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A Challenge to Chemical Intuition: Donor–Acceptor Interactions in H3B�L
and H2B

+�L (L=CO; EC5H5, E=N–Bi)

Stefan Erhardt[a, b] and Gernot Frenking*[b]

Introduction

Chemical bonding between a Lewis acid and a Lewis base is
usually described in terms of donor–acceptor interactions
between the occupied orbitals of the donor and the vacant
orbitals of the acceptor. The generally accepted bonding

model, first suggested by Dewar[1] and later elaborated by
Chatt and Duncanson,[2] focuses on donor!acceptor s don-
ation and acceptor!donor p backdonation.[3] Figure 1
shows as a typical example for the Dewar–Chatt–Duncanson
(DCD) model of the orbital interactions between a main-
group Lewis acid A and CO as a Lewis base. An often ne-
glected component is the donor!acceptor p donation
which may occur from the degenerate occupied CO p orbi-
tal into a vacant p* orbital of the Lewis acid (Figure 1c).[4]

We recently carried out a systematic theoretical study of
the donor–acceptor interactions in complexes with hetero-
benzene ligands EC5H5 (E=N–Bi), which can serve as six-
electron donors through the p electrons or as two-electron
donors via the electron lone-pair of E.[5] The orbital interac-
tions of the latter are schematically shown in Figure 2.
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the donor–acceptor bonds are always
larger than the classical electrostatic
contributions, but the latter term plays
an important role for the trend in bond
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the orbital interactions come from the
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while CO is only a weak p donor. The
much stronger interaction energies in
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+�EC5H5 compared with those in
H3B�EC5H5 are caused by the signifi-
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Clearly, EC5H5 can also in principle serve as a p donor (Fig-
ure 2c), besides the familiar s donation and p backdonation
(Figure 2a and b). One difference between the ligands CO
and EC5H5 is that the p orbitals in the former are degener-
ate, while in the latter they are split into out-of-plane (p? )
and in-plane (pk) orbitals. Donation and backdonation of
the p? and pk orbitals are shown in Figure 2b–e. Note that
the p(p) AO of E stands for the ring orbitals of EC5H5. We
were interested in the p-donor strength and a comparison of
heterobenzene ligands EC5H5 with CO. To this end we cal-
culated the complexes of EC5H5 and CO with the Lewis
acids BH3 and BH2

+ . BH2
+ was chosen because it has no

occupied out-of-plane p? orbital. The calculated energy
contributions of the p? orbital interactions are therefore a
direct estimate of the p-donor strength of EC5H5 and CO.

We investigated the nature of the donor–acceptor interac-
tions with the energy decomposition analysis (EDA) of the

program ADF,[6] which is based on the methods developed
by Ziegler and Rauk[7] and Morokuma and Kitaura.[8] The
EDA has successfully been used by us in systematic studies
of donor–acceptor complexes.[9] The advantage of EDA is
that the donor–acceptor bonding is analyzed not only in
terms of orbital interactions but also in terms of quasiclassi-
cal electrostatic interaction. The two components, that is, or-
bital interactions and electrostatic attraction, are the two
poles of the hard and soft acids and bases (HSAB) model
introduced by Pearson.[10] A third component of the total
donor–acceptor interaction is the Pauli repulsion between
electrons having the same spin. The Pauli repulsion is the
force which is considered as the main factor in the valence-
shell electron pair repulsion (VSEPR) model of Gillespie
et al.[11] The EDA is thus a method which encompasses all
factors that are considered in the DCD, HSAB, and VSEPR
models. Here we report on surprising results which chal-
lenge chemical intuition.

Methods

The geometries of the molecules were optimized at the non-
local DFT level of theory by using the exchange functional
of Becke[12] in conjunction with the correlation functional of
Perdew[13] (BP86). Uncontracted Slater-type orbitals (STOs)
were employed as basis functions for the SCF calculations.[14]

The basis sets have triple-z quality augmented by two sets
of polarization functions, that is, p and d functions on hydro-
gen and d and f functions on the other atoms. This level of
theory is denoted BP86/TZ2P. An auxiliary set of s, p, d, f,
and g STOs was used to fit the molecular densities and to
represent the Coulomb and exchange potentials accurately
in each SCF cycle.[15] Scalar relativistic effects were consid-
ered by using the zero-order regular approximation
(ZORA).[16] All structures were verified as minima on the
potential energy surface by calculating the Hessian matrices.
The partial charges were calculated with the Hirshfeld parti-
tioning scheme.[17] The calculations were carried out with
the program package ADF ACHTUNGTRENNUNG(2.3).[18]

The H3B�L and H2B
+�L (L=CO, EC5H5) donor–accep-

tor interactions were analyzed by means of the energy parti-
tioning scheme of ADF.[6] The focus of the bonding analysis
is the instantaneous interaction energy DEint of the bond,
which is the energy difference between the molecule and
the fragments in the frozen geometry of the compound. The
interaction energy can be divided into three main compo-
nents [Eq. (1)]:

DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ

where DEelstat is the electrostatic interaction energy between
the fragments, which are calculated by using the frozen elec-
tron density distribution of the fragments H3B, H2B

+ , CO,
EC5H5 in the geometry of the molecules H3B�L and H2B

+�
L. DEPauli refers to the repulsive interactions between the

Figure 1. Schematic representation of the most important orbital interac-
tions between CO as donor and a main-group Lewis acid A as acceptor.
a) CO!A s donation. b) A!CO p backdonation. c) CO!A p dona-
tion.

