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A minimum basis set of Slater orbitals for BeHy, yields an SCF wave function in which atomic charges are —0.02 (e) on B1
(apex), 0.07 on B2, 0.06 on B3,B6, and 0.04 on B4,B5. Net hydrogen charges are —0.07 on H1 (apex), —0.04 on H2,
—0.04 on H3,H6, —0.09 on H4,H5, 0.03 on bridge H23,H26, and 0.02 on bridge H34,H56. Localized orbitals, obtained by
maximizing D = Ei(¢¢¢i|¢¢¢,~), yield uniquely central three-center bonds B1-B3-B4 and B1-B5-B6 and single bonds

B1-B2 and B4-B5.
bonding and positions,
boranes and ions are discussed.

In the past 20 years, the theoretical chemistry of the
boron hydrides has undergone an expansion which has
paralleled and complemented the advances made in the
experimental chemistry of these fascinating molecules.
The early three-center bond theory? was given more
quantitative expression by the semiempirical extended
Hiickel®* (EH) method, which was first developed in
studies of boron hydrides. Later, nonempirical molecu-
lar orbital (NEMO) calculations* were developed and
carried out, using parameters taken from model self-
consistent field (SCF) results. More recently, full SCF
calculations have been carried out on B,H¢ and on
BHy, B:H,, and BzH;;.¢® These calculations con-
firmed several experimental findings and predicted a
number of others. In addition, analysis of the wave
functions using localized orbitals®” has provided new
insights into hybridization, valence structures, and
other properties of electron-deficient molecules. In
this paper we complete the SCF-localized orbital stage
in the theoretical investigation of the smaller boron
hydrides, by presenting the results of SCF and localiza-
tion (LMO) calculations on BgHyg and by comparing the
results with those of earlier calculations on this mole-
cule. We also make some predictions relating to the
undeveloped chemistry of B¢H;, and hope ultimately
that boron chemistry can be brought to the degree of
systematization and sophistication which now char-
acterizes the chemistry of carbon and its compounds.

Following a very brief description of the SCF calcula-
tion on BgHy and the localization procedure, we ex-
amine here BHB asymimetries, relationships between
valence structures and localized molecular orbitals
(bonds), energy-related quantities, dipole and bond
moments, magnetic properties, reactivity indices, and,
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The short B4-B5 bond is especially strongly localized. Asymmetry is predicted in the bridge H atom
Relationships of these results to probable chemical behavior of BeHjy and to the isoelectronic car-

finally, the relationships of the results on BgHyo to the
isoelectronic carboranes and boron hydride ions.

Procedure

The LCAO-SCF calculations were carried out with a
modified version of the program described by Stevens.®
Each unique integral was calculated to five decimal
places in atomic units. The computation time on the
IBM 7094, Model I, was approximately 9 hr. The
localization was carried out using the program pre-
viously described’” but now adapted for the IBM 360/
65. About 3 hr was required for this localization cal-
culation,

The boron framework geometry was taken from a
refinement,? carried out in this laboratory, of the
original X-ray diffraction structure.l® Since the hy-
drogen positions were not determined to high accuracy
by the X-ray data, idealized®!! distances and angles
were employed. Boron-hydrogen bridge (B-H-B)
bonds were assumed to be symmetric, with all B~Hy
distances equal to 1.322 A,2 in order to test the experi-
mental asymmetries in B-H-B’ bonds involving non-
equivalent borons, as described below. The coordi-
nates of the unique atoms are given in Table I, and the
labeling of the atoms is shown in Figure 1.

The basis set for the SCF calculation consisted of
Slater-type orbitals 1s on hydrogen and 1s, 2s, and 2p
on boron, All exponents were taken from an opti-
mized calculation for diborane.’ They were 1.147 for
terminal hydrogen, 1.209 for bridge hydrogen, and
4.680, 1.443, and 1.477 for boron 1s, 2s, and 2p, re-
spectively, As we have noted previously,® use of such
a minimum basis set is justified to some extent in elec-
tron-deficient molecules by the favorable ratio of basis
functions to electron pairs, although polarization at the
hydrogen atoms may be poorly described by a single 1s
basis function.
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and (b) by investigating the curvature of the second-
order energy surface. These checks are described in
more detail below.

The SCF wave functions and energies are tabulated in
Table II. Results of the localization calculation are
shown in Table III. The set of localized orbitals ob-
tained for BgHip corresponds most closely to the valence
structure shown in Figure 2a, with smaller contribu-
tions from some of the other structures of Figure 2.

Results and Discussion
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Convergence of the localization calculation to a true
maximum of the self-repulsion energy!® was verified by
two procedures:”* (a) by applying random unitary
transformations to our starting (canonical) set of orbitals

sislé of our wave function shows that the present calcu-
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TasLe III
LocaLizep ORBITALS FOR BgHyy

- Bond — Bond length, A -~ Populatio Hybridization sp® Delocalizn,®
A A’ A" A-A"! A'-A’ Ar-A A’ A A A’ Al %
B1 (inner shell) (€D 4 2.00 3.7
B2 (inner shell) @ 2.00 3.5
B3 (inner shell) 2) 2.00 3.5
B4 (inner shell) @) - 2.00 AN ce 3.6
B1 H1 (€D)] 1.20 0.93 1.09 1.49 6.8
B2 H2 (€D)] 1.20 0.97 1.05 1.38 6.5
B3 H3 2) 1.20 0.96 1.05 1.42 6.3
B4 H4 2) 1.20 0.92 1.10 1.60 7.1
B2 H23 B3 2) 1.32 1.32 1.74 0.55 0.99 0.48 3.69 3.37 9.6
B3 H34 B4 2) 1.32 1.32 1.74 0.58 1.01 0.42 3.57 7.25 10.4
B1 B2 (€D)] 1.74 0.69 0.83 7.33 2.86 16.6
B4 B5 1) 1.60 1.00 1.00 1.70 1.70 10.6
B1 B3 B4 @) 1.75 1.74 1.80 0.72 0.67 0.57 2.87 2.63 4.7 13.8
¢ Seeeql. °® Number of symmetry-equivalent bonds.
TABLE IV
MUuLLIKEN ATOMIC CHARGES FOR BgHj,
Atom 3 center? Extended Hiickel NEMO? SCF°
B1 —0.72 +0.02> —0.12¢ ~0.21 —0.02
B2 +0.36 —0.36> —0.07¢ +0.08 +0.07
B3 +0.35 +0.24> +0.30°  +0.07  +0.06
B4 -0.17 +0.20% +0.28¢ —0.16 +0.04
H1 0.00 -0.07
H2 +0.04 -0.04
H3 ~+0.03 —0.04
H4 ~0.03 -0.09
H23 +0.09 +0.03
H34 +0.07 +0.02
o Reference 3, all structures. ° Reference 3, method I. ¢ Ref-

