

values of these parameters from the results of  X-ray 
analysis [21], with gas electron diffraction data [22], and 
with the results of ab initio calculations at the STO-3G 

Table 6 
Mean X-ray (CSD, L x) [21], MM3 calculated (Lealc), gas electron diffraction (Lged) [22] and ab initio calculated (Lquan t) [23] values of the bond 
lengths in ortho-carborane II (A) 

Bond type ~ Standard Numbering L x Lcalc A = L X - Lc~lc Lged Lquan t 
numbering according 
[24] to model 

B(c)-C(r) 

B(c)-B(r) 

C(r)-C(r) 
B(r)-C(r) 

B(r)-C(r) 

2-6 1-2 1.722 1.722 0.000 1.707 1.728 
1-6 1-3 1.722 1.722 0.000 1.707 1.729 
6-11 1-6 1.773 1.775 0.002 1.800 1.781 
6-5 1-4 1.773 1.775 0.002 1.800 1.782 
6-10 1-5 1.765 1.765 0.000 1.787 1.755 
8-9 12-9 1,781 1.770 0.011 1.787 1.791 
8-12 12-10 1.781 1.770 0.011 1.787 1.790 
4-8 12-8 1,773 1.769 0.004 1.787 1.777 
7-8 12-11 1,773 1.769 0.004 1.787 1.777 
3-8 12-7 1.765 1.770 0.005 1.787 1.755 
1-2 2-3 1,676 1.678 0.000 1.651 1.634 
2-3 2-7 1,722 1.716 0.006 1.707 1.728 
1-3 3-7 1.722 1.716 0.006 1.707 1.729 
1-4 3-8 1.707 1.712 0.005 1.707 1.700 
2-7 2-11 1.707 1.712 0.005 1.707 1.701 
2-11 2-6 1.707 1.707 0.000 1.707 1.701 
1-5 3-4 1.707 1.707 0.000 1.707 1.700 
4-5 4-8 1.774 1.774 0.000 1.800 1.789 
7-11 6-11 1.774 1.774 0.000 1.800 1.785 
5-9 4-9 1.772 1.774 0.002 1.787 1.772 
11-12 6-10 1.772 1.774 0.002 1.787 1.772 
9-10 5-9 1.781 1.771 0.010 1.787 1.791 
10-12 5-10 1.781 1.771 0.010 1.787 1.790 
5-10 4-5 1.773 1.782 0.009 1.787 1.777 
10-11 6-5 1.773 1.782 0.009 1.787 1.782 
3-4 7-8 1.773 1.772 0.001 1.800 1.782 
3-7 7-11 1.773 1.772 0.001 1.800 1.781 
4-9 8-9 1.772 1.769 0.003 1.787 1.772 
7-12 11-10 1.772 1.769 0.003 1.787 1.772 
9-12 9-10 1.771 1.770 0.001 1.787 1.779 

a Ring atoms marked (r), cap atoms (c). 
The bond lengths in this table are given as determined, and they are different (r~, rg, r~) depending on the type of calculation or measurement. In 
order to quantitatively compare them, they would have to be converted to a common basis. The details of how this may be done are given in Ref. 
[25]. 
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level [23]. The mean deviations of calculated bond 
lengths from the mean crystallographic values are equal 
to zero for highly symmetrical borane and para- 
carborane. For molecules with lower symmetry we have 
some deviations, 0.004A for ortho- and 0.005 A for 
meta-carborane. We show the calculated results for 
ortho-carborane II in comparison with the above men- 
tioned methods in Table 6. We should note that the 
other (second) way of description gives quite good 
agreement between computed and X-ray results (mean 

o 

deviation 0.004A). Thus it is reasonable to use either 
the first or the second way for description of the 
substituted ortho-carboranes, depending on the sub- 
stituent positions. So, we can see that the deviations 
between calculated and mean X-ray values are much 
less than the bond length distribution for carboranes in 
crystals, according to the data from the CSD, which can 

o 

be more than 0.1-0.2 A, and the mean deviations are of 
the same magnitude as standard deviations of the bond 
lengths from the results of X-ray analysis of carborane 
molecules. The endocyclic bond angle deviations have 
been found to be small within heterocyclic rings, and 
between tings as well. 

