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Abstract: A minimum basis set self-consistent field wave function for 24-dicarbaheptaborane(7) has been
calculated. Molecular properties such as charge distributions, bond strengths, dipole moments, diamagnetic
chemical shifts, ionization potentials, and atomization energy are examined and the reactivity of the molecule is

discussed in terms of the ground-state charge distribution.

Localized orbitals obtained by maximizing the self-

repulsion energy yield one boron atom (B;) which appears to be participating in five bonds to other atoms; how-

ever only fractions of atomic orbitals are used for some or all of these bonds.

These fractional bonds are dis-

cussed in terms of their directional character, hybridization, and per cent delocalization, and the relationships
among fractional bonding, molecular symmetry, and the topological theory of the boron hydrides are explored.

he carborane 2,4-dicarbaheptaborane(7) is well

characterized chemically®? and structurally.® This
carborane and several others have been the subject of
considerable theoretical investigation by molecular
orbital techniques, which have already proved useful
in understanding the interesting properties of the
structurally similar boron hydrides. Results at the
extended Hiickel,* CNDO,5 and NEMOS? levels of
approximation are already available for many of these
compounds, but only two, 1,2-C;B,H; and 1,6-C;B;Hg,
have been the subject of ab initio self-consistent field
(SCF) calculations.” In this paper we present the
minimum basis set Slater orbital SCF wave function
for 2,4-C;B;H;, and we examine such properties as
ground-state charge distribution, overlap populations,
bond midpoint densities, ionization potentials, dia-
magnetic chemical shifts, atomization energies, and
molecular, bond, and atomic dipole moments.

The use of localized molecular orbitals3~!? (LMO’s)
in the boron hydrides!*~1¢ has provided new insight into
the valence structure and hybridization of these com-
pounds. Localized orbitals have also recently pro-
vided the impetus for a new and simpler topological
theory¥ of the boron hydrides. We now initiate the
study of localized orbitals in the carboranes by pre-
senting the LMO’s for 2,4-C;H;H;, obtained directly
from the SCF wave function.
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The concept of fractional three-center bonding's has
recently been introduced to describe the valence
structures of 2,4'C2B5H7, 4,5'C2B4H3, 1,6'C2B4H6, and
B;H,. We present here a detailed discussion of
fractional bonding in C;B;H;, and we explore the
relationships among fractional bonding, molecular
structure and symmetry, and the topological theory!".1?
of the boron hydrides.

Procedure
The geometry of C;B;H; (Figure 1) was taken from
the microwave study,?® with B-H and C-H bond dis-

tances idealized to 1.19 and 1.09 A, respectively.
Coordinates in atomic units are listed in Table I. The

Table I. Coordinates of Unique Atomse®

X y z
B 0.0 0.0 2,201
C, 0.758 2.235 0.0
B; 2.637 0.0 0.0
B; —2.117 —1.560 0.0
H, 0.0 3.0 4.450
H. 1.376 4.200 0.0
H; 4.886 0.0 0.0
H; —3.877 —2.950 0.

@ Coordinates in atomic units. ? The symmetry planes are xy

and xz.

SCF calculation was performed with Stevens’ program
for the IBM 360/65 computer. A minimum basis set
of Slater orbitals was employed, with optimized ex-
ponents (Table II) taken from diborane!* and ethane.?*
Each unique integral was accurately computed to at

Table II. Exponents
B 1s 4.68 C 1s 5.680 HB s 1.147
2s 1.443 2s 1.730 HC 1s 1.160
2p 1.477 2p 1.760
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Table III. C,B;H; Occupied and Lowest Unoccupied Orbitals and Eigenvalues

4 s [ 9 10 n 12 13 14 1% 1 1 14 19 20 21 22 23
0 L1 . 0} ) . 82 0 82 1 1 . 82 . . L} 1 LI} 82 .2 o1 "v L
=11.209% ~11.2495 =7,4087 ~7.4086 <-7.5982 ~7,5520 <-7.5514 <1.1724 =0.9432 ~0,7968 <0.7176 <0.7162 =0,617T6 =0,5983 0,548 =0.5505 =0.5094 =0.4751 ~0.4573 <-0.4545 =-0.408) -0,5724 0.2012

0.,0000  0,0000 =0.0027 0,0028 =0,0002 =0,0002 0,0000 =0.0231 0.0000 <0,0138 =0,1861 =0,0005 0,0000 0.2066 =0,3342 0,0000 =-0,0083 =0,3873 0,C000 0,0000 -0,0228 :.oNl -o.ov;g
~0,0031  0,0031  0.0000 0,0002 0,0002 00,0002 0,0002 =-0,0414 =0,1423 0,1080 0,0000 ~0,3084 =0,2544 =-0,0419 =-0.0064 =-0,2491 =-0,0259 0,0000 -0.1014 0,0000 0.17133 0000 0,00
0.00