Figure 1.—B6H1o.
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Figure 2.—Some possible valence structures for B¢Hy,.

lation differs from earlier calculations on this molecule.
In Table IV we give the Mulliken atomic charges for
the unique atoms in Be¢Hy calculated by three-center
theory,® the EH method,? NEMO, and our SCF cal-
culation. As expected, the introduction of self-con-
sistency greatly reduces the magnitudes of the calcu-

(16) F. P. Boer, “Molecular and Valence Structures of Boron Com-
pounds,’”” Ph.D. Thesis, Harvard University, 1065,

erence 3, method II; terminal and bridge H atoms have different
Coulomb integrals, ¢ Reference 16, ¢ Present work.

lated charge separations. More surprising is the result
that there are some changes in the relative ordering of
the atomic charges as the sophistication of the calcula-
tion increases.

The bond overlap populations shown in Table V are

TABLE V
BonDp STRENGTHS IN BgHy,
Distance,

Boud 3 center® EH) NEMO® SCF¢ SCF®
B1-B2 1.74 0.74 0.52 0.43 0.45 0.120
B1-B3 1.75 0.75 0.52 0.43 0.48 0.121
B1-B4 1.80 0.77 0.44 0.42 0.34 0.105
B2-B3 1,74 0.61 0.45 0.38 0.35 0.104
B3-B4 1.74 0.67 0.44 0.38 0.38 0.110
B4-B5 1.60 1.00 1.00 0.78 0.88 0.173
B2-H23 1.32 0.42 0.41 0.112
B3-H23 1.32 0.37 0.36 0.106
B3-H34 1.32 0.43 0.45 0.120
B4-H34 1.32 0.41 0.33 0.100
B1-H1 1.20 0.84 0.82 0.173
B2-H2 1.20 0.87 0.83 0.176
B3-H3 1.20 0.85 0.83 0.175
B4-H4 1.20 0.81 0.82 0.172

e Mulliken population, ref 3, all structures. ? Mulliken

¢ Mulliken population, ref 16.
¢ Electron density (e™/

population, ref 3, method I.
4 Mulliken population, present work.
au?), present work.

somewhat less dependent upon the method of calcula-
tion, since they are largely determined by the molecular
geometry. However, some differences between
methods still occur. Since total electron densities are
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independent of the method of partitioning employed in
the analysis, they may provide a more reliable guide to
bond strengths than the Mulliken or other analyses
usually presented. We have therefore included in
Table V the electron density at the midpoint of each
bond as another measure of bonding.

B-H-B Bridge Asymmetries.—One justification for
the use of overlap populations as a measure of bonding
has been that in some situations there is correlation with
observed bond lengths.’®:'7  Often the reasoning be-
hind this explanation is somewhat circular, since most
calculations employ experimental geometries and since
the nature of the overlap population makes it strongly
dependent upon overlap integrals and hence upon dis-
tances between atoms. In order to avoid this type of
prejudice and to test the overlap population-bond length
correlation for bonds involving bridge H atoms, we
employed a geometry in this calculation which had
symmetric B-H-B bridges. In addition, if one accepts
at least a rough population-length relation for these
bonds, this calculation provides a test of the reliability
of the experimental determination of the bridge hydro-
gen positions, which were rather uncertain in the origi-
nal work.l® Studies of the asymmetric bridges in
B.Hy, and Bs;Hy®7 had previously suggested that such
an analysis can indeed give information about the direc-
tion of bridge asymmetry.

The B-Hp distances obtained in the original X-ray
study,’® in which the molecule failed to refine as a rigid
body, were 1.32, 1.48, 1.31, and 1.35 A for B2-H23,
B3-H23, B3~-H34, and B4-H34, respectively. A fur-
ther refinement® gave a decrease in all B-H} distances
but kept the directions of asymmetry unchanged.!®
Thus, experiment suggests that the B2-H23-B3 bridge
is the more asymmetric and that H23 lies closer to B2
than to B3, while H34 lies closer to B3 than to B4.
Both the overlap populations and the midpoint den-
sities in Table V are in agreement with the experimental
directions of asymmetry. The populations in the B—
H-B localized orbitals (Table III) are also asymmetric
in the experimental direction. Figure 3 shows the
contours of total electron density in the two nonequiv-
alent B~H-B bridge planes.

The present calculation appears to disagree both with
intuition and with results of previous calculations®’ in
placing the bridge hydrogens closer to the borons bear-
ing more positive net Mulliken charges. A more de-
tailed population analysis shows, however, that this
discrepancy is due to the crudeness of the total Mulliken
charges as a measure of such subtle population differ-
ences. If we include only the ‘‘relevant change,” ‘..,
only the contributions to the net Mulliken charge
arising from the interaction of the boron atom with
itself and with the bridge-bonded hydrogen, then both
hydrogens do lie closer to the more negative (less posi-
tive) borons.

(17) C. A. Coulson, Proc. Roy. Soc., Ser. A, 169, 413 (1939).

(18) Pawley,® although still unsuccessful, did reduce R from the 0.099
of ref 10 to 0.078. Pawley suggested that the problem is lack of sufficient

data in the original study, giving rise to anisotropic temperature factors with
no physical meaning.
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Figure 3.—Total electron densities (e~/au?) of bridge hydrogen
bonds: (a) B2-H23-B3 plane; (b) B3~H34-B4 plane.