Figure 2. Schematic representation of the most important orbital interac-
tions between heterobenzenes EC5H5 as donor and a main-group Lewis
acid A as acceptor. a) EC5H5!A s donation. b) A!EC5H5 p? back-
ACHTUNGTRENNUNGdonation. c) EC5H5!A p? donation. d) A!EC5H5 pk backdonation.
e) EC5H5!A pk donation. Note that the out-of-plane p(p?) orbital of E
represents the p? orbitals of the ring. Also, the in-plane p(pk) orbital of
E represents the pk orbitals of the ring. The p? orbitals are defined as or-
bitals that are antisymmetric with respect to the mirror plane which lies
in the ring plane. The pk orbitals are defined as orbitals that are antisym-
metric with respect to the mirror plane which bisects the ring plane.
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fragments, which are caused by the fact that two electrons
with the same spin cannot occupy the same region in space.
DEPauli is calculated by enforcing the Kohn–Sham determi-
nant on the superimposed fragments to obey the Pauli prin-
ciple by antisymmetrization and renormalization. The stabi-
lizing orbital interaction term DEorb is calculated in the final
step of the energy partitioning analysis when the Kohn–
Sham orbitals relax to their optimal form. This term can be
further partitioned into contributions by the orbitals belong-
ing to different irreducible representations of the point
group of the interacting system. Note that the DEorb term in-
cludes also effects of polarization which come from the elec-
trostatic interactions yielding deformation of the charge dis-
tribution without genuine orbital interactions taking place.
Previous studies have shown that the contribution of the po-
larization term is rather small.[31d] The interaction energy
DEint can be used to calculate the bond dissociation energy
De by adding DEprep, which is the energy necessary to pro-
mote the fragments from their equilibrium geometry to the
geometry in the compounds [Eq. (2)] Further details of the
energy partitioning analysis can be found in the literature.[6]

�De ¼ DEprep þ DEint ð2Þ

The geometries of H3B�CO and H2B
+�CO were also opti-

mized at the QCISD level[19] with a 6-311G ACHTUNGTRENNUNG(d,p) basis set.[20]

The bond energies were then calculated by the CBS-QB3
method of Petersson et al.[21] The latter calculations were
carried out with the program package Gaussian03.[22]

Results and Discussion

Geometries and bond dissocia-
tion energies : The geometry op-
timization of H3B�CO gave the
expected C3v-symmetric struc-
ture, while the equilibrium
structures of H3B�EC5H5 have
Cs symmetry, as schematically
shown in Figure 3a. Table 1 lists
the most important bond
lengths and angles and the
bond dissociation energies of
the complexes. The calculated
value for the H3B�CO bond
length at the BP86/TZ2P level
(1.508 L) is slightly shorter
than the experimental value
(1.534	0.01 L)[23] while the
QCISD(T)/6-311G ACHTUNGTRENNUNG(d,p) value
(1.577 L) is a bit too long. The
lowest lying conformation of
the BH3 moiety in H3B�EC5H5

has one B�H bond orthogonal

to the ring plane. The B-E-C4 angle is slightly less than 1808
except for H3B�BiC5H5, which has a more acute angle of
136.38. Thus, the mirror plane of the Cs equilibrium struc-
tures of H3B�EC5H5 bisects the ring plane of the EC5H5

moiety. This is important for the orbital interaction analysis
given below.

The theoretically predicted values for the bond dissocia-
tion energy (BDE) of the neutral compounds H3B�L have
the order L=CO>N>P>As>Sb>Bi, where the atomic
symbols stand for the heteroarenes. A comparison with ex-
perimental results and previous theoretical studies indicates
that the BP86/TZ2P value for H3B�CO (Do=34.0 kcal
mol�1) is too large. Experimental heats of formation of the

Figure 3. Schematic representation of the optimized geometries of com-
plexes H3B�EC5H5. a) Equilibrium geometry (Cs). b) Symmetry-con-
strained (Cs) structure which was used for the EDA calculations. In the
latter structure the mirror plane of the ring moiety EC5H5 is also the
mirror plane of the complex H3B�EC5H5. Note that the angle B-E-C4 in
the equilibrium geometry is nearly 1808 for E=N, P, As, Sb (Table 1).

Table 1. Calculated and experimental bond lengths [L], bond angles [8], and bond dissociation energies De

and Do [kcalmol�1] of H3B�CO, H3B�EC5H5, H2B
+�CO, and H2B

+�EC5H5 (E=N, P, As, Sb, Bi) at the BP86/
TZ2P level. Experimental values are given in parentheses. The calculated values for H3B�CO and H2B

+�CO
at the CBS/QB3//QCISD(T)/6-311G ACHTUNGTRENNUNG(d,p) level are given in italics.

CO N P As Sb Bi

H3B�CO, H3B�EC5H5

B�E 1.508; 1.577 1.605 1.933 2.086 2.355 2.586
(1.534	0.01)[a]

E�C2 (C-O) 1.143;[b] 1.130[c] 1.352 1.725 1.847 2.050 2.170
(1.135	0.01)[a]

C2�C3 1.389 1.394 1.391 1.390 1.384
C3�C4 1.396 1.397 1.401 1.403 1.407
C2-E-C6 118.7 104.4 100.8 94.9 90.5
B-E-C4 177.9 178.7 178.8 178.2 136.3
De 37.1; 25.2 35.6; 36.1 25.8 16.6 12.1 6.9
Do 34.0; 22.1[d] 31.2; 31.7 22.4 15.2 12.5 6.6

ACHTUNGTRENNUNG(24.6)[e]

H2B
+�CO, H2B

+�EC5H5

B�E 1.611; 1.661 1.491 1.888 1.993 2.200 2.290
E�C2 (C-O) 1.122;[b] 1.117[c] 1.373 1.725 1.845 2.044 2.142
C2�C3 1.380 1.388 1.385 1.384 1.379
C3�C4 1.400 1.405 1.407 1.409 1.409
C2-E-C6 120.0 108.7 104.8 98.6 95.3
De 51.9; 45.4 122.1; 119.3 94.7 83.6 75.8 65.4
Do 49.0; 42.5[d] 117.2; 114.4 91.2 81.8 74.8 64.8

[a] Experimental value.[23] [b] Calculated value for free CO: 1.136 L. [c] Calculated value for free CO:
1.133 L. [d] ZPE correction at BP86/TZ2P level. [e] Experimental value taken from the heats of formation.[24]
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complex and the dissociation products[24] give a value of
Do=24.6 kcalmol�1 which is in good agreement with previ-
ous ab initio studies[25,26] at the MP2/TZ2P[27] (Do=23.0 kcal
mol�1) and CBS-4[21] levels (Do=21.9 kcalmol�1). The latter
work also gives a BDE for H3B�NC5H5 (Do=32.0 kcal
mol�1) which is in excellent agreement with the BP86/TZ2P
value reported here (Do=31.2 kcalmol�1, Table 1). It thus
seems that BP86/TZ2P overestimates the bond energy of
H3B�L for L=CO but not for L=EC5H5. Our calculated
BDE values at the CBS/QB3 level for H3B�CO and H3B�
NC5H5 are in good agreement with previous results
(Table 1).

