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Diborane as a molecular complex was studied by using a double zeta ab initio MO
method and energy decomposition analyses. For diborane, a qualitatively major contribu-
tion of HOMO-LUMO transfers was reported by Yamabe et al. on the basis of configuration
analyses by using a single zeta basis set. However, no quantitative work on the origin
on the complex formation has been reported. In this note, we show that the charge
transfer energy is the dominant contributor to the complex formation (2BH,—B,H,). The
charge transfer energy and the exchange repulsion are analyzed at the molecular orbital
(MO) levels.
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The origins of dimer formation by LiH, NH,, OH, and FH have been studied from a
quantum chemical point of view.2 The dimers of NH;, OH, and FH form linear hydrogen
bonds mainly as a result of electrostatic interaction energy. The principal reason why the
linear geometry is preferred in the dimer complexes of OH, and FH is the contribution of the
electrostatic interaction energy. However, the cyclic dimer of LiH is more stable than the
linear dimer, and its stabilization energy is due largely to the electrostatic term (54%,) and
the charge transfer term (379%,). BHjalso forms a cyclic dimer. Thus, we sought to elucidate
the origin of the cyclic dimer formation of BH, in comparison with NH,, OH,, FH and LiH
dimers.

Diborane, which is composed of two BH; molecules, has a structure with D, symmetry,
as shown in Fig. 1.9 Theoretical studies® on the electronic structures of boron hydrides
and molecular orbital (MO) studies® on its molecular properties have been carried out. Gelus
et al.5) pointed out that the contribution of the correlation energy to the binding energy in
the dimerization process of boranes was important. Yamabe et al. carried out calculations
of the charge density and reported that configuration analyses in terms of the MO’s of de-
formed BH, are in good accord with the configurations corresponding to the HOMO-LUMO
transfers. They made qualitatively distinct the concept of donation and back-donation by

using a single zeta basis set.®) However, they

did not calculate the stabilization energy due

N to the charge transfer, and did not carry
out energy decomposition analysis. Thus, the
nature of the complex formation of the
diborane has not been clarified quantitatively.
In order to elucidate the energy source driving
the complex formation, therefore, energy de-
N composition analyses were performed in this
H? work.  Since calculations using a single zeta
Fig. 1. Structure of Diborane basis set overestimate the charge transfer en-
#(BB)=1.77A. H'BH2=121.5°. ergy, their use for a system in which the charge
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transfer energy is large is not appropriate.” For the complex of H;N-BH,, calculations
including polarization functions in addition to the double zeta basis set were performed by
Umeyama and Matsuzaki, and it was found that the polarization functions had no effect on
the charge transfer energy or the exchange repulsion.” The double zeta basis set was adopted,
since we are interested in the contribution of the charge transfer energy to the stabilization
energy of complex formation.

Molecular orbital calculations were carried out within the closed-shell LCAO-SCF appro-
ximation by the ab initio method on HITAC 8700 and 8800 computers at the Tokyo University
Computer Center. 45 ¢nitio calculations were performed by using the GAUSSIAN 70 program.®
The basis set used was 4-31G.” Energy decomposition analyses in our ab nitio calculations
were carried out by the method of Morokuma ¢t al.1 The intermolecular interaction energy
AE was divided into five terms: electrostatic (ES), exchange repulsion (EX), polarization
(PL), charge transfer (CT), and a mixing term (MIX).

AE = ES + EX + PL + CT + MIX

EX is divided into two terms, X and EX’, where X is exchange attraction and EX' is overlap
repulsion.

MO levels of deformed BH; are shown in Table I, where “z MO” refers to the quasi-n
MO having an antisymmetric AO on the boron within the plane consisting of two BH groups
in Fig. 1. The total energy of the deformed BH, molecule is —26.31596 Hartrees, and it

TasLe I.  Molecular Orbital Levels in Hartrees of Deformed BH, obtained
by Using a 4-31G Basis Set and Molecular Orbital Electron Densities

No. morag MO level @) b)
15 7!’15* 1.254 0
14 014¥ 1.248 0.377
13 o15* 1.147 0.006
12 a19* 0.916 0.102
11 Pt 0.745 2.269
10 o1* 0.694 0.268
9 T 0.667 0
8 mg* 0.327 0
7 or* 0.311 0.474
6 og* 0.283 0.002
5 a5* 0.068 0.557
4 04 —0.451 0.203
3 73 —0.504 0
2 o3 —0.700 0.029
1 g1 —7.168 0

a) Molecular orbital electron density on H3,
b} Molecular orbital electron density on the B atomic orbital dlrected to H3 in Fig. 1.

Tasre II.  The Interaction Energy in kcal/mol between two Deformed
BH; Molecules and the Energy Decomposition Analyses
calculated by Using a 4-31G Basis Set

Term kcal/mol
AE —54.3
ES —106.0(31%)
EX 193.4
PL —62.3(18%)
CT —170.8(50%)
MIX 91.6

NII-Electronic Library Service



556 Vol. 29 (1981)

is less stable by 20.9 kcal/mol than the undeformed BH, molecule.1%9 The interaction energy
between two deformed BHg molecules is —54.3 kcal/mol, as shown in Table II. The heat
of complex formation is estimated to be —12.5 kcal/mol; the value is obtained from the equa-
tion —b54.3— (—20.9 X 2) within the closed shell SCF MO calculations. The heat, 4H, of the
complex-formation reaction 2BHy(g)—B,Hg(g) was estimated experimentally to be —28.5
kcal/mol by McCoy and Bauer.'*'® The difference between the experimental and calculated
values may be largely due to the correlation energy.? The interaction energy of —54.3 kcal/
mol was decomposed into five terms as shown in Table II. The CT term is the dominant
contributor, and the ES term is next most significant. Accordingly, diborane is a ‘“charge
transfer complex”. For HyN-BHj, the ES term was the main contributor,® and for H,B-
CO the CT term was comparable with the ES term.109)

Calculations of the contributions of ¢ and # MO’s to the total CT term shown in Table
IT were carried out. Table III shows the results. The contribution of the CT term in-
cluding MO interactions between ¢ MO’s of one molecule and ¢* MO’s of the other molecule

is very large. The MO interactions between # MO of one molecule and #* MO’s of the other
molecule contribute very little.

