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Lewis Acidity/Basicity of n-Electron Systems: Theoretical Study of a
Molecular Interaction between a & System and a Lewis Acid/Base
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Abstract: Molecular interactions be-
tween m systems having different -
electron character (benzene, hexafluoro-
benzene, and borazine), and a Lewis
acid/base (borane and ammonia) were
theoretically studied. An attractive in-
teraction between benzene, the elec-
tron-rich i system, and borane was ob-

monia was observed when the lone
pair of nitrogen points toward the ben-
zene ring. In contrast, an attractive in-
teraction between hexafluorobenzene,
an electron-deficient m system, and am-
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monia was observed. Unexpectedly, a
weak attractive interaction between
hexafluorobenzene and borane was
also observed. Borazine shows an inter-
action both to borane and ammonia.
The attraction between the nitrogen
atom of borazine and borane was
larger than that between the boron

served. On the other hand, repulsive
interactions between benzene and am-

actions

Introduction

The classic definition of a Lewis acid-base interaction is the
interaction between electron donor and electron acceptor.!!
The interaction between a & system and electron acceptor
and the interaction between an electron-deficient 7 system
and electron donor can be considered as Lewis acid-base in-
teractions, since the Lewis acid-base interaction is general-
ized as the interaction between an occupied molecular orbi-
tal and an unoccupied molecular orbital.””
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atom of borazine and ammonia.

The attractive interaction, between an electron-rich
system and a positively charged proton of alkane, is known
as CH/n interaction.”) The interaction between a m system
and proton donor (electron acceptor), such as the interac-
tion between benzene and water, has been considered as a
new type of hydrogen bond."! Moreover, strong interaction
between cation and benzene was reported.F! These interac-
tions suggest that benzene acts as electron donor. On the
other hand, recently Gallivan and Dougherty, and Danten
et al. independently reported theoretical studies on the
water/hexafluorobenzene interaction.® They suggested the
existence of attractive interaction between the lone pair of
the oxygen atom and hexafluorobenzene. Besnard et al. re-
ported remarkable difference between the dynamics of soli-
tary water in benzene and that in hexafluorobenzene based
on IR and Raman measurements. They concluded that a
proton of the water can form a weak hydrogen bond with
benzene but not with hexafluorobenzene."™ The hydrogen
bond between a proton of water and the w system of hexa-
fluorobenzene was not observed experimentally, which
agrees well with the theoretically predicted structure. Alkor-
ta et al. reported that the fluorine atom in hydrogen fluoride
attracts hexafluorobenzene very weakly. They also report-
ed the interaction between some electron donors,* includ-
ing anions,®! and electrondeficient & sytems. The interaction
between an anion and a 7 system was reported by Quifio-
nero et al.®** and Mascal et al.!l independently. Recently,
we found attractive interaction between an electron-defi-
cient & system and an electron-rich fluorine atom in fluo-
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roalkane."™ These studies suggest that hexafluorobenzenes
act as electron acceptor.

We report herein ab initio calculations of the molecular
interactions of electron-rich and electron-deficient 7 systems
with Lewis acid and base. Borane and ammonia were used
as models of Lewis acid and base, respectively. It has been
reported that ammonia acts as proton donor in the ben-
zene-ammonia complex.*”l The measurement of R2PI
spectroscopy shows that the N—H bond of ammonia points
towards the benzene ring.”*”b] However, we focused on the
interaction of ammonia with it systems as an electron donor
in this study. Benzene (my) and hexafluorobenzene ()
were used as the models of electron-rich and electron-defi-
cient 7 systems, respectively. Borazine (mgy) was used as the
model of localized mt-electron system (Figure 1), additionally.
Fowler et al. reported that borazine’s ring current is strongly
localized on the nitrogen atoms, in contrast to the flat ring
current of benzene and hexafluorobenzene,*® which sug-
gests that borazine has unique molecular interaction. Re-
cently, we have reported remarkable molecular interaction
of the borazine dimer.®

FULL PAPER

molecular interaction energies were evaluated by the supermolecular
method. The basis set superposition error (BSSE) was corrected by using
the counterpoise method."”! The interaction energy was calculated with
changing horizontal (X, Figure 2) and vertical (R, Figure 2) displace-
ments. The electrostatic energy (FEgs) was calculated as interaction be-

n system: CqHg, C¢Fg and B3sN3Hg

Figure 2. Arrangement of 7 system and borane/ammonia for the potential
energy calculations. X is horizontal displacement [A] and R is vertical
displacement [A].