40002  0,0000 0,0000 0.0080 0.0039 =-0.0001 L0000 -0.0259 0.0000 ©,1097 0.,0000 0,03%3 0,0000 0.3273  0.2361 0,0000 ~-0.3557 €.0000 0.0000 0.0000 =0.1742 0.0000  0,0000
=0.0031 =0,0031 0,000 0,0002 0,0002 0,0002 =-0.0002 =0.0a14 0.1423  0.1080 0.0000 =-0,3054 0,2598 <0.041$ -0,0064 0,2491 -0,0259 0,0000 0.1014 0.0000 0.1133  0.0000 09,0000
0.0002  0,0001  0,0000 0,0000 =~0,0001 0,0027 =0.00%0 =~0.0172 0.0262 =0.0770 0.,0000 =0,0662 =0.1814 0.1582 0,1358  0,2371  0.3001 0.0000 =-0.3259 00,0000 =0.1351  0.000 00000
0,0002 -0,0001 0.0000 0,0000 -0,0001 0,0027 10,0030 =-0.0172 =0.0262 =0,0770 0.,0000 =-0,0882 O.14l4 0.1552  0.1388 =0.2371 0,301 0,000 0.3289 0.,0000 -0.13%81  0.0000  0.0000
0.0000 0000  0,0027  0,0028 ~-0.0002 ~0.0002 0,0000 <=0.0231  0.0000 =0.0134 O.1%1 =0,0008 0,0000 0.2066 ~0.3342 0,0000 =-0.0063 0,387 0.0000 0,0000 =0.0228 <0.01 c.omns
0.0003  0,0000  0,7029 -0,7029 0,004 0,0018 0,0000 0.0854 0,0000 0.0286 0.1485 =C,0264 0,0000 =-0.0461 0.0841  0.0000  0.0096 0.0018  0,0000 0,0000 =-0,0029  0.0167 +0.0048
<0,0030  0,0000  0,0198 =-0.€199 0,004l  0,0052 0.,0000 <=0.1328  0.0000 =0.0841 ~=0,4260 C,0873 00,0000 0,1388 =-0,2630  0,0000 =0.0256 0.0415 0.0000 0.0000 =0.0036 -0.0689 -0,0062
0.0018  £,0000 ~0,0088 00,6032 =~0,0013 =0,0017 0,0000 0.1031  0.0000 0.0397 0.0236 ~0.0671 0,0000 0.1650 =0,2078 0,0000 0,C164 ~0.3405  0.0000 0,0000 <-0.0181  0.0915 06,0153
~0.0008  0,0000 0,0002 =0,0002 0,0026 =0,6027 0.0000 ~0.0115 0.0000 © o 0.35946  ~0,0006
0,0800  0,0074  0,0000 0000  0.0000 0,0000 0.0023 0.0000 =0.1034 0 0.0000  0.0000
0,7034 =0,7034  0,0000 =0.0001 0.0001  0,0001 0.0001 0.1170 0.1548 =0 0.0000  n.00n0
0,0144 ~0,0179 9, 0.0031  0.0037  0,0024 0.0026 <=0.3003 <-0,4830 O 0.0000  0.0000
0.,0000  0,0000 =0,002%5 0,0000 0,0000 0,0000 0.0000 0.0000 0.0000 © 0.0185  .0,5087
~0,0004 0004  0,0000 -0,0008 0,0022 =-0,0017 ~-0.0019 0,0278 0.0311 © 0.0000  e.0000
-0,0018 09,0012 0,0000 ~-0,001% =0.0012 ©.0004 10,1148 0,026 O 0.000%  ,0000
0,0005  0,0000 0.0000 =0.0072 =-0.%94¢ =0,0004 0,0000 0,093 €.0000 =0, 0.0000  0,0000
~0,0050  0,0000 00 0.0047 =0.0286  0.0000 0,0000 ~0.1482 0.0000 0 00 €.0000
0.,0000 0,0000 ~-0.0030 0,0000 0.0600 O. 0.0000  0.0000 000 o 0.3071 0,814
0.0024  0,0000 00,0000 =0,0023 0,0055 0,0002 0.0000 0.1182 0.0000 =0 0.0000 02,0000
0.,0000  0,0034 0,0000 0,0000 0.0000 0.0000 0.0000 0.,0000 =0,1231 N 0,0000  ¢.0000
0,7034 00,7034  0.0000 =0.0001 0,000l  0.0001 =0,0001 0.1170 =0.1568 ~0. €.0000  0.€000
0.0184  0,0179  0,0000 0.0031 0.0037 0,0024 =0.0026 =0.3003 0.4830 0 0.0000  0,0070
0,0000 0 -0,0025 0,0000 0,0000 0,0000 0,0000 0.,0000 0.0000 O 0.078%  =0.5087
~0,0004 =0.0004 00,0000 ~-0,000% 0.0022 =0,0017 0.0015 0,0278 =~0.0311 O 0.0000  ¢,0000
0,0014  0,0012  0,0000 0.0015 0.0012 =0,0004 0.0001 <0.1148  0.0266 =n 0.0000  0.000¢
0,0001  0,0001  €.0000 =0,0023 0,000 =0,7028 0.7028 0,086 =0.0%4s O 0.0000  0.0020
~0.0022 ~-0,0026  0.0000 0.0043 =~0,0000 =~0.0174 0.0238 <=0.0943 0,1164 =0 0.0000  ¢.0000
000 0,0000 -0,0024 0,0000 0,0000 90,0000 €,0000 0.0000 0,0000 0O 0.3268  0,2560
=0.0017 =0,0022 000  0,0020 =0,0001 ~0,003% 0,002 +0,0718  0.0870 <0 0,0000  0.%000
0.0010  0.0006  0,0000 0011  =0.0001 +0001  0.0042 +0,0377 =0,0238 ¢ 0.0000  0,0700
0.0001 -0,0001  0,0000 =0,002) 0,0004 =0,7028 =0.7028 0.066) 0.0%46 O 0.0000  0.000%
~0,0022 0.0026  0.0000 0,00A3 <=0,0000 =-0,01T4 =n.0238 =0.0943 =0,1164 +0 0.0080  5,0000
0,0000  0.0000 =0,0028 0,00 0,0000  0.0000 06,0000  0,0000 0000 O 0.3268  0,2%500
~0.0017  0.0022 0,0000 0,0020 =0,0001 =0,0035 =0.002) =0.,0718 =0.0870 =0 0.0000  ~,0000
~0,001 0,0006  0.0000 ~=0,0011 0.0001 =0,0001 0.0042 0.0377 -0.0238 0 0500 0.1000
0,0003  0.0000 ~=0,7029 <=0.7029 0,00a47 0.0018  0.0000 0.0854 0000 o 0.0167  r.0048
-0 0 ~0.0198 =0,019% 0,004l 0,002 0.0000 =~0.1328  0,0000 =0 0.0689  0.0062
~0,0018  0.0000 ~=0.003% =0,0032 0,001 0,0017 0.0000 <0.1031  0.0000 =0 . 10000 N 0.0913  0,0188
-0, 0,0000 =0.0002 =0,0002 0,0026 ~0.6027 0000 ~0.0115  0.0000 6,1332 0,0238 00,0512  0,0000 =~0.0144 =-0,0274 0,0000 0,068 =0,0871  0.0000 9:0000 -0.00%6 ~0.3946 0,000
0,097