Table 1 also lists the interatomic distances, bond angles,
and bond dissociation energies of the planar (C2v) equilibri-
um structures of H2B

+�CO and H2B
+�EC5H5. A compari-

son of the calculated data for the neutral complexes with
those of the cations shows some peculiar results. The bond
energies of the H2B

+�L complexes are as expected higher
than the values for H3B�L, because positively charged BH2

+

is a stronger Lewis acid than BH3. However, the increase is
much larger when L=EC5H5 than for L=CO, for which the
bond energy increases only moderately. For example, the Do

value of the carbonyl complexes increases from 34.0 kcal
mol�1 in H3B�CO to 49.0 kcalmol�1 in H2B

+�CO, while the
values for the pyridine complexes increase from 31.2 kcal
mol�1 in H3B�NC5H5 to 117.2 kcalmol�1 in H2B

+�NC5H5

(Table 1). The theoretically predicted bond energies of the
H2B

+�L complexes have the order N>P>As>Sb>Bi>
CO, that is, CO is now the most weakly bonded ligand. This
result does not change when the calculated bond energies at
the CBS/QB3 level for H2B

+�CO (Do=42.5 kcalmol�1) and
H2B

+�NC5H5 (Do=114.4 kcalmol�1) are considered
(Table 1). The results clearly show that it is not possible to
establish a generally valid order for the strength of the
Lewis basicity of nucleophilic species. The strength of the
donor–acceptor interactions depends on the nature of the
bond, and different Lewis acids may exhibit different orders
of bond strength with a set of Lewis bases because the
nature of the donor–acceptor interactions is not the same.

A second surprising result are the calculated H2B
+�L

bond lengths. The higher BDE of the charged complexes
suggests that the donor–acceptor bonds should become

shorter in the cations than in the neutral compounds H3B�
L. Table 1 shows that this is indeed the case when L=

EC5H5. The B�E distances in H2B
+�EC5H5 are always sig-

nificantly shorter than in H3B�EC5H5. This does not hold
for L=CO, however. The calculated H2B

+�CO bond is
clearly longer (1.611 L) than the H3B�CO bond (1.508 L),
although the former has a stronger bond than the latter. To
rule out that this result is an artifact of the method we car-
ried out ab initio calculations for H2B

+�CO and H3B�CO
at the CBS/QB3 level[21] using QCISD/6-311G ACHTUNGTRENNUNG(d,p) opti-
mized geometries.[19] Table 1 shows that the ab initio calcula-
tions make the same prediction, that is, the H2B

+�CO bond
is longer (1.661 L) but stronger (Do=42.5 kcalmol�1) than
the H3B�CO bond, which is shorter (1.577 L) but weaker
(Do=22.1 kcalmol�1). Shorter but weaker donor–acceptor
bonds have been reported before,[28] and it has been pointed
out that bond lengths and bond strength do not necessarily
correlate with each other, although this is generally as-
sumed.[29] The present example is particularly striking and
deserves to be analyzed in detail (see next section).

Bonding analysis : We investigated the nature of the donor–
acceptor bonds in H3B�L and H2B

+�L by energy decompo-
sition analysis (EDA) in order to understand the peculiar re-
sults presented above. Table 2 lists the EDA results for
H3B�CO and H3B�EC5H5. The EDA calculations on the
former compound were carried out on the C3v equilibrium
geometry. The bonding analysis of H3B�EC5H5 was per-
formed not for the equilibrium geometries but for optimized
structures with symmetry constraints as shown in Figure 3.
The equilibrium structures (Figure 3a) and the distorted
form (Figure 3b) both have Cs symmetry. The difference be-
tween the two forms is that the mirror plane of the former
structure bisects the ring plane of the EC5H5 moiety, while
in the latter the ring plane lies in the mirror plane. This
means that the a’ orbitals of the H3B�EC5H5 equilibrium
structure have contributions coming from the s and p? orbi-
tals of EC5H5 while the a’’ orbitals of the complex have con-
tributions from the pk orbitals of EC5H5. The energy contri-
butions of the s and p? EC5H5 orbitals can therefore not be
calculated separately. In the constrained structure (Fig-
ure 3b) the a’ orbitals of the H3B�EC5H5 equilibrium struc-

Table 2. EDA results [kcalmol�1] of H3B�CO and H3B�EC5H5 (E=N, P, As, Sb, Bi) and partial charges q ACHTUNGTRENNUNG(BH3) at the BP86/TZ2P level. H3B�EC5H5

was analyzed with the Cs structure shown in Figure 3b.

Term CO N P As Sb Bi

DEint �50.3 �51.1 �38.2 �26.1 �17.8 �9.3
DEPauli 151.9 122.0 111.7 83.6 60.9 38.5
DEelstat

[a] �73.9 (36.5%) �86.5 (49.9%) �57.4 (38.3%) �39.6 (36.1%) �27.3 (34.7%) �15.8 (33.2%)
DEorb

[a] �128.3 (63.5%) �86.7 (50.1%) �92.4 (61.7%) �70.0 (63.9%) �51.5 (65.3%) �31.9 (66.8%)
a’ (s+pk)

[b] �109.7 (85.5%) �77.7 (89.6%) �83.9 (90.7%) �64.5 (92.1%) �48.0 (93.3%) �29.9 (93.7%)
a’’ (p? )

[b] �18.6 (14.5%) �9.0 (10.4%) �8.6 (9.3%) �5.5 (7.9%) �3.4 (6.7%) �2.0 (6.3%)
DEprep 13.2 15.6 12.5 9.4 5.7 2.4
De 37.1 35.6 25.8 16.6 12.1 6.9
Do 33.9 31.7 23.4 14.5 10.2 5.4
q ACHTUNGTRENNUNG(BH3) 0.08 �0.14 �0.08 �0.11 �0.12 �0.11

[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The symmetry notation in parentheses refers to the
orbitals of the donor moiety. The value in parentheses gives the percentage contribution to the total orbital interactions.
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ture have contributions from the s and pk orbitals of
EC5H5, while the a’’ orbitals of the complex have contribu-
tions from the p? orbitals of EC5H5. Since the latter contri-
bution is the focus of the orbital analysis (Figure 2), we used
the structure shown in Figure 3b for the EDA calculations.
The constrained structures of H3B�EC5H5 are only slightly
higher in energy than the equilibrium structure. The calcu-
lated differences are less than 0.1 kcalmol�1 for E=N–Sb
and 0.41 kcalmol�1 for H3B�BiC5H5. We think that the
energy differences are negligible for the EDA, which now
yields the contribution of the p? orbitals of the ligand to
the DEorb term. To facilitate comparison, the EDA data of
H3B�CO in Table 2 are also given in Cs symmetry. Note that
the contributions of the p? and pk orbitals in H3B�CO are
the same, and therefore it is possible to calculate the s and
p interactions for this complex from the EDA data of the Cs
structure.