tween distributed multipoles of monomers using ORIENT.!" Distributed
multipoles were obtained from MP2/ccpVTZ wave functions of the iso-
lated monomers. GDMAU!'Y was used for obtaining distributed multipoles
from the wavefunctions calculated using the Gaussian program. The dif-
ference between the Hartree—Fock interaction energy (AEyg) and the

Egg can be considered mainly as the

exchange-repulsion energy. We thus,

H H F denote this term as E., that is, E,., =

| AEyz—Egs, but the E,, term also in-

H\ /B\ /H UN? H F F cludes other energy components, such
N N localized s-electron y deficient m-electron as the induction energy and the charge

| | - transfer attractive interaction (Ecr).
H/ B\N/ B\H H H . . The electron correlation energy (E.,.,)
| was calculated as the difference be-

H H E tween the calculated MP2 interaction

borazine () benzene (1)

Figure 1. Three types of m systems.

Calculation Methods

Structure optimization and interaction energy calculations were both car-
ried out using the Gaussian 98 program.””’ The structures of borane, am-
monia, benzene, hexafluorobenzene and borazine were optimized at the
B3LYP/6-311G(d) level of calculation. The molecular interaction energy
was calculated at the MP2/aug-ccpVDZ//B3LYP/6-311G(d) level. The
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energy (AEyp,) and the AFEyp at the
aug-cc-pVDZ basis set. The major
part of E,,, is the dispersion energy.

hexafluorobenzene (%)

Results and Discussion

Table 1 shows the effects of basis set and electron correla-
tion on the benzene-borane (H;B/my) and benzene—ammo-
nia (H;N/my) interaction energies in the structures with C;
symmetry (X = 0). In both complexes, the HF level interac-
tion energies (AEyp/, = +3.55 kcalmol ™ and ALy Nm, =
+3.35 kcalmol™") were much more positive than MP2 and
CCSD(T) ones (AMP2 < —1.0kcalmol™). Though the
MP2 level interaction energies (AEy g, = —0.37 kcalmol ™
and AEy Ny, = +1.91 kcalmol ') were more negative than
the CCSD(T) level interaction energies (AEypy, =
+0.29 kealmol™" and AEy njy, = +1.96 kcalmol ™), the dif-
ferences were quite small (ACCSD(T)=+0.66 kcalmol™!
for H;B/my and +0.05 kcalmol™! for HiN/my,).

The cc-pVDZ basis set underestimates the attraction and
overestimates the repulsion compared to the aug-cc-pVDZ
(AEy gy, = —1.38kcalmol™ and AEyy,, = +0.51kcal
mol ') and aug-cc-pVTZ (AEy gy, = —1.98 kcalmol ' and
AEgyxm, = +028kcalmol™) basis sets (A, < —1.0
kcalmol'). Although the interaction energies calculated
with the aug-cc-pVDZ basis set were slightly less negative
than those calculated with the aug-cc-pVTZ basis set, the
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Table 1. Basis set dependence and electron correlation dependence of the calculated interaction energies (AE,  tential energy minimum
BSSE corrected, kcalmol ) and BSSE (kcalmol ). (AE%:,S'U = +0.51 kcalmol ™),
cc-pVDZ aug-cc-pVDZ  aug-cc-pVIZ and a potential maximum
Interaction Model AE (BSSI_}IEI; AE (Bé\grlg Ag ?;IS)S(E; AE (Bé\ggi AE (Bé\ggi was observed (AEﬁE 21'0 -
- +0.59 kcalmol™') when the am-
BH/my (R=30A)  +355(+061) 037 (+1.66)  +029 (+170)  —138(+223)  ~198 (+081) oo wac located at the point

Ay ACCSD(T)M Apg A . . .
3.9 10,66 _1.01 _059 ©of X=1.0A. The size of E_ in
NHymy (R=3.5A)  +335(+1.06) +191 (+1.47) +1.96 (+139) +0.51 (+0.75) +028 (+041) the H;N/my interaction EX-*°
Ayp® ACCSD(T)M Ap? A (=243 kcalmol ') was almost

—1.44 +0.05 —1.40 —-0.23

the same as that of the H;B/my

[a] AMPz = AEMPZ—AEHF~ [b] ACCSD(T) = AECCSD(T)_AEMPZ- [C] AAug=AEaug-cc-pVDZ_AEcchDZ' [d] ATz =