0.0000 0.0024 0,0000 (.0000 0.0000 0.0000 0,002 0.0000 =0.1034 0.0000 0.0000  0.0000 0.,0000 0,0000 0.101%  0,0000 0.0000 =0.0088 0,385 0,0000  0.000n  0,0000

least five decimal places, and the total computation
time was 3.5 hr. The wave function is presented in
Table III.

The localization calculation and second-order energy
analysis were performed with a modified version of the
program already described.!4=!¢ About 4 hr of IBM
360/65 time was required for this calculation.

Energetics

In Table IV we list the total energies, virial ratio,

Figure 1. Molecular structure of 2,4-C,B;Hj.
sents a C-H or B-H unit.

Each C or B repre-
Table IV. Energetics®

Nuclear attraction energy
Nuclear repulsion energy
Kinetic energy
Two-electron energy
Total energy
—E[T
Ionization potential
Dissociation energy
Best atom exponents
Molecular exponents

—924.5298
227.4901
203.3000
290.8429

—202.8967

0.998
0.3724

analysis which partition total molecular electron density
into atomic orbital contributions are highly basis set
dependent. Thus, analysis’ of ab initio wave functions
has shown that B-H; overlap populations are gener-
ally greater than C-H overlap populations, although
there is clearly more electron density associated with
the C-H bond. This anomalous result is due to the
large degree of contraction of the carbon orbitals rela-
tive to the boron orbitals; because of this effect it is
of very questionable validity to compare overlap popu-
lations of different types of bonds, i.e., B-H, C-H, C-
B, and B-B. However, the comparison of overlap
populations for bonds of the same type and in the
same molecule is more reasonable, and indeed we find
that overlap populations, bond midpoint densities, and
bond distances suggest essentially the same relative bond
strengths when restricted to bonds of the same type (see
below). In a similar sense, Mulliken charges are basis
set dependent and comparisons should be made only
on like atoms in similar chemical environments. The
total molecular density is, of course, independent of any
partitioning procedure. For this reason we have made
extensive use of electron density contour maps and
bond midpoint densities in our analysis of the bonding.
In Table V we list the midpoint densities, overlap
populations, and bond lengths for various adjacent
atoms. It is very encouraging to note that, when re-
stricted to bonds of the same type, all three of these

1.66 (1042 kcal)
2.15 (1349 keal)

o Energies in atomic units.

ionization potential, and atomization energy. The virial
ratio is close to unity, and is quite comparable in
magnitude to those found in the boron hydrides.!4?2!
To our knowledge none of the other quantities have
been experimentally measured; however we expect
our calculated ionization potential to be within 15 of
the experimental value. We present atomization ener-
gies calculated from Clementi’s?? best single { atomic
energies and from atomic energies obtained from SCF
wave functions for boron, hydrogen, and carbon using
the molecular basis set. The latter method relies on a
consistent, if fortuitous, cancellation of errors, which
has been shown to be remarkably accurate for boron
hydrides®! and hydrocarbons. 23