The EDA shows that the largest contribution to the over-
all interaction energy DEint in all complexes H3B�L comes
from the repulsive term DEPauli. The largest attractive contri-
bution to the H3B�CO bond comes from the orbital term
DEorb, which provides 63.5% of the binding interactions,
while the electrostatic attraction contributes 36.5%. The
two terms DEorb and DEelstat are nearly equally strong in
H3B�NC5H5. The relative contribution of the DEorb term in-
creases for the H3B�EC5H5 bond when E becomes heavier
(Table 2). We note that a change in the classical electrostatic
interactions has a significant influence on the trend of the
H3B�L bond strength. The DEelstat value in H3B�NC5H5 is
larger (�86.5 kcalmol�1) than that in H3B�CO (�73.9 kcal
mol�1), although the former complex has a longer donor–ac-
ceptor bond than the latter. This can be explained with the
more diffuse (greater p character) lone pair orbital of
NC5H5 compared to that of CO. The larger DEelstat value and
the smaller Pauli repulsion of H3B�NC5H5 compensate for
the clearly weaker orbital interactions (�86.7 kcalmol�1)
compared with H3B�CO (�128.3 kcalmol�1). Note that the
DEelstat values of H3B�EC5H5 follow the same diminishing
trend N>P>As>Sb>Bi as the total values for DEint, while
DEorb first increases from N to P before it becomes smaller
(Table 2).

Very interesting information comes from the breakdown
of the DEorb term into contributions from orbitals having a’
and a’’ symmetry. The former orbitals are the s and pk orbi-
tals (Figure 2a), while the latter are the p? orbitals (Fig-
ure 2b) of the complex and the ligand. The EDA data in
Table 2 show that the DEorb ACHTUNGTRENNUNG(a’’) term of the complexes
H3B�EC5H5 is not very large. It contributes only between
6.3 and 10.4% to the total orbital interactions. The contribu-
tion of the DEorbACHTUNGTRENNUNG(a’’) term in H3B�CO is larger. In the latter
compound, the p? and pk orbitals are degenerate. Each
component contributes 14.5% to the total orbital interac-
tions, which means that the p orbitals in H3B�CO yield
29.0% of the DEorb term. It remains open, however, how
much of the DEorbACHTUNGTRENNUNG(a’’) interaction energy comes from
H3B

!L p? donation and how much comes from H3B!L
p? backdonation. To address the question of p-donor
strength of CO and EC5H5, and also to understand the dif-
ferences in the nature of the chemical bond, we carried out
EDA calculations on the complexes H2B

+�CO and H2B
+�

EC5H5. The results are listed in Table 3.
The EDA calculations show that the H2B

+�L bonds have
more pronounced covalent character than the H3B�L bonds.
The relative contribution of the DEorb term to the attractive
interactions in the former compounds is between 57.4 and
90.4% (Table 3), while it is only between 50.5 and 66.8% in
the latter species. This can be explained by the much lower
lying acceptor orbitals of the Lewis acid BH2

+ compared
with the vacant orbitals of BH3.

[30] The EDA of the H2B
+�L

bonds could be carried out with C2v symmetry, which makes
it possible to separate the contributions of the in-plane pk
orbitals (b2) from the out-of-plane p? orbitals (b1) and from
the s orbitals (a1). The contributions of the a2 orbitals,
which have d symmetry, arise from the admixture of the po-
larization functions. The calculated energy values of the
latter are very small and can be neglected.

The calculated data for the p-orbital contribution to the
DEorb term for H2B

+�L indicate that the relative contribu-
tion of the in-plane pk orbitals (b2) is only between 1.9 and
6.4% for L=EC5H5, while it becomes 9.4% for L=CO
(Table 3). The interaction of the pk orbitals arises from don-
ation and backdonation between the Lewis acid and Lewis

Table 3. EDA results [kcalmol�1] for H2B
+�CO and H2B

+�EC5H5 (E=N, P, As, Sb, Bi) in C2v symmetry and partial charges qACHTUNGTRENNUNG(BH2) at the BP86/TZ2P
level.

Term CO N P As Sb Bi

DEint �70.4 �146.2 �120.9 �107.3 �96.9 �82.7
DEPauli 110.4 151.5 117.7 98.0 81.8 67.7
DEelstat

[a] �57.0 (31.5%) �126.8 (42.6%) �67.7 (28.4%) �46.6 (22.7%) �30.0 (16.8%) �14.4 (9.6%)
DEorb

[a] �123.7 (68.5%) �170.8 (57.4%) �170.9 (71.6%) �158.6 (77.3%) �148.1 (83.2%) �136.0 (90.4%)
a1 (s)

[b] �103.6 (83.8%) �120.4 (70.5%) �129.8 (76.0%) �120.0 (75.7%) �113.5 (76.4%) �100.9 (74.2%)
a2 (d)

[b] 0.0 (0.0%) �3.4 (2.0%) �1.6 (1.0%) �1.2 (0.8%) �1.0 (0.6%) �0.8 (0.6%)
b1 (p? )

[b] �8.5 (6.8%) �36.1 (21.1%) �32.1 (18.8%) �32.0 (20.2%) �30.4 (20.5%) �31.7 (23.3%)
b2 (pk)

[b] �11.6 (9.4%) �10.9 (6.4%) �7.3 (4.3%) �5.3 (3.3%) �3.7 (2.5%) �2.6 (1.9%)
DEprep 18.5 24.1 26.2 23.6 21.1 17.4
De 51.9 122.1 94.7 83.6 75.8 65.4
Do 48.9 117.4 92.0 81.0 73.6 63.4
q ACHTUNGTRENNUNG(BH2) 0.83 0.66 0.61 0.58 0.54 0.51