AEaug-cc»pVTZ - AE‘aug-cc-pVDZ .

differences in the calculated interaction energies were small
(Arz = —0.59 kcalmol™' for H;B/my and —0.23 kcalmol ™!
for H;N/my). Table 1 shows that the magnitude of the basis
set effect between aug-cc-pVDZ and aug-cc-pVTZ basis
sets (Arz), and the magnitude of electron correlation effect
between the MP2 and CCSD(T) levels of theory
(ACCSD(T)), were close although the signs are different,
which suggests that the MP2/aug-cc-pVDZ level interaction
energy is not largely different from the CCSD(T)/aug-cc-
pVTZ level interaction energy. Therefore, we can expect
that the MP2/aug-cc-pVDZ level interaction energies be-
tween m systems and Lewis acids/bases are sufficiently accu-
rate.

Trends in the change of the interaction energy and its
components were studied with changing horizontal displace-
ment (X, A), whose the vertical displacement was fixed (R
= 3.5 A). Figure 3a—f shows the change of each energy com-
ponent with changing horizontal displacement. In all cases,
E..; had the largest contribution for the stabilization of the
complexes. Thus, the dispersion energy is the major factor
for the attractive interactions. The E_,. value became the
most negative when the borane or ammonia molecule locat-
ed on the center of the &t systems (X = 0). The electrostatic
interaction (Egg) between ammonia and the m systems was
much larger than that between borane and the m systems.

Attractive interaction was observed for H;B/my (Fig-
ure 3a); however, the C; structure (X = 0) was not potential
energy minimum. The potential minimum was observed
(AEXSY = —2.43 kcalmol™) when the borane was located

at the point of X = 1.0 A. The EX'¥ (-2.11 kcalmol ) had
an important contribution to the attractive interaction. In
contrast to total interaction energy (AE,;,), the potential
energy minimum was observed in the C; structure for both
Egand E_ . Although the electrostatic interaction was also
attractive (EX;"°=—0.50 kcalmol™), the contribution was
much less than the EX-*" (-2.29 kcalmol '). On the other
hand, the potential energy maximum was observed for E, |
when the borane was located at the point of the center
(EX,"=40.59 kcalmol ™). Thus, the exchange-repulsion is
the major reason why the total H;B—my, interaction in the C;
structure is not potential energy minimum.

Contrary to the H;B/my interaction, total H;N/my; interac-

tion (Figure 3b) was repulsive, but the C; structure was a po-

corr®

4460

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

interaction. = The  potential
energy maximum was observed
in the C; structure for Eg.
Since the electrostatic interac-
tion was strongly repulsive (EX "= +2.03 kcalmol™), it
had the largest contribution for the repulsive interaction.
The value of E,,, became maximum when the nitrogen atom
was located near a carbon atom of benzene. The repulsion
between the lone pair of ammonia and the occupied m orbi-
tal of the benzene would be the cause of the large E .
EX" (+0.91 kealmol ™) was about a half of EJ;*".
Attractive interaction was observed for H;B/m interaction
(Figure 3c); however, the Cj structure (X = 0) was potential
energy maximum (not the least negative), similar to the
H;B/nH interaction. The potential minimum was observed
(AEXY® = —1.43 kcalmol™') when X = 0.8 A. The EX;1?
(—2.44 kcalmol™') had an important contribution to the at-
tractive interaction. The size of the EX-'? for the H;B/my in-
teraction was comparable to the EX'° for H;B/mH interac-
tion. Weakly repulsive electrostatic interaction was observed
(EX® = 40.41kcalmol™) and the potential energy was
very flat. The electrostatic interaction is the main reason
why the total interaction energy for the H;B/my interaction
was about 1 kcalmol™! less negative than the H;B/m; inter-
action. The potential energy maximum was observed for
E _ when the borane was located at the point of the center

rep

(E5,"" = 40.65kcalmol™), and the size of the E} " for
the H;B/ny interaction was comparable to the EX-'" for
H,B/my; interaction.

Relatively strong interaction (AE > = —3.16 kcalmol ™)
was observed for H;N/mp interaction (Figure 3d). The C;
structure was potential energy minimum. The value of E_
was less negative than that of H;N/my; interaction. The con-
tribution of EX"° in H;N/mp was comparable to the E,, .
The potential energy minimum was observed in the C; struc-
ture for both Egg and E,,. The value of E} " (40.14 keal
mol ™) was smaller than H;N/my; interaction.