Population Analysis
It is well known?¢~26 that methods of population

(21) E. Switkes, I. R. Epstein, J. A. Tossell, R, M, Stevens, and W, N,

Lipscomb, J. Amer. Chem. Soc., 92, 3837 (1970).
(22) E. Clementi and D. L. Raimondi, J. Chem. Phys., 38, 2686 (1963).
(23) E. Switkes and J. A. Tossell, unpublished results,
(24) R. S. Mulliken, J. Chem. Phys., 36, 3428 (1962).

criteria predict the same relative bond strengths for
(25) C. W. Kern and M. Karplus, ibd., 40, 1374 (1964).

(26) E. A.Laws, R, M, Stevens, and W. N, Lipscomb, J. Amer. Chem.
Soc., 94, 4461 (1972).
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Figure 2. Electron density map of the H.C.B; plane. The con-
tours in this map and all of the maps in this paper are 10.0, 3.0,
0.50,0.25,0.17,0.14,0.11, 0.09, and 0.07 e/aus.

Table V. Overlap Populations and Electron Densities

Overlap Midpoint
Bond Distance population density®
BiB; 1.818 0.28 0.077
BiB; 1.815 0.36 0.082
B:Bs 1.651 0.64 0.147
C.B; 1.708 0.41 0.085
C:Bs 1.563 0.62 0.186
C:B; 1.545 0.66 0.193
BH; 1.19 0.81 0.173
B:H: 1.19 0.81 0.173
B;H; 1.19 0.81 0.171
C:H, 1.09 0.77 0.270

e Angstroms. b Electron/aus.
all adjacent B-B and B-C interactions. We may

draw the following conclusions from the bond mid-
point densities. (1) The bonding interactions in
the equatorial plane of this molecule are uniformly
stronger than those involving an apex atom. This
effect is to be expected because there are no bridge hy-
drogens in the molecule (compare, for example, the
bond strengths in this molecule to those in 4,5-C;B,H;
given in the following paper). (2) The B;-GC,,
B1-Bs, and B;-B; densities are quite similar, although
as expected the B-C interaction is the strongest. (3)
The C;-B; and C;-B; interactions are also very sim-
ilar, both with respect to bond midpoint densities and
overlap populations.

In Figures 2 and 3 we show electron density maps
for the H,C,H, and H;B;H; planes. The B-H and
C-H bond are especially evident and they localize
(see below) to B-H and C-H orbitals (LMO’s). Note
also that the asymmetry of the B,~H; bond is away
from B; (Figure 3) and that the center of the molecule is
a minimum in electron density.

Electron density maps for the three remaining planes
of interest are shown in Figures 4, 5, and 6. These
planes include all of the unique faces of the pentagonal

Figure 3. Electron density map of the H;B;B; plane.

bipyramid, and it is again apparent that the equatorial
interactions B;-Bg, B;~C.:, and B;~C, are considerably
stronger than the apical interactions Bi-Bs, Bi-C,,
and B;-B;.

These maps also provide a good example of the
danger of attempting to guess the localized orbitals
from the electron density. Both the B;B;C, and B:B;C,
planes appear to be ideal candidates for central (but
unsymmetrical) three-center bonding, but only in the
B:B;C, plane does such bonding occur (see below).
Similarly, a B;~B; single bond is suggested by Figure
6; however, the corresponding LMO is a central B~
B;~Bs (and B;—B;-B;) three-center bond. The rela-
tionship between the LMO’s and the total density
will be explored in more detail in the section on local-
ized orbitals.

The Mulliken charges (Table VI) indicate that the

Table VI. Mulliken Charges and Inner-Shell Eigenvalues
Atom Charge €

B: +0.118 —7.6086
C. —0.126 —11.2495
B; +0.122 —7.5982
B; +0.064 —17.5514
H, —0.069
H, +0.071
H; —0.071
H; —0.083

e Atomic units.

most negative boron is Bs, followed by B: and B,.
Buenker and Peyerimhoff? have suggested that inner-
shell orbital energies for various atoms give information
about charge distribution. By this criterion the inner
shell with the lowest (most negative) eigenvalue cor-
responds to the most positive atom. Analysis of pre-

(27) R. J. Buenker and S. D. Peyerimhoff, Chem. Phys. Let1., 3, 37
(1969).
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Figure4. Electron density map of the C,B;B; plane.

viously calculated”!41%2L28 SCF wave functions for
boron hydrides and carboranes (Table VII) shows that