[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value in parentheses gives the percentage con-
tribution to the total orbital interactions.
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base. The orbital interaction of the out-of-plane p? orbitals
(b1) in H2B

+�L comes only from H2B
+ !L donation, be-

cause BH2
+ does not have an occupied p? orbital. The data

for the DEorb(b1) contribution in H2B
+�L are thus a direct

measure of the p? donor strength of L. Table 4 shows that
the p-donor strength of CO is rather small, only
8.5 kcalmol�1, which contributes 6.8% to the DEorb term.
The p? donor strength of the heterobenzene ligands EC5H5

is significantly higher. The DEorb(b1) contribution to the
DEorb term is remarkably constant between 30.4 (E=Sb)
and 36.1 kcalmol�1 (E=N). The relative contributions of pk
donation are between 18.8 (E=P) and 23.3% (E=Bi). The
EDA results clearly demonstrate that the heterobenzene li-
gands EC5H5 are mainly s-donor ligands, but the p? donor
strength is not negligible. The p? donation of EC5H5 in a
donor–acceptor complex may contribute about 20% to the
total orbital interactions if the Lewis acid has a low-lying
empty p? orbital.

The next part of the bonding analysis focuses on why the
H2B

+�CO bond is stronger but longer than the H3B�CO
bond, and why the heterobenzene ligands EC5H5 become
much more strongly bonded than CO in H2B

+�L whereas
EC5H5 is more weakly bonded than CO in the neutral com-
plexes H3B�L. For the second question we compare the
EDA results of H3B�EC5H5 (Table 2) with the data for
H2B

+�EC5H5 (Table 3). It becomes clear that the cations
have a larger relative contribution of the DEorb term to the
attractive B�E interactions, which becomes between 57.4%
for E=N and 90.4% for E=Bi. A striking difference be-
tween the DEorb values of the two sets of compounds is the
significantly larger contribution of the p? orbitals in H2B

+�

EC5H5, which accounts for an
increase of of the interaction
energy by about 30 kcalmol�1.
An even larger increase on
going from H3B�EC5H5 to
H2B

+�EC5H5 is calculated for
the s+pk orbitals, which con-
tribute 55–70 kcalmol�1 more
to the orbital interaction of the
latter complexes (Tables 2 and
3). The increase in the in-plane
orbital interactions (s+pk) is
partly compensated by the in-
creased Pauli repulsion, which
also becomes larger (6–
30 kcalmol�1), Interestingly, the
DEPauli value of H2B

+�PC5H5 is
only 6.0 kcalmol�1 larger than
that of H3B�PC5H5.

The strength of the electro-
static interactions changes only
slightly (<10 kcalmol�1) be-
tween H3B�EC5H5 and H2B

+�
EC5H5 except for E=N, for
which the DEelstat term increases
by 40.3 kcalmol�1. This explains

why H2B
+�NC5H5 clearly has the strongest donor–acceptor

bond of all compounds investigated here. The absolute and
relative contributions of DEelstat to the donor–acceptor bond-
ing in the heavier H2B

+�EC5H5 species become significantly
smaller than for E=N (Table 3).

In summary, the much larger interaction energies in H2B
+

�EC5H5 compared with H3B�EC5H5 are caused by several
factors. One factor is the significantly larger contribution of
the p? orbitals in H2B

+�EC5H5, which accounts for an in-
crease of about 30 kcalmol�1 in the interaction energy. A
second important factor is the increased binding interactions
of the s+pk orbitals, which strengthen the donor–acceptor
bonds of the cations by 55–70 kcalmol�1. The increased
Pauli repulsion between electrons having the same spin in
the s+pk orbitals reduces the net binding effect in H2B

+�
EC5H5 by up to 30 kcalmol�1. The contribution of the elec-
trostatic interactions to the enhanced binding is less than
10 kcalmol�1 except for E=N, for which the DEelstat term in-
creases by 40.3 kcalmol�1.

To explain the longer but stronger H2B
+�CO bond com-

pared with H3B�CO, we performed EDA calculations on
molecules with different B�C bond lengths. The numerical
results are given in Tables 4 and 5.

The geometries of H2B
+�CO and H3B�CO were opti-

mized with frozen B�C distances of 1.45, 1.508 (equilibrium
distance of H3B�CO), 1.55, and 1.611 L (equilibrium dis-
tance of H2B

+�CO). Tables 4 and 5 show that the energy
differences between the equilibrium structures and the spe-
cies which are calculated with the optimized B�C bond
length of the other species are rather small. It takes only
2.1 kcalmol�1 to contract the H2B

+�CO bond to the value

Table 4. EDA results [kcalmol�1] for H2B
+�CO with different C�B distances at the BP86/TZ2P level.

C�B [L]
Term 1.45 1.508 1.55 1.611

DEint �69.4 �71.3 �71.5 �70.4
DDEint

[c] �0.9 0.0
DEPauli 165.9 143.3 128.9 110.3
DDEPauli

[c] 32.9 0.0
DEelstat

[a] �72.3 (30.7%) �66.8 (31.1%) �62.8 (31.3%) �57.0 (31.5%)
DDEelstat

[c] �9.8 0.0
DEorb

[a] �163.0 (69.3%) �147.8 (68.9%) �137.6 (68.7%) �123.7 (68.5%)
DDEorb

[c] �24.1 0.0
a1 (s)

[b] �129.7 (79.6%) �120.2 (81.3%) �113.4 (82.4%) �103.6 (83.8%)
Da1 (s)

[c] �16.6 0.0
a2 (d)

[b] 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
b1 (p? )

[b] �13.5 (8.3%) �11.4 (7.7%) �10.0 (7.3%) �8.5 (6.8%)
b2 (pk)

[b] �19.7 (12.1%) �16.3 (11.0%) �14.2 (10.3%) �11.6 (9.4%)
Db (p)[d] �7.6 0.0
DEprep 23.3 21.5 20.3 18.5
DDEprep

[c] 3.0 0.0
De 46.1 49.8 51.2 51.9
DDe

[c] �2.1 0.0
Do 48.9
DErel 5.8 2.1 0.7 0.0

[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value
in parentheses gives the percentage contribution to the total orbital interactions. [c] Difference between the
values at the equilibrium bond lengths of H2B

