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Abstract�The potential functions of internal rotation around the Csp2�O bond in the C6H5OCH3 molecule
were obtained by HF/6-31G(d), MP2(f)/6-31G(d), and B3LYP/6-31(d) calculations. Hartree�Fock calculations
reveal a fourfold barrier to internal rotation around the Csp2�O bond. The MP2 and B3LYP calculations reveal
a twofold barrier with a height of 7.78 and 10.70 kJ mol�1, respectively (corrected for the zero vibration
energy). The molecular geometries, first Koopmans ionization potentials, and dipole moments are reported.
Calculations for liquid anisole in the self-consistent reactive field (SCRF) continual model give the results that
only slightly differ from the results obtained for the isolated molecule in a vacuum. Within the framework of
the Natural Bond Orbitals formalism, the following parameters were determined: energy, degree of hybridiza-
tion, and population of oxygen lone electron pairs and energy of their interaction with antibonding �* orbitals
of the aromatic ring.

The most important conformational characteristic
of anisole is the torsion (dihedral) angle � between the
planes of the benzene ring and Csp2�O�Csp3 bonds. In
view of the molecular symmetry, the potential func-
tion of internal rotation of fragments about the Csp2

bond can contain any number of symmetrical (0� �
� � 180� and 180� � � � 360�) energy minima. The
extreme case of nonplanar conformation is the orthog-
onal form (� 90� and 270�). The molecular conforma-
tion is governed by two major factors: n,� conjugation
of the oxygen lone electron pairs with the � system of
the aromatic ring, stabilizing the planar form, and the
steric interactions of the o-hydrogen aroms of the ring
with the hydrogen atom of the CH3 group, preventing
realization of the planar structure.

According to electron diffraction data [1, 2], the
C6H5OCH3 molecule in the gas phase at room tem-
perature has a planar structure and hence a twofold
rotation barrier. As the temperature is increased from
55 to 250�C, the planarity is distorted (� 40�), and the
rotation barrier becomes fourfold. The planar structure
is confirmed by microwave [1, 3] and photoelectron
[4, 5] spectroscopy. The Kerr effect method (birefrin-
gence in electric field) gives � 22� [6] or 18� [7].
Analysis of long-range coupling constants in the
NMR spectra, in combination with HF/6-31G and
HF/6-31G(5d) calculations, led Schaefer and Sebastian
[8] to a conclusion that internal rotation about the
Csp2�O bond in anisole cannot be described assuming
a twofold barrier. According to [8], the component of
the twofold barrier is 15.0�2.0 kJ mol�1, and that of
the fourfold barrier, 5.6�2.2 kJ mol�1. The rotation

barrier measured for anisole in the gas phase by IR
and Raman spectroscopy is 15.1 kJ mol�1 [9]. Frige
and Klessinger [10] evaluated the rotation barrier in
the gas phase by photoelectron spectroscopy and ob-
tained the value of 23.8 kJ mol�1. Konshin and Tylli
[11] revealed a strong temperature dependence of the
215 nm band in the UV spectra of gaseous anisole and
attributed this fact to different absorption of several
structures. The electronic absorption spectra and ener-
gies of the triplet state of anisole in planar and orthog-
onal conformations were calculated by the CNDO/S-
CI method taking into account interaction of singly
excited configurations [12]. The rotation barrier in
liquid anisole, according to [13], is 25.1 kJ mol�1.
Tylli and Konschin [14] measured the Raman spectra
of solid C6H5OCH3 and C6H5OCD3 at 130 K and
estimated the rotation barrier at 50 kJ mol�1. The
fourfold rotation barrier about the O�CH3 bond in
solid anisole was estimated at 22.1 (planar conforma-
tion) and 20 kJ mol�1 (orthogonal conformation) [15].

Quantum-chemical calculations with inclusion of
correlation effect were performed in the MP2/6-
31G(d) approximation for a limited set of fixed values
of � and other geometric parameters optimized on the
HF/6-31G(d) level; this was followed by determina-
tion of the potential function of internal rotation by
expansion of the torsion potential in Fourier series
[16, 17]. The calculations reveal a twofold barrier to
rotation about the Csp2�O bond with the energy min-
imum in the region of the planar conformation (� 0�)
and the transition state in the region of the orthogonal
conformation (� 90�). The rotation barrier is estimated
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at �9 to �10 kJ mol�1. Nicholas and Hay determined
the energies of the minimum and transition state in
the MP2/6-311+G(d) approximation and obtained the
rotation barrier of 7.91 kJ mol�1 [18]. Spellmeyer
et al. [17] performed molecular-dynamic calculations
for liquid anisole and estimated the rotation barrier at
6.3 kJ mol�1.