Table VII. Inner-Shell Eigenvalues and Mulliken Charges
for Other Boron Hydrides and Carboranes
Compound Atom?® Charge ¢
B.Hj, B —0.02 —7.598
B; +0.08 —-7.617
B:H, B, 0.00 —7.508
B, +0G.06 —17.611
B:Hu B, —-0.08 —7.544
B, +0.05 —7.638
B, +0.09 —7.601
BeHio B, —0.02 —7.554
B, +0.07 —7.645
B; +0.06 —7.630
B, +0.04 —7.552
1,2-C,B.H;, B; +0.09 —7.572
B, +0.08 —7.554
4,5-C,B H;s B, +0.02 —7.560
B, +0.07 —7.618
B; +0.06 —7.562
BioHis B, +0.03 —7.590
B; —0.01 —7.573
B; +0.04 —7.624
B +0.09 —7.663

& The numbering systems used are found in ref 14, 16, 21, and 28.
b Atomic units.

inner-shell eigenvalues and Mulliken charges predict
the same relative charges for BsHi,, B;H,, BioHu,
1,2-C;B4H;, and 4,5-C;B,H; but disagree for B;Hu,
B¢H,o, and 2,4-C,B;H; (Table VI). For C;B;H; this
discrepancy is not serious, because both criteria pre-
dict B; to be the most negative and B; and B; to have
very similar charges. In order of decreasing negative
charge our best estimate of the relative charges on
boron for this compound is therefore (negative) Bs
< B:1 = B; (positive). The implications of this result

(28) E. A.Laws, R. M. Stevens, and W, N. Lipscomb, J. 4mer. Chem.
Soc., 94, 4467 (1972).

Figure 5. Electron density map of the C.B;B; plane.

|

Figure 6. Electron density map of the B;B¢Bi plane.

will be discussed in more detail in the section on reac-
tivity.

Dipole Moment

The atomic, bond, and total dipole moments were
calculated by the origin invariant method of Rueden-
berg?® and are listed in Table VIII. All bond moments
are consistent with those calculated for other boron
hydrides and carboranes. The magnitude of the
total moment is within 30 9 of the experimental value.?
This theoretical moment is remarkably accurate for
a minimum basis set wave function. The direction
of the dipole moment makes the carbon end of the
molecule positive.

(29) K. Ruedenberg, Rev. Mod. Phys., 34, 326 (1962).

Marynick, Lipscomb | 2,4-Dicarbaheptaborane(7)
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Table VIII. Dipole Moments® Table X, !B Chemical Shifts
X Total Atom O exp® gd®
B, 0.147 0.251 B, 23.5 393.6
G, 0.119 0.163 B; —-5.0 390.3
B; —0.269 0.269 B; -2.0 382.1
B, _ , , ——
Bi—Hl _8 é?g (1) %g; e In ppm relative to boron trifluoride ethyl etherate. Footnote
C-H, —0.335 1.046 b, Table IX. * These values may not be directly compared to gexp
B,-H, —1.244 1,244 because the absolute !B chemical shifts are not known.
B;-H; 0.947 1.252
B-C —0.107 0.467 _ ) : . ,
Bi—B: —0.279 0.449 is underestimated. This effect is almost certainly due
B-B; 0.302 0.467 to the large paramagnetic contribution o,.
Cy-By —0.013 0.439
C:-B; —0.023 0.114 Reactivity
B:-B 0.427 0.427 .. T
Totaf’ atomic moment 0.850 0.850 Reactivity indices computed from a ground-state
Total bond moment 0.023 0.023 wave function are useful and valid only when the course
Total ionic moment 0.897 0.897 of a reaction (usually nucleophilic or electrophilic)
Total dipole moment 1.770 1.770° is determined principally by the ground-state charge

« Debyes. ® The experimental value? is 1.32 D.

Chemical Shifts

Diamagnetic contributions to the chemical shift are
directly proportional to the expectation value of 1/R
and are given with remarkable accuracy?® by a minimum
basis set of Slater orbitals. In Table IX we list the

Table IX. !H Chemical Shifts*
Atom O abs” ad Iy
H, 32.8 182.6 —149.8
H. 27.4 192.7 —165.3
H; 28.2 178.6 —150.4
H; 28.9 177.7 —148.7
¢ Inppm. ° Assuming an absolute chemical shift for the terminal

hydrogens of diborane of 29.0 ppm and relative chemical shifts for
C;B:H7and B:Hs from: G. Eaton and W. N. Lipscomb, “NMR
Studies of Boron Hydrides and Related Compounds,” W. A.
Benjamin, New York, N. Y., 1969.

absolute chemical shifts of the B-H; hydrogens of
C;B;H;, the calculated diamagnetic contributions oyg,
and the paramagnetic contributions ¢, calculated from
the equation

Op = Oexp — 0d

The calculations of ¢4 place the gauge origin at the
nucleus, but we emphasize that both ¢4 and ¢, are
strongly origin dependent. Their sum, however, is
independent of origin in the limit of a complete basis
set. At this choice of origin the apex hydrogen is
correctly predicted from the diamagnetic part only to
resonate at higher field than any of the equatorial
B-H; hydrogens; however the equatorial hydrogen
H; is predicted to be more shielded than H;, opposite
to the order found experimentally. This disagree-
ment reflects the importance of the paramagnetic
contribution.