Our calculation, however, clearly implies that the
B3-H34-B4 bridge is the more asymmetric. While
the standard deviations in the X-ray determination!?
are large enough to be consistent with this conclusion,
Pawley’s refinement® makes the B3-H34-B4 bridge
nearly symmetric. Perhaps a redetermination of the
structure with enough data so that the molecule refines
as a rigid body would resolve this apparent discrepancy
between theory and experiment.

Valence Structures and LMO’s.—One of the most
interesting and ambiguous aspects of boron chemistry is
the existence of a sizable number of often nearly equiv-
alent valence structures consistent with a given molec-
ular configuration. Allowing for only boron-hydrogen
terminal and bridge bonds and for boron-boron two-
center single and three-center open and central bonds
(Figure 2), BeHj; has 12 possible three-center valence
structures, while BiH;i4 is known to have at least 111.11
One reason for these large numbers of valence struc-
tures in the boron hydrides is, of course, the existence of
several different types of boron-boron bonds, as shown
in Figure 4. If oue allows for the possibility of multiple
B-B bonding, analogous to the carbon—carbon double
and triple bonds, the number of possible structures in-
creases greatly.
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Figure 4 —Types of boron-boron framework bonds.

The localized orbital approach has proved extremely
helpful in elucidating the valence structures of several
other boron hydrides. The completely ab initio na-
ture®” of this theory lends added weight to the objec-
tivity of its conclusions. Caleculations on B.Hg,® BsHjo,®
B:;H,,% and B;H;® have shown that the orbitals which
maximize the self-energy

D = Zk: (¢Ic¢k‘¢k¢k) =
Zk: S 6D or()ri e (Den() AVd TV

in these compounds are of the type postulated by the
three-center bond theory. Thus, we find three-center
bridge and two-center terminal boron-hydrogen bonds,
boron inner shells, and two-center and three-center
central boron—boron bonds, with ambiguity only in
boron-boron bonds of B;Hy. The open three-center
boron-boron bond did not appear in any of these pre-
vious calculations. Also, the orbitals found in these cal-
culations show a large degree of transferability. For
example, a B~H-B orbital in ByHs looks very much like
a B-H-B orbital in BgHy. Thus, we expected and
indeed found strongly localized BH bonds and BHB
bonds in BsHye.

In addition to providing still another test of the abil-
ity of the localized orbital formulation to decide quanti-
tatively among several valence structures, hexabo-
rane(10) also introduces the possibility of multiple
boron-boron bonding. The B4-B5 distance (1.60 A),
the shortest known in the boron hydrides, compares
with a B-B distance of 1.75 A for the single bond in
BHy. This shortening is comparable with the 0.14-A
difference between the C~C bond lengths in ethane and
benzene, While it is unsafe to argue from this similar-
ity, this comparison does raise the possibility of partial
multiple bonding in B¢Hy. Furthermore the B4-B5
overlap population of 0.88 is 509 greater than any
other previously calculated B~B population. The di-
hydrocarborane B.HC.H, has been shown!® to have a
structure consistent with a r-donation model in which
the double-bonded borons and their attached bridge
and terminal hydrogens in Figure 2b are replaced by
C-H grotips. One aim of the localized orbital analysis
was to determine to what extent the multiple bonding
of this carborane is present in its parent boron hydride.

The atomic populations in Table III show that each
localized orbital is composed almost completely of con-
tributions from the one, two, or three relevant atoms
which form the inner shell or interatomic bond. The
delocalization index,” d;"™°, measures the root-mean-
square deviation of the localized orbital from a re-

(19) F. P. Boer, W. E. Streib, and W. N. Lipscomb, Inorg. Chem., 8, 1666
(1964). C~C distances are 1,419 == 0.006 A in B4HsCoH; and 1.431 & 0.006
4 in B{H:Co(CHy)a.
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normalized truncated orbital obtaired by removing all
contributions from orbitals centered on atoms not di-
rectly involved in the bond (eq 1). This index is zero

s =L @r—emrar] Tanm

if the orbital ¢,~ is completely localized on the atoms
which form the bond and is 100% if ¢~ and ¢,T are
mutually orthogonal. The hybridization sp” is given,
for the s and p orbitals centered on the atom of interest,
by the ratio of the sum of squares of the p-orbital LCAO
coefficients to the sum of squares of the s-orbital coeffi-
clents in a single localized orbital.®

The calculation converges unambiguously to a struc-
ture which corresponds most closely to Figure 2a. In-
spection of the many-dimensional self-repulsion energy
surface in the neighborhood of this structure using the
second-derivative test developed by Switkes, Lipscomb,
and Newton’ 4 shows that we are indeed at a relative
maximum. The largest (least negative) eigenvalue of
the quadratic-form matrix is —1.5 X 1071, showing
that any infinitesimal change in the orbitals will cause
the self-repulsion energy to decrease relatively sharply.

In order to search for other relative maxima and to
ensure that our calculation was not prejudiced against
double-bonded structures like Figures 2b and 2d or
against asymmetric pairs of resonance hybrids like
Figures 2c and 2d, we employed the feature of the
localization program which allows for unitary trans-
formations among the orbitals or among any subset of
them. Since randomization and relocalization of the
complete set of 20 orbitals would require an extremely
large expenditure of computing time, we sought a sub-
set of the full LMO basis which would make possible an
economical, but still unprejudiced, search for further
relative maxima in the energy surface. A detailed
study of this problem in BsHy showed that the results
of the localization procedure can be influenced not only
by the boron framework orbitals but also by the B-
H-B and even by the B-H; bonds. The B¢Hj localiza-
tion, however, is expected to be far less sensitive, since
its largest second-order energy eigenvalue is four orders
of magnitude greater than the corresponding quantities
for the B;Hj structures.