In order to compare calculated and experimental 
results for the exocyclic torsion angles, we chose exper- 
imental data from the CSD on carboranes without steric 
interference between substituents, i.e. with one or two 
substituents on the carborane nuclei. The following 
mean values of torsion angles were found for these 
molecules: X - X - B - H  149 °, X - X - C - H  147 °, and the 
individual experimental values of these angles were 
found to vary from 136 to 160 ° . The calculated values 
of the torsion angles are within this range. Calculated 
torsion angles for angles including cap and ring atoms 
(molecules I-IV) are in the range 141-152 °, and for 
those describing only ring angles, 151-158 °. Our calcu- 
lations also show that torsion angles of X - X - C - H  type 
are 1-3 ° smaller than angles of X - X - B - H  type, in 
agreement with experimental data from the CSD [21]. 

The isolated molecule 2,3,4,5,6,7,8,9,10,11-de- 
caiodo-l,12-dicarbo-closo-dodecaborane (V) has Dsd 
symmetry, but in the crystal, which consists of two 
systems of symmetry independent molecules A and B 
[26], both of these molecules have C i symmetry. So, in 

Table 7 
Comparision of some calculated and X-ray " [26] geometry parame- 
ters for molecule V, distances (,~), angles (°) 

Geometry X-ray MM3 Molecule 

parameter Molecule A Molecule B IV b 

C - B  1.69 1.70 1.71 - -  
1.66-1.74 1.65 1.73 

B2-B7 c 1.77 1.79 1.76 - -  
1.72-1.80 1.74-1.86 

B2-B3 d 1.78 1.79 1.79 - -  
1.73-1.81 1.74-1.85 

C - B - I  124.2 124.3 124.9 131.9 
122.5-126.0 122.8-126.2 

B - B - B - I  e 144.9 145.3 146.2 156.0 
143.5-148.4 143.7-147.4 

I" "" t r 3.96 3.96 4.05 - -  
3.92-4.01 3.92-3.97 

I -  • - I g 4.16 4.15 4.15 - -  
4.12-4.18 4.10-4.20 

a For X-ray data mean values and distribution are shown. 
b C - B - H  and B - B - B - H  angles are shown. 
c Ring-ring bond. 
d Bond inside ring. 

Exocyclic angle in boron ring. 
f Non-bonded distance between iodines connected with boron atoms 
located inside one ring. 
g Non-bonded distance between iodines connected with boron atoms 
located in different rings. 

the isolated p-carborane molecule there are three bond 
types in the carborane cage, and 15 bond types (accord- 
ing to symmetry) in the crystal. The first description 
(Table 1) was used for this molecule, therefore the 
molecule consists of two iodine substituted five-mem- 
bered boron rings (belts), and two unsubstituted carbon 
caps. The calculated bond lengths show the same trend 
as the mean experimental bond length values in 
molecules A and B (Table 7). The experimental bond 
length distribution (inside a wide range of ca. 0.08 A) 
shows that it is difficult to compare experimental X-ray 
and calculated bond lengths in detail. It should be 
mentioned that for every such comparison of X-ray and 
calculated data we will face the same problem. For 
calculated geometric parameters we will deal with mean 
statistical values of the parameters, and for experimental 
data in crystals we will deal with data influenced by 

B(8') .~B(7') CII') 
B(11,1,I~. ~ C,18, C(17) B,I~ 

~(6) B(5) 

~ B(9) 

BI12) 

Fig. 1. Molecule of 1,4-bis-(2-methyl-1,2-dicarbadodecaboran- l-yl)benzene (VII); in order to simplify this and other figures, hydrogen atoms are 
not shown. 
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Table 8 
Comparision of calculated (Lcalc) and experimental (L×) bond lengths for molecules VI [27] and VII [28] (A) 

Bond type a Standard Numbering Molecule VI Molecule ¥ I I  b 

numbering according Lx Lcal c A = L~ - L~alc L X L~I~ ,-4 = L x - Lcalc 
[24] to model 

B(c)-C(r) 

B(c)-B(r) 

C(r)-C(r) 
B(r)-C(r) 

B(r)-B(r) 