The experimental !'B chemical shifts and the cal-
culated o4 values (Table X) may not be directly com-
pared, because the absolute chemical shifts of the bo-
rons are not known. Again, with the gauge origin at the
nucleus, the apex boron B, is correctly predicted to
resonate at higher field than B; or B;, but the differ-
ence in shielding between apical and equatorial borons

distribution. These static indices have worked re-
markably well for hydrocarbons and a number of boron
hydrides, 2! % but we emphasize that there is no a priori
reason to expect them to work for all, or even for most,
molecules. A case in which they fail seriously will be
discussed in the following paper.

Let us assume that the boron atom with the most
negative charge will be most susceptible to electrophilic
attack. If total charges are comparable, we look at
populations of the highest filled molecular orbitals.
Both Mulliken charges and inner-shell eigenvalues
indicate that B; is the most negative boron, and in
fact chlorination and bromination? of C.B;H; under
electrophilic conditions yield exclusively the S3-halo
derivative. Our calculated charge distribution sug-
gests no preference for electrophilic attack at By or
B;.

Nucleophilic substitution should occur at the boron
with the largest positive charge or greatest popula-
tion in the first few virtual orbitals. The charges on
B: and B; are about equal, but the populations of the
first few virtual orbitals strongly suggest preference
for nucleophilic attack at Bs, followed by By, and finally
the more negative B;. The experimental order is
not yet known, although C,B;H; does readily undergo
nucleophilic base degradation.?

Localized Orbitals

The Edmiston-Ruedenberg® procedure for obtaining
localized molecular orbitals has been used success-
fully for a number of boron hydrides.”-*>=1% This
method maximizes the self-repulsion energy

T = D06i69) = T [2D6(); 6200 dude

and is therefore a completely objective and ab initio pro-
cedure. Application of this procedure to the boron
hydrides has yielded highly localized inner-shell or-
bitals, B~H; and B-H,-B, and central B-B-B three-
center bonds. Although no open three-center B-B-B
bonds have yet been found, open B-C-B bonds do
occur® in 1,2-C,B;Hs. Localization calculations on
systems with a high degree of symmetry tend to be some-
what ambiguous. 15 %32

(30) 1. R. Epstein, D. S, Marynick, and W. N. Lipscomb, submitted

for publication. ]
(31) J. H. Hall, 1. Epstein, and W. N. Lipscomb, unpublished results.
(32) C.Edmiston and K. Ruedenberg, J. Chem. Phys., 43 397 (1965).
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Localized orbitals are found from the canonical SCF
orbital by calculating successive 2 X 2 unitary matrices®
which maximize J for each orbital pair and then
iterating until numerical convergence of the LMO ex-
pansion coefficients is obtained. The LMO’s are thus
constrained in two important ways: first, the total
wave function is invariant (to within a phase factor)
and second, the LMO’s are mutually orthogonal. The
first constraint is clearly physically meaningful, while
the second is merely a by-product of the method used.
We hasten to point out, however, that the orthogonality
constraint does not generally prevent one from ob-
taining highly localized orbitals and is therefore not a
serious constraint.

Starting from a randomly generated unitary matrix
the ER procedure converged to the localized orbitals
given in Table XI and illustrated in Figure 7. For

Table XI. Localized Orbitals
~—Population— Hybridization® % delocal-
B(C) BH B BC) B B ization®®
Inner Shells
B 2.002 4.8
C 2.001 4.4
B; 2.004 5.0
B; 2.004 5.1
B-H and C-H Orbitals
B-H; 0.93 1.08 1.34 8.1
Co-H; 1.06 0.95 1.65 10.7
B;-H; 0.93 1.08 1.26 7.0
B;-H: 0.92 1.09 1.33 7.8
Framework Orbitals

Co-Bs 1.12 0.68 2,51 3.23 17.9
B-B:~Bs 0.68 0.65 0.65 2.85 3.60 3.48 20.3
B-B;-B¢ 0.71 0.63 0.63 2.87 3.60 3.48 20.3
C,-B;-B; 1.00 0.46 0.53 2.89 3.11 3.17 20.0
C,-B+-B; 0.97 0.58 0.39 2.94 2.88 4.30 21.3
C+~Bi-B; 0.99 0.50 0.49 2.83 2.96 3.59 20.2
C.~BrB; 0.97 0.55 0.43 2.95 2.96 3.96 21.0

@ Defined as [} /(oL — ¢:)2dv]'/2100%;, where ¢.L is the ith
localized orbital and ¢.T is the ith localized orbital with all non-
local contributions truncated and then renormalized. ® The %
delocalizations found in ref 14 and 16 are apparently incorrect.
They should be multiplied by a factor of 1.41 before comparing
them with the numbers in this table. ¢ Reference 13.

completeness we also show the localized valence struc-
tures of 4,5-C,B.H;, 1,6-C,BsH¢, and B;H, in Figure 7,
The various components of the two-electron energy for
the canonical and the localized orbitals of C,B;H; are
listed in Table XII. Applications of the second deriva-