The goals of this study are as follows: (1) compar-
ative analysis of the potential functions of internal
rotation around the Csp2�O bond in the anisole mole-
cule, obtained by traditional Hartree�Fock calcula-
tions, by calculations with inclusion of correlation
effects using the Møller�Plesset perturbation theory,
and by DFT calculations; (2) determination of the
potential functions of internal rotation in liquid ani-
sole; and (3) quantitative characterization of intramo-
lecular interactions in anisole molecule using the
Natural Bond Orbitals (NBO) approach.

The ab initio quantum-chemical calculations were
performed in the one-determinant Hartree�Fock (HF)
approximation [19]. The correlation energy was in-
cluded using the computational schemes of the second-
order Møller�Plesset perturbation theory [19, 20]. The
correlation correction was applied for all the orbitals:
MP2(f). In DFT calculations [21], we used the B3LYP
hybrid electron density functional modified in the
GAUSSIAN programs [22, 23]. The potential function
of internal rotation about the Csp2�O bond in the
liquid phase was calculated using the self-consistent
reactive field (SCRF) continual model [24�26]. The
calculations were performed in the 6-31G(d) basis set
with four petal sd functions [27]. The standard con-
vergence criteria were used for the density matrix and
energy gradient. All the calculations were performed
in the range of torsion angles � from 0� to 90� at a
15� step. The stationary points obtained in the
MP2(f)/6-31G(d) and B3LYP/6-31G(d) approxima-
tions were refined and identified with full geometry
optimization (including the torsion angle �) and solu-
tion of vibrational problems. Computations were per-
formed with the GAUSSIAN 98W software [28]. The
population analysis for the wave functions obtained in
the MP2(f)/6-31G(d) approximation was performed
by the NBO method [29�31] using the NBO program,
Version 3.1 (link 607, GAUSSIAN 98W) [32].

The total energies (Etot, au) of the C6H5OCH3 mol-
ecule, obtained by HF/6-31G(d), MP2(f)/6-31G(d),
and B3LYP/6-31G(d) calculations for the � range
from 0� to 90� at a a 15� step, are listed in Table 1.
In parentheses are the energies of particular conformers
(�E, kJ mol�1) relative to the global minimum.

The HF/6-31G(d) calculations show that the global
minimum of the potential energy function of internal

rotation around the Csp2�O bond lies in the region of
the planar conformation. However, a less deep (local)
minimum is also observed in the region of the orthog-
onal form (Fig. 1, curve 1). The maximum is observed
at � �60�. The barrier to transition of the molecule
from the planar to orthogonal form (without correction
for the zero vibration energy and with the accuracy
determined by the 15� step) is 6.65 kJ mol�1, and the
barrier to transition from the orthogonal to planar
form, 0.83 kJ mol�1.

When the correlation energy [MP2(f)/6-31G(d)
approximation] is taken into account, the shape of
the potential function of internal rotation around the
Csp2�O bond changes. Calculations show that the
rotation barrier in C6H5OCH3 is twofold, with the
energy minimum in the region of the planar form and
the maximum in the region of the orthogonal form
(Fig. 1, curve 2). The rotation barrier, without correc-
tion for the zero-point energy, is 9.48 kJ mol�1.
The molecular geometry, including �, was fully opti-
mized in the MP2(f)/6-31G(d) approximation, and the
vibrational problems were solved at the stationary
points. In the point of the total energy minimum (�
0�), the matrix of second derivatives (Hesse matrix)
has only positive eigenvalues, and in the point of the
maximum (� 90�) there is one negative eigenvalue
(�45.56 cm�1). The corrections for the zero vibration
energy (taking into account the scaling factor of 0.9661
[33]) are 0.129984 (� 0�) and 0.129339 hartree/particle
(� 90�). The rotation barrier corrected for the zero
vibration energy is 7.78 kJ mol�1.