TasrLe III. CT in kcal/mol obtained from ¢ or = Intermolecular MO Interactions

One molecule The other molecule CT
(a) o’s and © o*’s and ©*'s —170.8
o¥'s and n*'s ¢'s and «©
(b) d’s o¥'g —169.3
o¥'s a’s
(¢) T s —2.3
n¥'s s
(d) o’s o¥'s —79.2
(e) T *'s —1.1

o’s means o MO’s.

«'s means = MO’s.

¢*” means an unoccupied MO.

(a) is the total CT term.

(b) is the CT term through ¢ MO’s.

(c) is the CT term through = MO’s.

(d) is the CT term from o MO’s of one molecule to o MO’s of the other molecule.
(e) is the CT term from = MO’s of one molecule to z MO’s of the other molecule.

In connection with the charge transfer energy, MO interactions at the MO levels were
calculated as shown in Table IV. The contribution of HOMO-LUMO interaction, which
was proposed on the basis of calculations of the charge density by Yamabe ef al.,9 is large.
Moreover, there are some MO interactions contributing to the CT term; for example the charge
transfer energy of o,~0,,* is the largest. In the fourth and fifth columns of Table I, the
occupied MO electron densities on H? and the unoccupied MO electron densities on the B®
atomic orbital directed to H3 are shown. The values for o, and o,,* are very large. Accord-
ingly, the MO electron densities explain the large contribution of ¢,—0;*.

The EX’ term in the intermolecular interaction plays a repulsive role. The EX’ term
was analyzed at the MO levels, as shown in Table V. The EX’ term obtained from the MO
interactions between ¢ MO’s of one molecule and ¢ MO’s of the other molecule account for
virtually all of the total EX’ term. The EX’ term between the core MO of one molecule
and valence MO’s of the other molecule, in addition to that between valence MO’s sets of both
molecules, is significant. At the MO levels, moreover, the MO interactions between ¢, and
¢, and between ¢, and o, are large. However, the MO interaction of HOMO (¢,)-HOMO (o)
is very small.
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Tapie IV. CT in kcal/mol obtained from Intermolecular MO Interactions

One molecule

The other molecule

CT
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0'6*
0'7*
ES
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*
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g12
J13
T14

a5* (LUMO)

0'6*
0'7*
010

—14.
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CT between ¢’s and =’s is zero.

CT from oy to o*’s was calculated to be zero.

Tasre V. EX’ in kcal/mol obtained from Intermolecular MO Interactions

One molecule

The other molecule

EX”

(a)
(b)
(¢)
(d)
(e)
(£)
(g)
(h)
(i)
(i)
(k)

g’s and ©

a’s

i
Valence
Core
Valence
Core

a3

(2p)

g4

g4

o’s and =«

a’s

T
Valence
Valence
Core
Core

ag

g4

(4]

g4

396.
385.
11.
279.
47.
47.
0.
94.
98.
98.
3.

OO O W HHWN O

Valence means valence MO’s.
Core means Is MO.

(a)

is the total EX’ term.

(d) is the EX’ term between valence MO’s sets.
The EX’ term between o valence MO’s sets is 268.3 kcal/mol.

In conclusion, our results may be summarized as follows.
(1) Diborane, consisting of two deformed BH; molecules, is a “charge transfer complex”
according to closed shell SCF MO calculations.

(2) In connection with the charge transfer energy, the MO interactions between the MO
lower than HOMO and the MO higher than LUMO are significant, as well as the HOMO-LUMO
interaction. The CT term from = MO of one molecule to z* MO’s of the other molecule is

very small.

(3) In connection with the exchange repulsion, the core-valence MO interactions are
significant, in addition to the valence-valence MO interactions; the core region should be con-
sidered in intermolecular interactions such as those of the BH, dimer. The MO method in-
cluding core MO’s as an approximation is not appropriate for calculations of strong inter-
molecular interaction.
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Quinones and Related Compounds in Higher Plants. XIII.) Absolute Structure
of 2-Carboxy-2-prenyl-4-oxo-1-tetralone, a Key Intermediate in the
Biosynthesis of Naphthoquinone Congeners of Catalpa ovata
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The absolute configuration at C-2 of 2-carboxy-2-prenyl-4-oxo-1-tetralone (2), a key
intermediate in the biosynthesis of prenylnaphthoquinone congeners of the wood and
callus tissues of Catalpa ovata, was verified to be S by X-ray crystallographic analysis of the
p-bromobenzoate (8) derived from 2.

Keywords (2S5)-(—)-2-carboxy-2-prenyl-4-oxo-1-tetralone; biosynthetic inter-
mediate; prenylnaphthoquinones; absolute structure; X-ray analysis

In the course of studies on the naphthoquinone congeners of the wood and tissue cultures
of Catalpa ovata G. Don (Bignoniaceae), we clarified their biosynthetic pathway.2-® In
particular, by radiochemical dilution experiments, we demonstrated that the stereochemical
course in the biosynthesis of (2R)-(—)-catalponone ((2R)-1) from 2-carboxy-4-oxo-1-tetralone
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