+�CO and H3B�CO. [d] Difference between the p-orbital inter-
actions (b1+b2) at the equilibrium bond lengths of H2B

+�CO and H3B�CO.
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in H3B�CO, and only 2.2 kcalmol�1 is necessary to stretch
the H3B�CO bond to the value in H2B

+�CO.
The EDA data (Tables 2–4) show that the interaction

energy of H2B
+�CO (DEint=�70.4 kcalmol�1) is higher

than that of H3B�CO (DEint=�50.3 kcalmol�1), but the
three major components DEelstat, DEPauli, and DEorb are
weaker in the cation than in the neutral system, which is
reasonable because of the longer donor–acceptor bond in
H2B

+�CO. The most striking result is that the value of DEint

in H2B
+�CO becomes larger when the B�C bond is short-

ened (Table 4). This means that the equilibrium bond length
in H2B

+�CO is not the distance at which the net attractive
donor–acceptor interactions are strongest. Table 4 shows
that the DEint values at 1.55 L (�71.5 kcalmol�1) and even
at 1.508 L (�71.3 kcalmol�1) are larger than the equilibrium
value at 1.611 L (�70.4 kcalmol�1). The reason why the
total energy of H2B

+�CO is lower at the longer distance
lies in the lower preparation energy DEprep of the fragments
(Table 4). The stronger interaction energy of H2B

+�CO at
shorter distances is compensated by the deformation energy
of the fragments H2B

+ and CO. Inspection of the energy
values reveals that the major contribution to DEprep comes
from the bending deformation of H2B

+ .
So what is the difference between H2B

+�CO and H3B�
CO which explains the peculiar bond length/bond strength
correlation? We compare the changes in the energy terms of
the EDA calculated at the equilibrium values of H2B

+�CO
(1.611 L) and H3B�CO (1.508 L). At the shorter bond
length, the DEprep value for H2B

+�CO increases by
3.0 kcalmol�1, while that of H3B�CO increases by only
2.6 kcalmol�1 (Tables 4 and 5). Thus, the DEprep values favor
the neutral species at the short bond length of 1.508 L by
only 0.4 kcalmol�1. A much larger difference is found when
the interaction energies are compared. The DEint value for
H2B

+�CO at the shorter bond length is only 0.9 kcalmol�1

higher than at its equilibrium
value, while the DEint value for
H3B�CO becomes
4.8 kcalmol�1 larger when the
bond length becomes shorter.
The difference between the two
species is 3.9 kcalmol�1. The
main difference between the
two energy terms of H2B

+�CO
and H3B�CO which give the
dissociation energy thus come
from the DEint values but not
from the DEprep values. The
breakdown of the DEint values
of the two compounds shows
(Tables 4 and 5) that the in-
crease in Pauli repulsion in
H3B�CO at shorter distance is
larger (34.8 kcalmol�1) than in
H2B

+�CO (33.0 kcalmol�1).
The difference is 1.8 kcalmol�1.
The stronger increase of the

DEint value in the neutral compound at shorter distance by
3.9 kcalmol�1 must therefore come from an increase in the
attractive interactions. The EDA data in Tables 4 and 5
show that 3.4 kcalmol�1 comes from the increase in DEelstat,
while 2.3 kcalmol�1 originates from stronger orbital interac-
tions. The total increase in attractive interactions by
5.7 kcalmol�1 becomes smaller by 1.8 kcalmol�1 larger Pauli
repulsion yielding a 3.9 kcalmol�1 larger DDEint value for
H3B�CO. Note that the larger increase of the orbital inter-
actions DDEorb in the neutral compound comes exclusively
from the p interactions, which become stronger by
9.9 kcalmol�1, whereas in the cation the D(p) value increas-
es only by 7.6 kcalmol�1.

Closer examination of the trend of the energy terms of
H2B

+�CO and H3B�CO reveals interesting details about
the differences in the bonding interactions. At the shorter
equilibrium distance of H3B�CO (1.508 L) the interaction
energy in H2B

+�CO (DEint=�71.3 kcalmol�1) is still much
higher than in H3B�CO (DEint=�50.3 kcalmol�1), because
in the former the Pauli repulsion is weaker (DEPauli=

143.3 kcalmol�1) and the orbital interaction is much stronger
(DEorb=�147.8 kcalmol�1) than in the latter (DEPauli=

151.9 kcalmol�1; DEorb=�128.3 kcalmol�1). The larger Pauli
repulsion comes from the additional B�H electron pair in
H3B�CO, while the larger DEorb value comes mainly from
the s-orbital interactions (Table 4), which are caused by the
low-lying empty s orbital in BH2

+ . However, the electrostat-
ic attraction in H2B

+�CO at d ACHTUNGTRENNUNG(B�C)=1.508 L (DEelstat=

�66.8 kcalmol�1) is weaker than in H3B�CO (DEelstat=

�73.9 kcalmol�1). Like the larger Pauli repulsion, this
comes from the additional B�H electron pair. In summary,
the longer but stronger bond in H2B

+�CO compared with
H3B�CO is mainly due to the change in the electrostatic at-
traction and p bonding at shorter distances and to a lesser
extent to the deformation energy of the fragments.

Table 5. EDA results [kcalmol�1] for H3B�CO with different C�B distances at the BP86/TZ2P level.

C�B [L]
Term 1.45 1.508 1.55 1.611

DEint �50.2 �50.3 �49.2 �45.5
DDEint

[c] �4.8 0.0
DEPauli 177.5 151.9 135.9 117.1
DDEPauli

[c] 34.8 0.0
DEelstat

[a] �82.4 (36.2%) �73.9 (36.5%) �68.1 (36.8%) �60.7 (37.3%)
DDEelstat

[c] �13.2 0.0
DEorb

[a] �145.2 (63.8%) �128.3 (63.5%) �117.0 (63.2%) �101.9 (62.7%)
DDEorb

[c] �26.4 0.0
a1 (s)

[b] �101.1 (69.6%) �91.1 (71.0%) �84.1 (71.9%) �74.6 (73.2%)
Da1 (s)

[c] �16.5 0.0
e (p)[b] �44.1 (30.4%) �37.2 (29.0%) �32.9 (28.1%) �27.3 (26.8%)
De (p)[c] �9.9 0.0
DEprep 14.0 13.2 12.6 10.6
DDEprep