The eigenvector associated with this largest eigen-
value determines a ‘‘direction’” in a 210-dimensional
space in which the basis vectors are the interactions be-
tween pairs of LMO’s. This direction gives the mixing
of LMO’s which is least strongly coupled to the self-
repulsion energy.®? We find, in agreement with earlier
calculations,” that this eigenvector is composed mainly
of contributions from boron framework and to a lesser
extent from BHB-boron framework interactions. A
smaller contribution also arises from the coupling be-
tween BH, and boron framework orbitals. The coeffi-
cients of the inner-shell interactions are negligible.

The above analysis suggests that suitable subsets for
our search may be (a) the 4-boron framework LMO’s,
(b) the 8-boron framework and BHB LMO’s, and (c)
the 14 valence orbital LMO’s, omitting inner shells.
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The search for further maxima then proceeded as fol-
lows. (1) A set of orbitals was constructed from set
(a) to correspond to the structure in Figure 2b. (2)
Three different sets of orbitals were generated by ran-
domizing set (a). (3) Set (b) was randomized. (4)
Set (c) was randomized. All the above sets of starting
orbitals were then subjected to the localization proce-
dure in which only the appropriate subsets of orbitals
were transformed. All converged to the same struc-
ture, that of TableIITand Figure2a. Approximatecom-
puting times for the localizations were 10 min with set
(a), 35 min with set (b), and 90 min with set (c). Thus,
we believe that the structure found represents the
single relative maximum of the self-repulsion energy
surface.

The above discussion does not deny the existence of
some multiple bonding in Be¢Hy, as part of a more com-
plex description. It does say that the best single
localized bond picture, according to the self-energy

criterion, is that of Figure 2a and not one having a/

double bond between B4 and B5. However, we recog-
nize that this is an oversimplified picture. As Table
I1I shows, the two single bonds in BgHy, are by no means
equivalent. The B1-B2 bond resembles the ‘“‘normal’”’
boron-boron single bond of B,Hj, in having significant
contributions from atoms rot involved in the bond.
Comparison of the appropriate delocalization indices’
shows that the B4-B5 bond is much more highly local-
ized than any previously studied boron-boron bond.
The existence of a strengthened single bond is in
marked contrast to the situation found in the hydro-
carbons, where Newton, Switkes, and Lipscomb!* ob-
tained two and three equivalent ‘“‘bent bond” localized
orbitals for the double and triple bonds in ethylene and
acetylene, respectively. These considerations, plus the
increased electron density in the B4-B5 bond, as shown
in Figure 5, justify our speaking of a partial double bond.
Although this objective localization procedure un-

| 1

Figure 5.—Total électron density (é‘/au“) in the B1-B4-B§
plane,
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ambiguously rejects the notion of a double-bond =-
donation structure as the preferred valence structure,
qualitative and quantitative measures of bonding do
require a distinction between the B4~B5 bond in BsHj,
and “normal” two-center B-B bonds such as those
found in B4H10 and in BeHlo (B 1"'B2)

The other results of the localization calculation are in
good agreement with the general features found in
other boron hydrides.®” Inner shells are strongly
localized and highly coupled to the self-repulsion energy.
Boron—terminal hydrogen bonds are well localized, are
quite transferable, and have a slight B'T-H’" polarity.
Boron-bridge hydrogen bonds are less well localized
and less strongly coupled to the self-repulsion energy.
Their relation to bond asymmetries is discussed above.
Finally, we have again failed to find any evidence for
the occurrence of open three-center bonds in these
neutral boron hydrides.

Energetics.—The total energies and virial ratio are
given in Table II. Atomization energies for this calcu-
lation and for the NEMO calculation!® are presented in

Table VI. As in an earlier paper® we find that the use
TABLE VI
AtoMiZATION ENERGIES (AU)
A A /A By ————
SCF¢ SCF®  Exptl® NEMO¢Y SCF? SCF® Exptl° NEMO¢
—1.527 —2.002 —2.091 —2.114 2.118 2.150 2.280 2,068

e The reference atoms use Clementi’s best single-{ exponents:
E(B) = —24.4984, E(H) = —0.500. ? The reference atoms
employ BsHi, molecular exponents: E(B) = —24.4372, E(H,)
= —0.4892, E(Hy,) = —0.4781, ¢S, R. Gunn and L. G. Green,
J. Phys. Chem., 65, 2173 (1961). ¢ Reference 16 (partially
optimized BH; expornents).

of molecular exponents for our reference atoms gives
atomization energies in good agreement with experi-
ment. Koopmans' ionization potentials and the ob-
served ionization potentials are shown in Table IL.
Table VII gives a comparison of the diagonal SCF

TaABLE VII

CoMPARISON OF Dr1acoNAL SCF HAMILTONIAN MATRIX
ELEMENTS (Fi;) AND NEMO o's (aU’s)

SCFe

¢ FBis FBas Fpzp(av) FHis
BT —-0.017 -—-7.511 —1.188 —0.287 HI1 —0.441
B2 0.068 —7.642 —1.217 —0.311 H2 —0.484
B3 0.062 —7.628 —1.212 —0.304 H3 —0.475
B4 0.045 —7.5490 —1.1561 —0.237 H4 —~0.451
H23 —0.624
H34 —0.590

NEMO®
Fpis FBas FB?p FHQ, FHb
—~7.650 ~1.,108 —0.295 —0.459 —0.577

s Present work. ° Net Mulliken atomic charges on borons.

¢ Reference 16.

Hamiltonian matrix elements and the «’s used by
Boer.’® We see that the diagonal elements are sub-
stantially different for different boron atoms and con-
firm that a simple w technique is not capable of repro-
ducing these differences in boron compounds. The
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Hamiltonian matrix also shows large anisotropies in the
boron 2p orbitals and large zero-overlap matrix ele-
ments for both 2s,2p, and 2p,2p interactions. In
Boer’s calculations all zero-overlap elements were ne-
glected, and no p orbital anisotropy was allowed. We
have chosen to list the 1s diagonal elements (the canoni-
cal “‘inner-shell” MO eigenvalues) because of our belief
that they may provide a useful comparison with ex-
perimental results from photoelectron spectroscopy.?