Table XII. Components of the Two-Electron Energy*
Energy Canonical Localized
Total two-electron 290.8429 290.8429
Interorbital coulomb?® 287.5965 261.5702
Exchange* —14.6641 —1.6509
Self-repulsion? 17.9105 30.9237

= Atomic units. > Z4(Gilj). ¢ —Z2]g). ¢ Z(i]i).
1>7 1> [

tive test!® developed by Switkes, Lipscomb, and Newton
showed that we are indeed at a relative maximum in the
self-repulsion energy surface, with the largest second-
order eigenvalue equal to —0.06 au. Thus, any in-
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Figure 7. Localized valence structures for (a) 2,4-C:B;Hy, (b) 4,5-
C,B.H;, (¢) 1,6-C:B.Hs, and (d) BsHs.

finitesimal unitary transformation of these LMO’s will
result in a lowering of the self-repulsion energy. To
search for possible multiple maxima in the self-repul-
sion energy we held the localized inner-shell orbitals
constant, randomized the valence orbitals, and sub-
jected the valence orbitals to several more ER cycles.
The resultant LMO’s were essentially identical with
those of Table XI. Detailed examination of the effects
of holding inner shells constant in BgHio'® and 1,6-
C,B,H ;% strongly suggests that this procedure does not
prejudice the localization toward a particular set of
LMO’s. Due to the large expenditure of computing
time for these calculations no further localizations could
be attempted. We note, however, that in every boron
hydride and carborane localization which has converged
to a true maximum (BZHS, B4H]o, B:,Hu, BsHlo, B4H4,
and 1,2-C,B.Hg), extensive searches for nonsymmetry
equivalent multiple maxima have been unsuccessful,
and we feel that it is highly unlikely that a similar ex-
tensive (and expensive) search will turn up multiple
maxima here.

In marked contrast to most of the boron hydride lo-
calizations, the localized orbitals of Table XI and
Figure 7 do not correspond to any of the topologi-
cally™1® allowed structures for C;B;H;, because the
atomic orbitals of B; are participating in five bonding
LMO’s. In our preliminary note!® we have shown that
this situation is not unique to C;B;H-, but also occurs in
4,5'C2B4H3, 1,6'C2B4H5, and B5Hg, and we introduced
the concept of fractional three-center bonds to de-
scribe these unusual bonding situations. We now
address ourselves to three questions: what ways do
these fractional bonds differ from more “normal’’ three-
center bonds found in the boron hydrides, when does
one expect to find fractional bonding, and what is the
relationship of fractional bonding to the topological
theory of the boron hydrides and carboranes ?

The only essential difference we find for fractional
bonds is that one or more atoms are participating in
five bonding LMO’s. Since there are only four valence
orbitals on each atom, only fractions of atomic orbitals
are used for each LMO and the fractional three-center
bonds will in general not have equal contributions from
each atom. We have calculated (Table XI) the hy-
bridization and per cent delocalization!® for all of the
LMO’s of C;B;H;, and we find these quantities to be
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Figure 8. Directional character of the framework orbitals, The
diagrams shown represent an average of the symmetry equivalent
parts of the molecule: A, C;B;B;; B, B;BsB;. The out-of-plane
angle is (.

quite comparable to earlier results for the boron hy-
drides. Of course, the five hybrids on B; are built up
from only four linearly independent functions and
cannot be orthogonal; however, hybrids derived from
LMO’s are not generally orthogonal even for simple
bonding arrangements. A good discussion of this
point may be found in ref 14. Finally, the directional
character of the framework bonds (Figure 8) clearly
indicates the central nature of these bonds.

The exact circumstances in which one expects to find
fractional bonding are not yet clear and ultimately will
become clear only when a large number of localizations
are available for related compounds. The four mole-
cules which to date have been found to exhibit this effect
may, however, be naturally divided into two groups.
The first group consists of those molecules for which the
LMO’s do not even approximately transform according
to the point group of the molecule. This is the case for
1,6-C;B4sHs and BsH,, which have fourfold symmetry
axes but only seven and three framework orbitals, re-
spectively. These molecules therefore tend to have
rather delocalized LMO’s, with multiple maxima on the
self-repulsion energy surface corresponding to sym-
metry equivalent structures. Similar situations could
possibly arise for BsHg?, BsHs?*~, BigH1o?, ByyHi?, 1,-
12-C;B14H1;, and any other molecule which contains an
n-fold symmetry element (n > 2) and does not have a
number of framework orbitals which matches this sym-
metry in a simple way.

The second group consists of those molecules for
which the LMO’s do approximately transform ac-
cording to the point group of the molecule. In this
group are C;B;H; and C,;B.H;, and the LMO’s for these

molecules tend to be quite well localized and unique.
A common geometrical feature of this group may be
represented as

L]

-

o/

where the small circle represents an apex boron and the
large circles are C;—-B3—~C. for C;B;H; and B¢—B,~B; for
C;B,H;. The relationship between this bonding scheme
and topologically allowed bonding schemes such as

e e L

will be discussed in detail below for C;B;H; and in the
following paper for C:B;Hs. The necessary geometrical
arrangement (shown above) for this type of fractional
bonding is especially interesting because a number of
boron hydrides and carboranes, including deca-
borane, % satisfy the general geometric requirement.