[c] 2.6 0.0
De 36.2 37.1 36.6 34.9
DDe

[c] 2.2 0.0
Do 33.9
DErel 0.9 0.0 0.5 2.2

[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value
in parentheses gives the percentage contribution to the total orbital interactions. [c] Difference between the
values at the equilibrium bond lengths of H2B

+�CO and H3B�CO.
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What difference between the Lewis bases CO and EC5H5

causes the different behavior in the interactions with the
Lewis acids BH3 and BH2

+? Heteroarenes like CO bind
more strongly to the cation BH2

+ than to neutral BH3, but
the donor–acceptor bond becomes shorter in the former
complexes and the increase in the bond strength is much
larger (Table 1). Since this behavior is found for all hetero-
arenes EC5H5 (E=N–Bi) and because the preparation
energy plays only a minor role (see Table 1) we analyzed
only the interaction energies of the nitrogen systems H2B

+�
NC5H5 and H3B�NC5H5 at different B�N bond lengths. The
results are listed in Tables 6 and 7.

A comparison of the DEint values of the two systems at
their equilibrium distances of 1.605 (H3B�NC5H5) and
1.491 L (H2B

+�NC5H5) shows that bond shortening yields a
greater increase in binding energy in H2B

+�NC5H5

(�6.1 kcalmol�1) than in H3B�NC5H5 (�2.0 kcalmol�1).
This is opposite to the CO com-
plexes, where the neutral com-
plex H3B�CO exhibited a
larger increase of DEint at short-
er distance than the charged
species H2B

+�CO. Part of the
larger increase in DEint value in
H2B

+�NC5H5 comes from the
Pauli term, which increase by
2.0 kcalmol�1 less than in H3B�
NC5H5 (Tables 6 and 7). The re-
mainder comes from the orbital
interactions, which increase
more in H2B

+�NC5H5 than in
H3B�NC5H5 by 3.1 kcalmol�1,
while the latter system actually
enjoys a larger increase of the
electrostatic attraction at short-
er distance than the former
complex. The large increase of
the DEorb term particularly ben-
efits from the significantly
stronger p? interactions in
H2B

+�NC5H5, which show an
absolute increase by
�8.4 kcalmol�1 and a relative
increase from 19.0 to 21.1%.
This clearly indicates that H2B

+

!NC5H5 p? donation plays an
important role in binding.

The above discussion shows
that the ligands CO and EC5H5

exhibit a different behavior
concerning p-orbital interac-
tions. CO is a clearly stronger p
acceptor but weaker p donor
than EC5H5. The latter can
easily be explained with the
energy levels of the highest oc-
cupied p orbitals. The occupied

p orbital of CO is energetically much lower lying
(�11.84 eV) than the highest occupied p orbitals of EC5H5,
which have a coefficient at atom E (b1 symmetry). The
energy levels of the latter are between �5.28 (E=Bi) and
�7.33 eV (E=N).[5a] The greater p-acceptor strength of CO
can not easily be explained with the orbital energy. The
b1(p) LUMO of CO (�2.08 eV) is lower lying than the
b1(p) LUMO of NC5H5 (�1.91 eV) but it is higher in energy
than the b1(p) LUMO of the other EC5H5 molecules, which
lie between �2.40 (E=P) and �2.78 eV (E=Sb). The much
longer H2B

+�EC5H5 and H3B�EC5H5 distances for the
heavier elements E yield smaller overlaps of the p orbitals
which weaken the p-acceptor strength.

An interesting detail in the calculated data for H3B�CO
and H2B

+�CO deserves special attention. The calculated
C�O distance in H2B

+�CO is shorter than in H3B�CO. The
theoretically predicted shortening at the BP86/TZ2P level is

Table 6. EDA results [kcalmol�1] for H2B
+�NC5H5 with different B�N distances at the BP86/TZ2P level.

B�N [L]
Term 1.450 1.491 1.550 1.605

DEint �146.8 �146.2 �143.6 �140.1
DDEint

[c] �6.1 0.0
DEPauli 168.2 151.5 129.7 112.4
DDEPauli

[c] 39.1 0.0
DEelstat

[a] �134.5 (42.7%) �126.8 (42.6%) �116.0 (42.4%) �106.6 (42.2%)
DDEelstat

[c] �20.2 0.0
DEorb

[a] �180.5 (57.3%) �170.8 (57.4%) �157.4 (57.6%) �145.9 (57.8%)
DDEorb

[c] �24.9 0.0
a1 (s)

[b] �125.1 (69.3%) �120.4 (70.5%) �113.2 (71.9%) �106.7 (73.2%)
Da1 (s)

[c] �13.7 0.0
a2 (d)

[b] �3.5 (1.9%) �3.4 (2.0%) �3.2 (2.0%) �3.1 (2.1%)
Da2 (d)

[c] �0.3 0.0
b1 (p? )

[b] �39.8 (22.1%) �36.1 (21.1%) �31.4 (20.0%) �27.7 (19.0%)
Db1 (p? )

[c] �8.4 0.0
b2 (pk)

[b] �12.1 (6.7%) �10.9 (6.4%) �9.5 (6.1%) �8.4 (5.8%)
Db2 (pk)

[c] �2.5 0.0

[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The value
in parentheses gives the percentage contribution to the total orbital interactions. [c] Difference between the
values at the equilibrium bond lengths of H2B

+�NC5H5 and H3B�NC5H5.

Table 7. EDA results [kcalmol�1] for H3B�NC5H5 with different B�N distances at the BP86/TZ2P level.

B�N [L]
Term 1.450 1.491 1.550 1.605

DEint �52.4 �53.1 �52.6 �51.1
DDEint

[c] �2.0 0.0
DEPauli 180.9 163.1 140.5 122.0
DDEPauli

[c] 41.1 0.0
DEelstat

[a] �116.0 (49.7%) �107.7 (49.8%) �96.4 (49.9%) �86.5 (49.9%)
DDEelstat

[c] �21.2 0.0
DEorb

[a] �117.3 (50.3%) �108.5 (50.2%) �96.7 (50.1%) �86.7 (50.1%)
DDEorb

[c] �21.8 0.0
a’ (s+pk)

[b] �101.1 (86.2%) �94.6 (87.2%) �85.7 (88.6%) �77.7 (89.6%)
Da’ (s+pk)

[c] �16.9 0.0
a’’(p?)