The localization criterion, that is the maximization of
the intraorbital Coulomb (self-repulsion) energy = (41|43,
is equivalent to the minimization of the interorbital
Coulomb energy 421->j(ii| 77y and the interorbital ex-
change energy 23;s;(#j|¢7).> This exchange or ‘‘Pauli
interference’’ term is nonclassical in nature, Its magni-
tude is often reduced by factors as large as 10, over that
for the canonical molecular orbital method, in localiza-
tion calculations. The results justify the contention’
that the local orbital transformation provides a con-
ceptual bridge between the Hartree-Fock wave func-
tion and the more easily visualizable notions of elec-
tron-pair bonding.

The reduction in magnitude of the exchange energy
reflects both the nature of the localized orbitals and the
degree of localization of the parent canonical orbitals
(which are by no means the most ‘““delocalized”’ possible
choice of orbitals). The various energy components
for B¢Hyy are shown in Table VIII. The relative de-

TaBLE VIII
ENERGY ANALYSIS FOR BgHy®
Canonical Local
Total two-electron 224.9539 224.9539
Self-repulsion® 16,3459 25.9455
Coulomb¢ 235, 6596 226.0599
Exchange? —10,7057 —1.1060
Interorbital Coulombe 219.3137 200.1144

@ All energies in atomic units (1 au = 27.21 eV), ? Zi(ii'i'i).
© Zisg40|7) 4 Bililid). 4 —Zis2054). ¢ Biss40i] ).

crease in the exchange energy of BeHj, is slightly less
than that found for the smaller boron hydrides.” This
phenomenon may be attributed to the somewhat lower
symmetry of BgHiy, which allows the canonical orbitals
to be more localized than if they were more completely
determined by symmetry.

Dipole Moment.—One property for which SCF calcu-
lations can be expected to show great improvement over
nonself-consistent methods is the dipole moment. By
allowing for the effects on each electron of the electro-
static field of the other electrons, the SCF method
avoids to a great extent the piling up of charge and
hence the exaggerated dipole moments characteristic of
many other methods. While the dipole moment of
BgHy has not yet been measured, previous experience®
suggests that boron hydride calculations employing
basis sets of the quality used here should give dipole
moments roughly twice the experimental values.

Table IX shows the dipole moment of B¢Hjy as cal-
culated by the SCF and by the nonself-consistent

(20) A. D. Baker, Accounts Chem. Res., 8, 17 (1970).
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TABLE IX
DrroLE MOMENT OF BgH®
Atom? z Total Bond? 2 Total
Bl (1) -0.38 0.39 B1-B2 (1) 0.02 0.23
B2 (1) -0.20 0.56 B1-B3 (2) —0.18 0.24
B3 (2) ~0.43 0.52 Bl1-B4(2) —-0.30  0.47
B4 (2) —0.28 0.63 B2-B3 (2) —0.07 0.09
B3-B4 (2) -0.07 0.22
B4-B5 (1) 0.14 0.80
B1-H1 (1) -0.89 1.28
B2-H2 (1) 0.40 1.27
B3-H3 (2) -0.12 1.29
B4-H4 (2) —-0.72 1.30
B2-H23 (2) 0.43 0.77
B3-H23 (2) 0.65 0.67
B3-H34 (2) 0.18 0.81
B4-H34 (2) 0.63 0.66
Classical Atom Bond Total
3 centere 6.67
EH¢ 6.64
NEMO:* 5.28 8.13
SCF/ 2.09 2.01 —0.44 3.69

@ All moments in Debye units. ® Numbers in parentheses
indicate number of symmetry-equivalent atoms or bonds.
¢ Reference 3, all structures. ¢ Reference 3, method I. ¢ Refer-
ence 16. / Present work.

methods. We have employed the origin-invariant
partitioning method of Ruedenberg?! to analyze the
total moment in terms of atomic, bond, and classical
(Mulliken point charge) contributions. The reduction
in the calculated value of the dipole moment due to the
introduction of self-consistency is seen to be on the order
of 50-1009,. Improvement in the basis set can be
expected to lower the calculated moment even further.
Individual atomic and bond contributions are in good
agreement with values obtained previously for the
stnaller boron hydrides.®

The net dipole moment is almost completely in the 2
direction, that is, from the negative apical boron to-
ward the positive pentagonal base. The large B4-B5
bond moment pointing in toward the center of the
molecule lends some credence to the wr-donation picture
of Figures 2b and 2d as a partial contribution to the
valence structure. As in previous calculations?® B-H-
B bridges contribute a sizable moment in a direction
opposite that of the net molecular moment.

Magnetic Properties,—The !'B nmr spectrum of
BesH1p2%:%8 has been interpreted as showing one boron at
high field (¢ = 51.2 ppm) and five equivalent borons at
low field (¢ = —15.0). The single boron at high field
is clearly B1, which has a negative Mulliken charge
(%M = —(0.017) suggesting a small increased diamagnetic
shielding. However, it is far more important that the
2p orbital populations on this atom show little anisot-
ropy so that the paramagnetic contribution to the
chemical shift arising from the mixing of the ground
state with excited states should be smaller than that
for the other boron atoms of BgHiy. The electron

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

(22) R. E. Williams, S. G. Gibbins, and I. Shapiro, J. Chem. Phys., 80,
333 (1959).

(23) T. P. Onak, H. Landesman, R. E. Williams, and I. Shapiro, J. Phys.
Chem., 68, 1533 (1950).
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Figure 6.—Total electron density (e~/au?) in the B1-B2-B3
plane.

density in the Bl, B2, B3 plane (Figure 6) is unex-
pectedly symmetric, with near-equivalent densities in
the B1-B2 and B1~B3 bonds. The basal plane differ-
ence density map (Figure 7) also shows B2 and B3 to
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Figure 7.—Difference density (total density minus sum of
atomic densities, e~/au®) in the pentagonal boron base plane.
Dotted lines are contours of zero density. Positions of nuclei
are shown by crosses.

be nearly equivalent in terms of the electron density in
the basal plane. These maps, as well as the more
ambiguous Mulliken charges (Table III), show the
similarity of B2 and B3 with regard to the ground-
state electron density. Figure 7 also shows B4 and B5
to be distinguished by the large bonding density con-
necting them. The electron density in the plane of the
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Figure 8, —Total electron density (e~/au®) in the B1-B3-B4
plane.