Figure 3e and f show the potential energy of H;B/mpy in-
teraction and H;N/mgy interaction, respectively. Considering
the asymmetry of the borazine for the horizontal displace-
ments, the interaction energies were calculated for both
complexes in the range of X = —2.5 to +2.5 A. A negative
value of X shows that BH; or NH; located near a boron
atom of the borazine, and the positive value of X shows
BH; or NH; located near a nitrogen atom of the borazine.

For H;B/mgy interaction, the potential minimum was ob-
served when X = 14 (AEY,* = —1.86 kcalmol ). Anoth-
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Figure 3. Calculated total interaction energies and energy components with changing the horizontal displacements (X, A). The vertical displacement (R)

was fixed at 3.5 A.

er potential minimum was observed (AEY;"¢ =
—1.49 kcalmol ') when X = —0.6 A. The C, structure was
potential energy maximum (AEX-0? = —1.45 kcalmol ™).
The potential energy of E_  for the H;B/mgy interaction
was almost symmetrical for X, and the potential minimum
was observed when the borane was located at the point of
X = 0.0. The E_, had the greatest contribution to the at-
tractive interaction. The E.q was negative except at the
point of X = —1.7 A, and the fluctuation of the electrostatic
potential energy was small.

The potential minima of the H;N/mgy interaction were ob-
served when X = 0.0 A (AEX2°=—-0.13 kcalmol ') and X
= 20A (AESY = —0.45 kcalmol ™). On the other hand,
the potential maximum was observed when X = —0.4 A
(AEX;" = —0.12 kcalmol ') and X = +1.4 A (AESM =
+0.25 kcalmol™). The E,_ . (EX"® = —1.52 kcalmol™") had
an important contribution to the attractive interaction. The
potential energy minimum was observed in the C; structure
for E, .. The E% was positive in the range of X (—2.5 A <
X < 42.5A). The trend in the potential energy of E,, was

similar to that of AE,,,. The trend in the total interaction

Chem. Eur. J. 2005, 11, 4458 —4464 www.chemeurj.org
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potential energy for H;N/mgy interaction was opposite to the
H;B/mgy interaction. For both H;B/mgzy and H;N/mgy interac-
tions, the E ¢ was not the main reason for the characteristic
potential energy.

Figure 4a—e shows charges of interaction energies by the
charge of horizontal displacements (R, A), and Table 2 sum-
marizes the total interaction energies and each energy com-
ponent at the potential minima. The interaction between
benzene and borane (—3.22 kcalmol !, R=3.0, X=0.0, see
also Figure 5a), and that between hexafluorobenzene and
ammonia (—3.16 kcalmol™!, R=32, X=0.0, see also Fig-
ure 5d) were attractive. Trends in the contribution of each
component at the potential minimum (Table 2) were close
to that shown in Figure 3 where X was changed with fixed R
value. The interaction between hexafluorobenzene and
borane (—2.01kcalmol™', X=0.8, see also Figure 5c) was
also attractive. The potential energy minimum was observed
at R = 3.0 and X=0.8 A. On the other hand, the interac-
tion between benzene and ammonia was repulsive. Table 3
shows the atomic charges of m systems obtained by electro-
static potential fitting according to the scheme by Besler

——— 4461
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Figure 4. Calculated interaction energies with changing vertical displacement (R, A). The horizontal displacement (X = 0 A and potential minimum

shown in Figure 2) was fixed in the calculations.

Figure 5. Structures of the complexes in Table 1. H: light blue, B: yellow C: gray, N: dark blue and F: light
green.

tribution (E,,,=—4.61 kcal
mol ') was the major factor for
the attractive interaction. The
electrostatic interaction (Epg=
—0.71 kcalmol ") was much less
negative than the E_ . The
value of E_, in the interaction
between benzene and ammonia
(—1.68 kcalmol ', see also Fig-
ure 5b) was less negative than
that in the interaction between
benzene and borane. The Eq in
the interaction between ben-
zene and ammonia was largely
repulsive (+2.03 kcalmol™). As
the result, total interaction
energy in the interaction be-
tween benzene and ammonia
became positive. The Egq
(+053 kealmol ') and  E,
(42.42 kcalmol ') were repul-
sive. On the other hand, the
value of E_ (—4.96 kcalmol™)

in the interaction between hexa-
fluorobenzene and borane (Fig-

et al."™ The total atomic charges of the heavy atoms of ben- ure 5c) was largely negative and comparable to that of the
zene and borazine were negative and that of hexafluoroben- interaction between benzene and borane (—4.61 kcalmol ™).
zene was positive. As a result, attractive E_ in hexafluorobenzene and borane