[b] �16.2 (13.8%) �13.8 (12.8%) �11.1 (11.5%) �9.0 (10.4%)
Da’’ (p? )

[c] �4.8 0.0

[a] The value in parentheses gives the percentage contribution to the total attractive interactions. [b] The sym-
metry notation in parentheses refers to the orbitals of the donor moiety. The value in parentheses gives the
percentage contribution to the total orbital interactions. [c] The symmetry notation in parentheses refers to
the orbitals of the donor moiety. The values give the difference between the results at the equilibrium bond
lengths of H2B

+�NC5H5 and H3B�NC5H5.
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0.021 L, while the difference at the QCISD(T)/6-311G ACHTUNGTRENNUNG(d,p)
level is 0.019 L (Table 1). Both methods predict that the C�
O bond lengths in H2B

+�CO are also shorter than in free
CO by 0.014 L (BP86/TZ2P) and 0.016 L (QCISD(T)/6-
311G ACHTUNGTRENNUNG(d,p)). Carbonyl complexes which have shorter C�O
distances than CO have been termed nonclassical carbon-
yls.[31] The shortening indicates that H2B

+!CO p backdona-
tion should be very small, since the donation into the p* or-
bital of CO yields a longer bond. Theoretical studies have
shown that the strength of M!CO p backdonation, where
M is a transition metal, correlates well with the lengthening
of the C�O bond.[32] The strength of H2B

+!CO p backdo-
nation can be quantitatively estimated from the EDA results
in Table 3. The b1 contribution of the DEorb term (�8.5 kcal
mol�1) gives the p? interactions, which only come from
H2B

+!CO donation. The b2 contribution gives the pk inter-
actions (�11.6 kcalmol�1). Since the in-plane and out-of-
plane p orbitals of CO are degenerate, the difference be-
tween the b1 and b2 values directly gives the strength of
H2B

+!CO p backdonation, which is only �3.1 kcalmol�1.
The strength of the p interactions in H3B�CO is �37.2 kcal
mol�1 (Table 2, twice the value of the p? interactions). To
estimate the contribution of the H3B!CO p backdonation
to this value, we carried out EDA calculations on H3B�CO
in which the vacant p* orbitals of CO were deleted. The cal-
culated value for the remaining p interactions is only
�5.6 kcalmol�1. The difference between this value and the
total p interactions (�37.2 kcalmol�1) is �31.6 kcalmol�1,
which gives the strength of H3B!CO p backdonation. The
last-named value is significantly larger than the calculated
H2B

+!CO p backdonation of �3.1 kcalmol�1.
The significant contribution of the H3B!CO p backdona-

tion to the orbital interactions is in agreement with the cal-
culated partial charges (Table 2), which suggest that the
Lewis acid BH3 carries a small positive charge in H3B�CO,
while it has a small negative charge in H3B�EC5H5. The
same trend is also found in H2B

+�L, in which the charge
donation from L=CO to the BH2

+ fragment is only 0.17e,
while for L=EC5H5 it is in the range 0.34–0.49e (Table 3).

What causes the C�O bond in H2B
+!CO to become

shorter than in free CO? The orbital interactions in H2B
+�

CO are dominated by the s orbitals (Table 3). A popular
textbook explanation suggests that the s HOMO of CO is
antibonding, but the shape of the HOMO does not show a
node between the atoms.[4,33] Detailed investigations of the
factors which influence the C�O bonds revealed that a posi-
tive charge which approaches CO from the carbon end
yields a shorter bond because the CO orbitals become less
polarized towards oxygen.[34] This leads to a larger overlap
of the atomic orbitals, and the MOs become more like those
in N2. This explanation is in agreement with the finding that
the C�O bond becomes longer when a positive charge ap-
proaches CO from the oxygen end. An antibonding HOMO
should lead to bond lengthening in both cases.

The above discussion about the bonding situation in the
complexes demonstrates the detailed insight which can be
gained from the results of EDA. The EDA calculations

make it possible to discuss the differences among the bind-
ing interactions in H3B�CO, H3B�EC5H5, H2B

+�CO, and
H2B

+�EC5H5 in terms of well-defined energy contributions
which provide a quantitative estimate of the strength not
only of s and p orbital bonding, but also of electrostatic
bonding and Pauli repulsion. The last-named contributions
are often neglected in discussions of chemical bonding that
focus only on orbital interactions.

Conclusion

The calculated BDEs of the donor–acceptor complexes
H3B�L (L=CO, EC5H5) at the BP86/TZ2P level have
values between De=37.1 kcalmol�1 for H3B�CO and De=

6.9 kcalmol�1 for H3B�BiC5H5. The BDE trend is CO>N>

P>As>Sb>Bi. The BDEs of the cations H2B
+�CO and

H2B
+�EC5H5 are larger, particularly for the complexes of

the heterobenzene ligands. The calculated values are be-
tween De=51.9 kcalmol�1 for H2B

+�CO and De=

122.1 kcalmol�1 for H2B
+�NC5H5. The BDE trend of H2B

+

�CO and H2B
+�EC5H5 is N>P>As>Sb>Bi>CO. The

energy decomposition analysis of the donor–acceptor bonds
shows that the contributions of the orbital interactions to
the donor–acceptor binding are always larger than the elec-
trostatic contributions, particularly for the bonds in the cati-
ons. The largest contributions to the orbital interactions
come from the s orbitals. The heterobenzene ligands may
become moderately strong p donors in complexes with
strong Lewis acids, while CO is only a weak p donor.

The much larger interaction energies in H2B
+�EC5H5

compared with H3B�EC5H5 are caused by the significantly
larger contribution of the p? orbitals in H2B

+�EC5H5 and
by the increase of the binding interactions of the s+pk or-
bitals. The contribution of the electrostatic interactions to
the enhanced binding is small except for E=N, for which
the DEelstat term increases by 40.3 kcalmol�1. The reason for
the longer but stronger bond in H2B

+�CO compared with
that in H3B�CO comes mainly from the change in the elec-
trostatic attraction and the p bonding at shorter distances,
which increases more in the neutral system than in the
cation, and to a lesser extent from the deformation energy
of the fragments. H2B

+ !NC5H5 p? donation plays an im-
portant role for the stronger interactions at shorter distances
compared with H3B�NC5H5.
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