2-6  1-2 1.740 1,727 0,013 1.726 1.725 0.001 
1-6 1-3 1.697 1.717 0.020 1.709 1.720 0.011 
6-11 1-6 1.777 1.769 0.008 1.785 1.772 0.013 
6-5 1-4 1.782 1.774 0.008 1.755 1.770 0.015 
6-10 1-5 1.771 1.764 0.007 1.756 1,763 0.007 
8-9 12-9 1.773 1.770 0.003 1.774 1.769 0.005 
8-12 12-10 1.779 1.769 0.010 1.771 1.770 0.001 
4-8 12-8 1.771 1.769 0.002 1.772 1.769 0.003 
7-8 12-11 1.791 1.170 0.021 1.758 1.769 0.011 
3-8 12-7 1.773 1.770 0.003 1.761 1.770 0.009 
1-2 2-3 1.670 1.696 0.026 1.685 1.694 0.009 
2-3 2-7 1.735 1.729 0.006 1.721 1.727 0.006 
1-3 3-7 1.708 1.705 0.003 1.717 1.707 0.010 
1-4 3-8 1.695 1.715 0.020 1.694 1.718 0.024 
2-7 2-11 1.721 1.724 0.003 1.704 1.724 0.020 
2-11 2-6 1.717 1.730 0.013 1.711 1.719 0.008 
I -5  3-4 1.693 1.709 0.016 1.701 1.719 0.018 
4-5 4-8 1.777 1.770 0,007 1.769 1.766 0.003 
7-11 6-11 1.775 1.763 0.012 1.769 1.766 0.003 
5-9 4-9  1.776 1.774 0.002 1.774 1.774 0.000 
11-12 6-10 1.776 1.775 0.001 1.770 1.776 0.006 
9-10 5-9 1.791 1.771 0.020 1.777 1.770 0.007 
10-12 5-10 1.782 1.768 0.014 1.784 1.767 0.017 
5-10 4-5 1.770 1.778 0.008 1.758 1.783 0.025 
10-11 5-6  1.783 1.783 0.000 1.776 1.784 0,012 
3-4 7-8 1.788 1,771 0.016 1.772 1.767 0,005 
3-7 7-11 1.766 1,764 0.002 1.758 1.767 0,009 
4-9  8-9 1.772 1,769 0.003 1.776 1.770 0,006 
7-12 10-11 1.769 1,768 0.001 1.769 1.768 0,001 
9-12 9-10 1.780 1.170 0.010 1.758 1.771 0.013 

Ring atoms marked (r), cap atoms (c). 
b Mean bond lengths for two carborane cages are shown. 

thermal motions and packing conditions, i.e. symmetry, 
intermolecular interactions, and so on. Calculated and 
mean experimental bond angles for this molecule are 
also in reasonable agreement (Table 7). 

According to experiment [26], in molecule V the 
iodines in the two iodo substituted five-membered rings 
are slightly moved apart relative to the unsubstituted 
apical positions. So the mean non-bonded I . - .  I dis- 

C(51~ 

B(4'I- B{I') 1 
B I ~ ~ I ~  C(4)~/-- : :~} @e Bq) 

B ~ 9 ' ~ B ( 1 1 ' I  g(6) B[IO') ," ~., B(9) 

B(12') B ( 7 ) ~ ~  B(IO] 
B(11) 

B(121 
Fig. 2. Molecule of l,i-(dimethyl)gerrnano-2,3,6,7-[bis(o-carborane)]cycloheptane (VIII). 
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0(1') C(14') C(13') 
~J~ C ( 1 5 ' ) ~ I @  C(11') C(11) c(121 c(17) 

B(ll) - ~ ~  0(1) C(19) 
B ( 8 ~ B { 1 1  

~ m ~  BI41 
BI9) B(IO) B(5) 

Fig. 3. Molecule of 1,2-bis-(4-acetilbenzyl)- 1,2-dicarba-closo-dodecaborane (IX). 
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tances inside the five-membered belts are shorter than 
those between belts. Our calculation reproduces this 
peculiarity of molecule V (Table 7). The same effect 
can be seen if we compare bond and torsion angles for 
unsubstituted (IV) and substituted (V) p-carboranes 
(Table 7). 

Some results of our computations and X-ray data for 
mono- and disubstituted ortho-carborane molecules, 1- 
(tert-butyl)-l,2-dicarba-closo-dodecaborane (VI) [27] 
and 1,4-bis-(2-methyl- 1,2-dicarbadodecaboran- 1-yl)be- 
nzene (VII) [28] are compared in Table 8. For these 
molecules, the first ortho-carborane cage description 
was used. Experimental and calculated bond angles for 
these molecules are in good agreement. Mean experi- 
mental and calculated bond angles respectively are as 
follow: B - B - C  104.6, 105.8 (VI); 105.6, 106.0 (VII); 
B - C - C  110.7, 110.1 (VI); 110.2, 110.1 (VII); B - C - B  
115.8, 112.9 (VI); 113.2, 111.9 (VII); B - B - B  108.0, 
107.9 (VI); 108.0, 108.0 ° (VII). The results are not so 
good for the bond lengths (Table 8), as far as the ideal 
parameters of the bond lengths were taken as a mean 
value from the results of X-ray analysis. However, the 
level of the results (meanoexperimental/calculated bond 
length difference 0.009A in VI and VII) is perhaps 

adequate for conformational analysis of organic 
molecules with carborane residues. 