Bi—B;-B, bond (Figure 8) is markedly asymmetric,
being considerably greater between B1 and B3 than
between B4 and either of the other borons. One may
think (rather crudely) of B4 having less electron density
to contribute to the three-center bond because of its
abnormally large contribution to the B4-B5 two-center
bond.

All five basal borons are positively charged and show
significant p-orbital population anisotropies, consistent
with their large low-field chemical shift. Therefore,
similar chemical shifts for all five basal borons are sug-
gested by our results, but the observed equivalence is
not explained by a static picture. The possibility that
equivalence of basal boron atoms can arise by intra-
molecular tautomerism? was realized even before the
UB nmr spectrum was known. While this !B spec-
trum does show equivalence of the five basal B atoms,
the 'H spectrum is not without some anomalies.?
Studies of these spectra at lower temperatures are de-
sirable.

The published 'H nmr spectrum?? shows an apical
terminal proton at high field, a group of bridge protons
at somewhat lower field, and a low-field group of basal
terminal protons. As in previous calculations®® we
find all terminal hydrogens to be slightly negative (more
shielded diamagnetically) and all bridge hydrogens to be
slightly positive (less shielded diamagnetically). We
note that the basal terminal hydrogens, attached to
highly anisotropic basal borons, are antishielded and
interpret this effect as a consequence of paramagnetic
contributions to the !H shift arising from the boron 2p
orbital anisotropy.

Reactivity.—One of the major goals of our under-
taking SCF calculations of boron hydride wave func-
tions has been to provide sufficient data for the predic-
tion of boron hydride reactivities using methods cur-

(24) W.N. Lipscomb, J.Inorg. Nucl. Chem., 11,1 (1959).

(25) R. R, Rietz, R. Schaeffer, and L. G. Snedden, J. Amer. Chem, Soc.,
92, 3514 (1970).



HexABORANE(10)

rently available and those which are still to be developed.
While few reactions of the type most suitable for
theoretical treatment (single-step nucleophilic and
electrophilic substitutions) have been observed in these
compounds, improvements in experimental techniques
and increased interest in the field make it likely that the
coming years will see a number of such experiments.

. Such simple indices of reactivity as atomic charges,
frontier orbital populations, and free valence have given
a reasonably good correlation with the scanty reactivity
data available for simple substitution reactions in ByHj,
and B;H,® The possibility of using the molecular
integrals generated in the course of an SCF calculation
like the present one as a starting point for more sophisti-
cated treatments of reactivity is now being studied by
J.A. T.and I.R. E.

Hexaborane(10) is an especially interesting molecule
from the point of view of reactivity, since it has four
nonequivalent borons at which reaction may occur.

We have previously® discussed reactivity indices for
ionic substitution reactions. We considered the total
charge on an atom, the atomic orbital populations in the
highest filled and lowest empty molecular orbitals, and
also the spatial distribution of the electron density in
these orbitals. In the first approximation one expects
electrophilic substitution to take place most easily at
the boron atom with the greatest negative charge or at
the boron with the largest population in the highest
filled molecular orbital (HFMO). The greatest nega-
tive charge is at Bl but B4 and B5 have the largest
HFMO atomic populations (0.61 electron each). The
HFMO (no. 20) is associated primarily with the B4-B5
bond (the B4-B5 overlap population for this orbital
alone is 0.34, compared to a total overlap population of
0.88). The density in this orbital is concentrated along
the B4-B5 bond and an electrophile would have to
approach both B4 and B5 closely in order to interact
with this density. This close approach would be un-
favorable due to the repulsive mixing® of the filled
MO’s of BgHy and the electrophile. Also, since the
HFMO makes an important contribution to the frame-
work bonding, charge transfer from it to an electrophile
might disrupt the molecular framework. The mnext
lower MO, no. 19, is primarily an antibonding orbital
between B1, B3, and B6 with sizable H3 and bridge
hydrogen coefficients and makes little contribution to
the framework bonding. The B1 2p, orbital has a
large coefficient and is well removed from the center of
the molecule’s electron density, The Bl population in
this orbital is 0.54. We predict electrophilic substitu-
tion to take place at Bl. Then, B3 and B6 should be
fairly reactive, but electrophilic attack may result in
fragmentation of the molecule.

Total charges and lowest empty molecular orbital
(LEMO) populations agree in predicting that B2 will be
most susceptible to nucleophilic attack (the LEMO
atomic population of B2 is 0.55).

The prediction of free-radical reactivities has em-

(26) L. Salem, J. Amer. Chem. Soc., 90, 543 (1968).
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ployed the concept of free valence.>¥ One predicts
that the most reactive atom in free-radical substitu-
tions will be the one for which the sum of the Mulliken
overlap populations between atom i and its nearest
neighbors is the least. TUsing this index we find the
following predicted order for free-radical substitutions:
B2 > B3 > B4 > Bl.

Although the quantities discussed above have been
of some use in predicting and correlating reactivities
of boron hydrides and more notably of hydrocarbons,?
they provide rather crude indications at best. Since
they are static indices, 1.e., they depend only upon the
nature of the unperturbed molecule, their success must
rest upon the validity of the assumption that the tran-
sition state for the reaction closely resembles the un-
perturbed reactant. Furthermore, such gross mea-
sures of atomic populations are extremely unsuited for
comparisons between different types of atoms, for ex-
ample, boron and carbon atoms in the carboranes.?®
Such subtle effects as possible differences in reactivity
between two nonequivalent terminal hydrogens at-
tached to the same boron atom are probably beyond
the reach of these methods. One also wishes to be able
to compare different types of reactions, for example,
addition vs. substitution in olefins. Another area for
future consideration is the possible cooperative rear-
rangement of H atoms or boron framework which may
be induced by the close approach of a reactant. Boron
hydrides seem to be particularly susceptible to such
rearrangements.