The DFT calculations using the B3LYP three-
parameter hybrid functional also show that the energy
minimum of the potential function of internal rotation
around the Csp2�O bond in the C6H5OCH3 molecule
lies in the region of the planar conformation, and the
maximum, in the region of the orthogonal form
(Fig. 1, curve 3). The rotation barrier without correc-
tion for the zero-point energy is 12.63 kJ mol�1. We
have fully optimized the molecular geometry, includ-
ing �, and solved the vibrational problems in the
stationary points. In the point of the total energy mini-
mum (� 0�), the Hesse matrix has only positive eigen-
values, and in the point of the maximum (� 90�), one
negative eigenvalue (�47.60 cm�1). The corrections
for the zero-point energy (scaling factor 0.9806 [33])
are 0.131037 (� 0�) and 0.130302 hartree/particle (�
90�). The rotation barrier corrected for the zero-point
energy is 10.70 kJ mol�1.

Thus, Hartree�Fock calculations of the anisole mol-
ecule reveal a fourfold barrier to rotation about the
Csp2�O bond, but calculations taking into account the
correlation energy show that the barrier is twofold.
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Table 1. Total energy (Etot, au) of the anisole molecule, obtained by HF/6-31G(d), MP2/6-31G(d), and B3LYP/6-31G(d)
calculations for the range of the torsion angle � from 0� to 90�a

�������������������������������������������������������������������������������������

Method
� �, deg
�����������������������������������������������������������������������
� 0 � 15 � 30 � 45 � 60 � 75 � 90

�������������������������������������������������������������������������������������
In vacuum

HF/6-31G(d) �344.5832616�344.5829434� 344.582109 � 344.581144 �344.5807327�344.5809207�344.5810447
� (0.00) � (0.84) � (3.03) � (5.56) � (6.64) � (6.15) � (5.82)

MP2/6-31G(d) �345.6831291�345.6827475� 345.6817110 �345.6804153�345.6796587�345.6795371�345.6795188
� (0.00) � (1.00) � (3.72) � (7.13) � (9.11) � (9.43) � (9.48)

B3LYP/6-31G(d) �346.7713725�346.7709401� 346.7697279 �346.7981216�346.7670415�346.7666722�346.7666147
� (0.00) � (0.96) � (3.58.) � (6.87) � (8.78) � (9.08) � (9.14)

SCRF
HF/6-31G(d) �344.5835005�344.5831781� 344.5823694 �344.5814074�344.5810044�344.5811976�344.5813058

� (0.00) � (0.85) � (2.97) � (5.50) � (6.55) � (6.05) � (5.76)
MP2/6-31G(d)// �345.6833588� 345.682999 � 345.681959 �345.6806473�345.6798974�345.6797943�345.6797704
MP2/6-31G(d) � (0.00) � (0.94) � (0.368) � (7.12) � (9.09) � (9.36) � (9.42)
�������������������������������������������������������������������������������������
a The relative energies �E = Emin � E� (kJ mol�1) are given in parentheses.

An appreciable difference between the barriers to
rotation around the Csp2�O bond estimated by MP2
(7.78 kJ mol�1) and B3LYP (10.70 kJ mol�1) calcula-
tions is worth noting. This difference arises when the
correction for the zero-point energy is taken into
account. The B3LYP approximation overestimates the
stability of the planar form compared to the MP2
method.

According to electron diffraction data [1, 2], in
the gas phase the COC bond angle is 120.9(6)�, and
the bond lengths, l(Csp2�O) 1.357(6) and l(Csp3�O)
1.423(7) 	. Analysis of the microwave spectrum
gives the C�O bond length of 1.399 	 and COC bond
angle of 113.8� [1, 3]. The optimized bond angles and
bond lengths in the C6H5OCH3 molecule at fixed �
values in the range 0��90� are listed in Table 2. In the
planar conformation, the COC bond angle is estimated
at �120� (HF), 117� (MP2), and 118� (B3LYP); the
Csp2�O bond length, at 1.35 (HF), 1.37 (MP2), and
1.37 	 (B3LYP); and the Csp3�O bond length, at 1.40
(HF), 1.42 (MP2), and 1.42 	 (B3LYP).

The first Koopmans ionization potentials (1IK)
obtained by HF and MP2 calculations virtually coin-
cide. Therefore, we give only the 1IK values obtained
by MP2 calculations (eV; the � values are given in
parentheses): 8.32 (0�), 8.34 (15�), 8.39 (30�), 8.49
(45�), 8.62 (60�), 8.72 (75�), and 8.75 (90�). The
experimental values of the first vertical ionization
potential (photoelectron spectroscopy) are 8.42 [4] and
8.46 eV [5]. The 1IK values are sensitive to molec-
ular conformation and grow in going from the planar