For thoe interaction between benzene and borane (R=3.0, interaction overcame the repulsive effect of Egg and E.
X=1.0 A, see also Figure 5a), the electron correlation con- The intermolecular distances at the potential minima in the

4462 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ~ www.chemeurj.org  Chem. Eur. J. 2005, 11, 4458 —4464
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Table 2. BSSE corrected interaction energy (AEy and AEyp,, kcalmol ™), the contribution of each interaction

term (kcalmol™') in MP2/aug-cc-pVDZ potential energy.

FULL PAPER

acid/base (borane and ammo-
nia). The electrostatic interac-

BHy/my NH,/mty BHy/m; NH,/mp BHy/mpy NHy/mgy  tion also had an important role.
AEyr +1.39 +2.94 +2.95 -1.39 +0.93 +0.62 Benzene, an electron-rich n
BSSEj: +0.73 +0.30 +1.30 +0.81 +0.64 +0.32 system, has an attraction to
AEyp, —-3.22 +1.25 —2.01 -3.16 —3.68 —0.45 b . .
orane, and it has repulsion
BSSEy, +2.06 +0.75 +2.84 +1.62 +2.69 +0.89 oranc, , pulsio
Econ ~4.61 ~1.68 ~4.96 ~2.58 ~4.61 ~107 ~ With ammonia when lone pair
Ers —-0.71 +2.03 +0.53 -1.72 -3.70 +0.44 of ammonia points toward the
E., +2.10 +0.91 +2.42 +1.14 +4.63 +0.18 benzene ring (ammonia acts as
A (ol .
R[A] 30 3.5 30 32 24 34 a Lewis base). Hexafluoroben-
XIA] L0 00 08 00 L4 —20 ene, an electron-deficient =
structure Figure Sa Figure 5b Figure Sc Figure 5d Figure Se Figure 5f z ’ . 1cl
- — - system, and borazine, an am-
[a] No potential energy minimum was observed for various R. .
photeric  m-electron  system,
have attraction to both borane
Table 3. Local charge of atoms and 7 system [au] in the Merz-Singh— and ammonia.
Kollman scheme!® by using MP2/aug-cc-pVDZ density.
C H F 7T system
CeH, -0.13 +0.13 ~0.76 Acknowledgements
CeF +0.11 —0.11 +0.68
B N H(-B) H(-N) 7 system The services and computational time made available by AIST have been
B;N;Hg +0.62 —0.76 —0.18 +0.32 —0.41 essential to this study and are gratefully acknowledged.

[a] See ref. [14].

H;B/ny gy complexes were remarkably shorter than those
in the H;N/mygpy complexes. Therefore, E,  had larger
contribution in the H;B/my ppy complexes. As shown in Fig-
ure 2a and b, the values E_  in the H;B/my complex and
that in the H;B/m; complex were comparable, when R had
the same value. Thus, the difference in R values is the main
reason for the difference of E_ in these complexes at the
potential minima.

Benzene has an attraction to Lewis acids but has repul-
sion to Lewis bases. In contrast to benzene, hexafluoroben-
zene has an attraction to both Lewis bases and acids. Be-
cause of the amphoteric m-electron system in the borazine,
attractive interaction between borane and borazine was ob-
served when the borane located close to the nitrogen atom
(X=1.4 A, see also Figure 5¢). On the other hand, attractive
interaction between ammonia and borazine was observed
when the nitrogen atom is close to the hydrogen attached to
a boron atom of borazine (X = —2.0 A, see also Figure 5f).
In borazine, nitrogen and proton, bonded with boron (H(-B)
in Table 2), were negatively charged and boron and proton,
bonded with nitrogen (H(-N) in Table 2), were positively
charged. Total atomic charge of the heavy atoms was nega-
tive; thus, the interaction between the borazine and boron
(—3.68 kcalmol ') was more attractive than the interaction
between the borazine and ammonia (—0.45 kcalmol ™).

Conclusion

The electron correlation effect, the main component of
which should be the dispersion energy, had the largest con-
tribution for the attractive interaction between a 7 system
(benzene, hexafluorobenzene and borazine) and a Lewis
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