One approach to developing a more sensitive theory
of reactivity is to make use of localized rather than
canonical orbitals. Questions of reactivity not involv-
ing cooperative transition states generally have to do
with the relative ease of making or breaking one or at
most two or three bonds. The LMO formulation allows
us to treat each bond with only a small subset of the
often unmanageable full set of molecular orbitals. The
possibility of dealing with only one or two orbitals on
each reactant makes the prospect of examining inter-
actions between different molecules a less frightening
one. Also, having each bond in the molecule repre-
sented by at least one orbital of its own means that we
should find it easier to compare different types of bonds
in the LMO framework.

Several possible uses of LMO’s in reactivity calcula-
tions are now being studied. Here we shall present one
rather simple application, the use of the energy required
to remove an electron from an LMO as an index of its
susceptibility to electrophilic attack. If one views
electrophilic attack upon a molecule as a process in
which some other species captures or removes electrons
from a bond in the molecule, then it seems reasonable
that the bonds most readily attacked should be those
whose electrons are most easily removed. In other
words, we expect a correlation between this ‘‘local

(27) C. A. Coulson, Discuss. Faraday Soc., 2, 9 (1947).

(28) S.-S.Sung, O. Chalvet, and R. Daudel, J. Chim. Phys., 8T, 30 (1960).

(20) I. R. Epstein, T. F. Koetzle, W. N. Lipscomb, and R, M. Stevens,
to be submitted for publication,
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orbital ionization energy (LOIE)”% and the reactivity
in electrophilic substitution of the bond it represents.
We recognize that this simple picture considers only the
initial stages of the reaction and fails to take account of
either differences among electrophiles or of changes in
the activation energy due to electrophile-substrate
interactions. These limitations are inherent in any
static reactivity indices. They become less significant,
however, when comparing reactivities toward a single
electrophile of different sites on the same reactant mole-
cule,

In Table X we give the LOIE’s for B¢Hy. The most
TABLE X
Locarizep ORBITAL IoN1zaTION ENERGIES”
Tonization
Orbital energy, au
B1-H1 (1) 0.554
B4-H4 (2) 0.558
B4-B5 (1) 0.585
B3-H3 (2) 0.602 /
B2-H2 (1) 0.612
B1-B2-B4 (2) 0.635
B1-B2 (1) 0.640
B3-B4-~H34 (2) 0.691
B2-B3-H23 (2) 0.743
B4 inner shell (2) 7.477
B1 inner shell (1) 7.482
B3 inner shell (2) 7.561
B2 inner shell (1) 7.575

@ See footnote 30. ¥ Number of symmetry-equivalent orbitals.

striking result is the position of the B4-B5 bond LMOQO
in the gap between the first three B-H terminal bonds
and the last three. The existence of a boron framework
LMO with lower ionization energy than a B-H; bond
LMO is unprecedented in the lower boron hydrides?!
{except for the case of the anomalous terminal hydrogen
of B;Hy, which exhibits properties more typical of a
bridge hydrogen). The situation resembles that found
in unsaturated hydrocarbons,® in which CH orbitals
have lower LOIE’s than CC LMO’s for unsaturated
carbons, while this ordering is reversed for aliphatic
carbon. The results in Table X should not be regarded
as a firm prediction that three and only three hydrogens
may undergo electrophilic substitution before the boron
framework of BgHy is attacked. However, they do
suggest very strongly that vigorous attack by electro-
philic reagents is likely to bring about cleavage of the
B4-B5 bond.

Another result of interest, also found in the smaller
hydrides, is that B-H~B LMO’s have higher ionization
energies than do boron framework orbitals. Thus it
seems unlikely that electrophilic substitution can be
achieved at bridge positions without concurrent frag-
mentation of the molecule.

(80) Our ““localized orbital ionization energy” refers to the difference in
energy between the Slater determinant representing the neutral molecule
and the determinant for the jon formed by removing an electron from the
LMO under consideration. In terms of the variation principle and state
symmetry, the canonical MQO’s provide a physically meaningful basis for
calculating ionization potentials: T. Koopmans, Physice, 1, 105 (1933);
M. D. Newton, J. Chem. Phys., 48, 2825 (1968). The loss of an electron
from a localized orbital reflects an electronic reorganization which we postu-
late to occur during reaction.

(31) I. R. Epstein and E. Switkes, unpublished calculations.
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Related Carboranes.—Qur discussion of the various
possible hexaborane(10) valence structures can, with
only slight modifications, be adapted to consideration
of the derived carborane series with general formula
C,B¢—nHi—n. In Table XI we show a systematic
schematic approach to the generation of these reso-
nance structures. Each molecule is taken to be com-
posed of two structural units: a pentagonal basal
group and the apical boron with its three associated
bonds. The apical group may be placed in any of five
ways, corresponding to rotations by 2mm/5, m = 0-4.

For example, in the parent molecule Be¢Hjy, the ar-
rangement (m = () gives rise to the structure derived
from our localization calculation, Figure 2a. Them =
1 and m = 4 rotations give equivalent structures in
which the B4-B5 bond is bridged by a B1-B4~Bj5 three-
center bond. Such a structure violates the topological
rules for three-center bonding and has been shown above
not to be the dominant valence structure for BgHjy.
However, such a valence structure may be important in
the carboranes, and we suggest that the topological
rule violation can be overcome by noting that the struc-
tures of columns 1 and 4 are essentially equivalent to
the m-donation structures of Figure 2d. That is, the
structural unit of a single bond bridged by a three-
center bond may be represented by a double bond with
7 donation toward the apex. Them = 2 andm = 3
rotations give the pair of equivalent structures shown
in Figure 2¢. For a given fixed arrangement of basal
atoms and bonds, this method will generate all possible
arrangements of two-center and central three-center
bonds. Designation of a preferred structure must
utilize further computational or chemical information
as illustrated below. We have not considered struc-
tures involving open three-center bonds because our
boron hydride calculations have not, as yet, given any
evidence for their existence. Nevertheless, such struc-
tures may be of some importance in the carboranes,
Note that certain structures containing open three-
center bonds may be derived from combinations of the
structures obtained here. For example, the structure
of Figure 2b may be viewed as a resonance hybrid of the
equivalent pair in Figure 2d.