to orthogonal form. The DFT potentials involve arti-
ficially overestimated one-electron energies, and,
therefore, DFT calculations give appreciably under-
estimated ionization potentials [34]. The dipole mo-
ment (
D) of the C6H5OCH3 molecule (D) depending
on the conformation (�, in parentheses) is as follows:
1.35 (0�), 1.36 (15�), 1.37 (30�), 1.39 (45�), 1.41
(60�), 1.45 (75�), and 1.47 (90�) by the MP2 method
and 1.31 (0�), 1.31 (15�), 1.30 (30�), 1.29 (45�), 1.29
(60�), 1.31 (75�), and 1.32 (90�) by the B3LYP me-
thod. The experimental values of 
D range from 0.8 to
1.34 D [35]. In particular, the 
D of anisole is 1.23 D
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Fig. 1. Potential functions of internal rotation around the
Csp2�O bond in the anisole molecule, obtained by
(1) HF/6-31G(d), (2) MP2(f)/6-31G(d), and
(3) B3LYP/6-31G(d) calculations.
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Table 2. Optimized bond lengths (�) and bond angles (deg) in the anisole molecule
�������������������������������������������������������������������������������������

Parameter
�

Method
� �, deg

� ���������������������������������������������������������������
� � 0 � 15 � 30 � 45 � 60 � 75 � 90

�������������������������������������������������������������������������������������
In vacuum

l(Csp2�O) � HF � 1.350 � 1.351 � 1.353 � 1.357 � 1.361 � 1.363 � 1.363
� DFT � 1.367 � 1.368 � 1.370 � 1.374 � 1.378 � 1.381 � 1.382
� MP2 � 1.371 � 1.371 � 1.373 � 1.377 � 1.382 � 1.384 � 1.385

l(Csp3�O) � HF � 1.398 � 1.399 � 1.401 � 1.403 � 1.404 � 1.405 � 1.405
� DFT � 1.417 � 1.418 � 1.421 � 1.423 � 1.424 � 1.424 � 1.425
� MP2 � 1.422 � 1.423 � 1.425 � 1.427 � 1.428 � 1.429 � 1.429

�COC � HF � 119.76 � 119.61 � 119.14 � 118.34 � 117.16 � 115.98 � 115.49
� DFT � 118.31 � 118.13 � 117.75 � 117.08 � 116.05 � 114.85 � 114.32
� MP2 � 116.79 � 116.62 � 116.12 � 115.24 � 113.88 � 112.51 � 111.94

�CCO � HF � 124.54 � 124.32 � 123.70 � 122.91 � 121.93 � 120.75 � 119.88
� DFT � 124.58 � 124.38 � 123.82 � 123.08 � 122.04 � 120.73 � 119.73
� MP2 � 124.86 � 124.60 � 123.93 � 123.04 � 121.89 � 120.58 � 119.68

In neat liquid
l(Csp2�O) � HF � 1.349 � 1.350 � 1.353 � 1.357 � 1.361 � 1.363 � 1.363
l(Csp3�O) � HF � 1.399 � 1.400 � 1.402 � 1.404 � 1.405 � 1.405 � 1.406
�COC � HF � 119.76 � 119.60 � 119.12 � 118.30 � 117.11 � 115.92 � 115.43
�CCO � HF � 124.55 � 124.33 � 123.71 � 122.91 � 121.93 � 120.75 � 119.88

�������������������������������������������������������������������������������������

in benzene, 1.24 D in CCl4 (second Debye method)
[7], and 1.10 D in neat liquid (Onsager method) [36].

In the SCRF model, a solvent is described as a
polarizable dielectric continuum characterized by the
static dielectric constant �. Anisole does not belong
to standard solvents included in the GAUSSIAN 98W
program; we took for anisole the value � of 4.33 [37].
The cavity volume was calculated according to [38]
using the Tight parameter. To take into account the
effect of the medium on the relaxation of the geomet-
ric parameters, we optimized the geometry in the
HF/6-31G(d) approximation. As in the case of stand-
ard (without inclusion of medium effects) HF/6-31G(d)
calculations, two minima are revealed for the
potential function of internal rotation about the
Csp2�O bond: a deeper minimum in the region of the
planar conformation and a less deep minimum in the
region of the orthogonal form. The rotation barrier
obtained for the liquid and isolated molecule in a
vacuum differ insignificantly (Table 1). The geome-
tries also differ only slightly (Table 2). The geomet-
ric parameters could not be optimized within the
framework of the SCRF model in Møller�Plesset cal-
culations; therefore, in the MP2(f)/6-31G(d) calcula-
tions for liquid anisole we used the geometry ob-
tained in the same approximation for the gas phase:
MP2(f)/6-31G(d)liq//MP2(f)/6-31G(d)vac. The profile
of the potential function of internal rotation about

the Csp2�O bond and the height of the rotation barrier
in liquid anisole, calculated with inclusion of correla-
tion effects, only slightly differ from those obtained
for the isolated molecule in a vacuum (Table 1).