Finally, we wish to comment on the relationship be-
tween the topological theory of the boron hydrides and
localization calculations. The topological approach
assumes that the bonding in a molecule may be ex-
pressed as a linear combination of a number of valence
structures which conform to a set of well defined rules.
Localization calculations, on the other hand, attempt to
find a single localized structure which best describes the
bonding. In most of the earlier boron hydride local-
izations (Bsz, B4H10, B:,Hu, BsHlo, and B10H14), the
LMO’s closely corresponded to a topologically allowed
structure, and thus we may infer that the correct topo-
logical description of any of the above molecules will
have the valence structure corresponding to the LMO’s
weighted most heavily. For C,B;H,, C.B,H;, 1,6-
C,B.H;, and B;H, the LMO’s do not closely correspond
to a topologically allowed structure, but the topological
approach in its present form is still useful and valid if
it 1s possible to find some linear combination of allowed
structures which correctly describes the bonding (rela-
tive overlap populations and charge distributions). We
show below that this is indeed possible for C,B;H:.

If we do not consider structures with open three-
center bonds there are 20 topologically allowed struc-
tures for 2,4-C;B;H; (Figure 9). The nearly sym-
metrical B;~B;-B; and B,—B;-B; central three-center
bonds found in the localized orbitals strongly suggests
that a good topological description of the molecule may
be found by considering only structures which include
these bonds. This reduces the number of structures to
only eight (structures I and V plus their symmetry
equivalent structures). In Table XIII we list the
charges and bond orders calculated from these struc-
tures in the usual way' and we note that the relative
charges and bond strengths for structure I nearly agree
with those of Table V if we restrict our comparisons to
atoms and bonds of the same type. Restriction of
comparisons to atoms or bonds of the same types is
equivalent to a new topological distinction between
boron and carbon in the chemistry of carboranes. In
fact, if we include small amounts of structure V in our
topological description we can reproduce the relative
orders of the SCF charges and bond orders exactly.
Thus the present topological theory is quite capable of
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Figure 9. Topologically allowed structures for 2,4-C.B;Hj.
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The dots are boron and the circles are carbon, and the two pentagonal pyramids
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are shown separately for clarity. Each of these structures has three other symmetry equivalent structures.

Table XIII, Population Analysis for Topologically Allowed
Structures I and V
I v
Charges
B —0.167 —-0.167
B; 0.0 —0.333
B; —0.167 —0.167
Overlap Populations
Bi1-B; 0.500 0.667
Bi-B; 0.667 0.833
B:-B; 1.334 1.334
C-Bs 1.000 0.833
C-B; 1.000 1.000

describing 2,4-C;B;H; assuming, of course, that a
proper weighting scheme can be developed which is in-
dependent of SCF and LMO calculations.

The use of fractional bonds in 2,4-C,B;H; and 4,-
5-C;B.H; allows us to write single valence structures
which describe the bonding more accurately than any
single topologically allowed structure. For the more
symmetrical 1,6-C;B.H; and B;H, the fractional
bonding arrangements presented here allow us to write a
set of symmetry equivalent structures which describe
the bonding as well as or better than the corresponding,
sometimes larger, set of topologically allowed struc-
tures.
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: A self-consistent field wave function has been calculated for 4,5-dicarbahexaborane(8) using the ex-
perimental geometry and a minimum basis set of Slater orbitals.

The charge distribution, reactivity, diamagnetic

chemical shifts, ionization potential, atomization energies, and dipole moments are discussed in terms of the

ground-state charge distribution.

Localized orbitals are found by the Edmiston-Ruedenberg method and a modi-

fied Taylor method, and the valence structure of the molecule is described in terms of fractional three-center bonds.
A .detalled discussion of the nature of the extremum in the self-repulsion energy surface is presented. The relation-
ship between the topological theory of the boron hydrides and the valence structure of the molecule is discussed.

Dicarbahexaborane(S) (4,5-C,B.H;) is a member of
the carborane series with the general formula
CiBs—nHion (n = 1, 2, 3, or 4) and may be consid-
ered to be derived from hexaborane(10) by replace-
ment of two BH units (Bs~Hy and Bs;—~Hy,) with carbon.
First discovered by Weiss and Shapiro, ! this compound

(1) H. G. Weiss and I. Shapiro, U. S. Patent 3,086,996 (April 1963).

was characterized structurally by its !'B nmr spec-
trum?? and by a single-crystal X-ray diffraction study*

(2) T.P.Onak, R, E. Williams, and H. G. Weiss, J. Amer. Chem. Soc.,
84, 2830 (1962).

(3) R. E. Williams and T. P. Onak, ibid., 86,3159 (1964).

(4) W. E. Streib, F. P, Boer, and W. N. Lipscomb, ibid., 85, 2331
(1963); F.P. Boer, W. E. Streib, and W. N. Lipscomb, Inorg. Chem., 3,
1666 (1964).
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