Thus far, four neutral carborane derivatives of BeHio
(n = 1-4 in the formula C,B;—,Hiw-,) have been pre-
pared and characterized. Electronegativity considera-
tions suggest that the preferred structures will have
charge concentrated on carbon or, equivalently, that
carbon atoms will prefer two-center bonding while boron
atoms are more likely to participate in three-center
bonds. We have used this observation as a guideline to
resolve any ambiguities in writing down the basal frame-
work bonds. In CB;H,® the structure of column 3 is
preferred, since it has the apical single bond to carbon.
The carborane C,BsHs!* % was discussed earlier as a
possible structural model for multiple bonding in BeHu.
In the X-ray study,!® a structure was suggested con-
taining an open three-center bond, which may be ex-

(32) T. P. Onak, G. B, Dunks, J. R, Spielman, F. J. Gerhart, and R. E.
Williatms, J. Awmer. Chem. Soc., 88, 2061 (1966).
(33) T.P. Onak, I'norg. Chem., 7, 1043 (1968).
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TasLE XI
VALENCE STRUCTURES FOR NEUTRAL CARBORANES RELATED TO BsHig
Position of a a R R ®
Moecute %E;g%;o 2 T 2 _— T 2 _— o ' T 2 mt2 ! 2 me3 2 me<’ 2
BﬁH‘,o ' [ 34 "r’ = sgl? {—ID = —fsj sQ\?s Gn{\\s sa:;\a 2 GQ‘DS
\5—4) A \5—2-4 5)‘2-—\4 =4 \5?4) . 5_2_4) k:,._4) \5?4)
CBSHS 4 c : 3+ ‘(!Y - GC(I\) ~ s/\j;\3 {-—fs = sCo)Ds 5/_ \3»;,« GCI\lzs GC/I 3 6/(12—3 = Gal—
5—4/ Kﬁ-—d/ ks——a// 5—4/ k54‘0/ &5—-4/ Ks—a’ ks—\a/ Ks—/ \544/
2 2 H 2 2 2 2 2 2 2
™ | (7 i, /'p F.rD A O R L\
C, B, H 4,5 [ 3+ b LI NP NP2 - . 6—r~3 = g—F T3 [ 367N 67326 1773 gTN—3 67 3
] 8 ’ -, N Ve
N \5—4/ Y \\ﬁr—\f/ \\5,—-4/ \ —4/ \5; / \5/—7:/ \5/—-4/ \\5(—-\4/ \5-\4/ \5—4/ \5-’—14/
N oo LN O I s s e e Y TR
C,.B.H 3,45 6 3+ NN A TN 6—F™3 x~ g~ 3 3 IVETILDE 6 3 > - 13 o 67 N —3
e \5—4/ YY \\br—-\dr/ \\S—j \5/-54/ \5;4/ \SLt/ \b{-—‘:l \1’_\4/ K{—\ / \5/-‘—\4/ \5=i—4/
2 . 2 2 2 2 K 2 2 2 2 2
/N | SN LN SN 2N AN N, R N A AN
C B.H 3,456 [ I = g 3 ®6 LI\ 3 6—1 "3 e—i/ "3 [-Xag’ ML R (- [ i -, N3 x> 6 M—3
4726 T ™ ~ v =
WSO NS TN NYTALY YT TR

1
2 The unit ‘('7’ is rotated by 2Tm:5 before being added to the pentagonal base unit,

pressed as a combination of the ‘“‘equivalent’ structures
of columns 1 and 4. In C;B3H7,* the preferred struc-
tures are probably those in columns 2 and 4, which mini-
mize the formal charges. The situation in the recently
prepared C,B;Hs® is less clear, but formal charge con-
siderations suggest a preference for either the structures
of column 0 or the equivalent pair, columns 1 and 4.
The suggestion here of a w-donation model involving
two double bonds would make a structural determina-
tion and comparison of C-C and C-B bond distances in
this molecule extremely interesting,

(34) C. L. Bramlett and R, N. Grimes, J. Amer. Chem. Soc., 88, 4269
(1966).

(35) T. P. Onak and G. T. F, Wong, ¢bid., in press; T. P. Onak, private
communication, 1970,

The formalism developed above may also be applied
to borahe or carborane ions of the above species, such
as BgHy~ % or B,C,H,~.%  'An ion produced by removal
of a proton from a bridge position is simply assigned
those resonance structures of the parent isostructural
carborane which minimize the formal charges.
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The borane, trichloroborane, and some trifluoroborane adducts of several amino acid esters were prepared. The nmr and ir

spectra show them all to be amine adducts.
to the corresponding N-substituted borazines.

The BF; adducts of methyl glycinate and of methyl 8-alaninate were converted
Possible intramolecular coordination of ring borons by carbonyl groups in the

N substituent was investigated but none could be observed. The reaction of BCl; with glycine gave the novel compound

B(OzCCHgNHs +)s,(BC14-)a~ <

Introduction
The intramolecular coordination of a boron atom to
give a four-coordinate species has been shown in many
cases to result in a material that is often much more re-
sistant to hydrolysis than is a similar three-coordinate
compound. Diphenylborinic acid is very difficult to
obtain, but its 8-aminoethyl ester, I, has been isolated

* To whom correspondence should be addressed.

and found to be very resistant to hydrolysis.! This has
CeHyn__CeH,
HN" N0
é I
H.C—CH,
I
been attributed to intramolecular coordination of the

(1) R.L. Letzinger and I. Skoog, J. Amer. Chem. Soc., T7, 2491 (1955).