There are two carborane nuclei with a benzene bridge 
in molecule VII (Fig. 1). According to our calculations, 
the conformations with pseudo-trans (as in crystal) and 
pseudo-cis orientations of methyl substituents around 
the pseudo-bond between two carborane nuclei are ener- 
getically equivalent. The calculated value of the barrier 
to cis- trans rotation is calculated to be 3.9kcal tool- 

The main aim of the calculations on the cyclic 
molecule with two ortho-carborane nuclei (1,1-(di- 
methyl)germano-2,3,6,7-[bis(o-carborane)]cycloheptane 
(VIII) [29]) was to compare the experimental and com- 
putational data on the conformation. For molecule VIII, 
the first ortho-carborane description was used. In Table 
9, the main conformational parameters (torsion and 
bond angles) of molecule VIII from the results of X-ray 
analysis and molecular mechanics calculations are listed. 
The atoms are numbered as in Fig. 2. For molecule VIII 
[29], the authors pointed out that the bond angles are 
slightly distorted in the seven-membered ring between 
two carborane cages, and that this ring is not symmetri- 
cal. The same trend was found from molecular mechan- 
ics calculations. However, the values of these parame- 

C(21) 
C(17) C ( ~ 2 2 )  

18) 

BI1) 

P' C(23) 

B{IO~ 

B(12) 
Fig. 4. Molecule of meta-carborane 1,7-diphenyl-m-carborane (X). 
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Table 9 
Comparision of calculated (0~1~) and experimental (0~) angles for 
molecules VIII [29], IX [30], and X [31] (o) 

Molecule Angle 0~ 0 ~  

VIII C(3')-C(2')-C(1')-C(1) 22.6 29.8 
C(3)-C(2)-C(1)-C(1) 74.5 75.7 
C(2')-C(1')-C(1)-C(2) -74.1 -84.9 
C(2')-C(3')-Ge-C(3) 42.8 25.1 
C(2)-C(3)-Ge-C(3') - 49.4 - 43.1 
C(I ')-C(2')-C(3')-Ge - 13.4 - 2.2 
C(1)-C(2)-C(3)-Ge - 3.3 0.8 

IX C(7)-C(2)-C(1 l)-C(l  2) 151.8 151.8 
C(2)-C(11)-C(12)-C(13) 92.8 92.4 
C(11)-C(2)-C(7)-C(11') - 0.9 - 1.0 
C(7)-C(2)-C(1 l) 119.9 120.7 
C(2)-C(11)-C(12) 112.4 112.4 

X B(4)-C(3)-C(19)-C(24) 82.4 81.1 
B(4)-C(5)-C(13)-C(18) 21.1 20.3 

ters are different ,  and this d i f ference may  be due to the 
inf luence of  the crystal  f ie ld on the molecu la r  geometry .  

Fo r  disubst i tu ted o r t h o -  1,2-b is - (4-ace t i lbenzyl ) - l ,2 -  
d i c a r b a - c l o s o - d o d e c a b o r a n e  ( IX)  [30] and m e t a -  

carborane  1 ,7-d iphenyl -m-carborane  (X) [31] (Figs.  3 
and 4), the re la t ive  or ientat ions o f  the subst i tuents  are 
character ized in Table  9. Fo r  molecu les  I X  and X the 
second  and third types  o f  descr ip t ion  were used (Table  
I). It can be seen that  or ientat ions  of  the subst i tuents  in 
the crysta l  are c lose  to those ca lcula ted  for  the i sola ted  
molecules .  It should be ment ioned  that the reor ienta-  
t ions o f  the subst i tuents  in molecu le  X are not  s ter ical ly 
hindered.  

The  results  of  the calculat ions  show that the mode l  
deve loped  can be  used for a descr ip t ion  of  the confor-  
mat ions  o f  molecu les  conta ining the 12-vertex carbo-  
rane moiety .  In our  prev ious  work  [14,15] the Hi l l - l ike  
potent ial  was used only  for  a descr ip t ion  o f  valence  
bonds  be tween  r ing and cap f ragments  ( seven-ver tex  
molecu le  with one r ing and two cap fragments) ,  in this 
work  it has been shown that it  is poss ib le  to apply  the 
same descr ip t ion  for r i n g - r i n g  valence  interact ions in 
12-vertex carboranes.  I t  should  be ment ioned  that the 
other  mode l s  can be appl ied  to molecu les  o f  this type,  
as repor ted  ear l ier  [13]. 
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