The NBO analysis involves a set of methods based
on successive transformation of the initial nonorthog-
onal set of canonical molecular orbitals into natural
atomic orbitals (NAO), natural hybrid orbitals (NHO),
natural bond orbitals (NBO), and natural localized
molecular orbitals (NLMO) [29�31]. This allows in-
terpretation of the quantum-chemical results in terms
of the classical Lewis concepts of molecular structure.
The hybridization state (sn), energy (En), and popula-
tion (Pn) of the oxygen lone electron pairs and the
energies of their interaction with antibonding �* orbi-
tals of the aromatic moiety (En,�) in conformations
characterized by the torsion angles � from 0� to 90�
(15� step) are listed in Table 3. According to the NBO
approach, the two lone electron pairs at the O atom
are essentially different. One of the pairs (n1) is a
hybrid orbital with the contribution of the s constituent
varying from �38 to �45% depending on �. The sec-
ond lone electron pair (n2) is a virtually pure p orbital.
As the anisole molecule exists in the planar conforma-
tion, the contribution of the s constituent to n1 can be
estimated at �41%. The n1 orbital lies considerably
lower on the energy scale than n2, and its population
is higher than that of n2. As � is increased from 0� to
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Table 3. Degree of hybridization (sn, %), energy (En, eV), and population (Pn, e) of the oxygen lone electron pairs,
energy of their interaction with the antibonding �* orbitals of the aromatic ring (En,�, kJ mol�1), and natural charges (q, e)
on atoms
�������������������������������������������������������������������������������������

Parameter
� �, deg
�����������������������������������������������������������������������������
� 0 � 15 � 30 � 45 � 60 � 75 � 90

�������������������������������������������������������������������������������������
sn1 � 40.9 � 40.7 � 40.2 � 39.5 � 38.5 � 38.8 � 45.0
sn2 � 0.0 � 0.3 � 1.4 � 3.1 � 5.3 � 5.9 � 0.0
�En1 � 21.42 � 21.37 � 21.22 � 20.99 � 20.71 � 20.72 � 21.89
�En2 � 13.03 � 13.10 � 13.31 � 13.66 � 14.13 � 14.28 � 13.17
Pn1 � 1.94076 � 1.94050 � 1.93958 � 1.93745 � 1.93332 � 1.92778 � 1.92321
Pn2 � 1.83212 � 1.83583 � 1.84672 � 1.86419 � 1.88456 � 1.90081 � 1.90926
En1,� � 0.0 � 0.0 � 0.0 � 4.7 � 8.8 � 17.3 � 30.1
En2,� � 146.9 � 139.5 � 118.9 � 88.4 � 54.4 � 25.9 � 0.0
�q(O) � 0.5306 � 0.5329 � 0.5394 � 0.5489 � 0.5581 � 0.5637 � 0.5656
q(Ci) � 0.3061 � 0.3053 � 0.3030 � 0.2990 � 0.2944 � 0.2909 � 0.2896
��q(Co)/2 � 0.2880 � 0.2866 � 0.2826 � 0.2768 � 0.2715 � 0.2686 � 0.2675
q(Ho)/2 � 0.2427 � 0.2428 � 0.2428 � 0.2430 � 0.2435 � 0.2445 � 0.2449
��q(Cm)/2 � 0.2298 � 0.2299 � 0.2301 � 0.2306 � 0.2310 � 0.2318 � 0.2321
�q(Hm)/2 � 0.2361 � 0.2362 � 0.2363 � 0.2366 � 0.2369 � 0.2371 � 0.2372
�q(Cp) � 0.2515 � 0.2509 � 0.2493 � 0.2466 � 0.2435 � 0.2412 � 0.2403
q(Hp) � 0.2358 � 0.2358 � 0.2359 � 0.2362 � 0.2365 � 0.2367 � 0.2368
�q(CMe) � 0.3095 � 0.3090 � 0.3072 � 0.3037 � 0.2990 � 0.2969 � 0.2965
q(HMe)/3 � 0.2092 � 0.2089 � 0.2081 � 0.2065 � 0.2047 � 0.2039 � 0.2037
�������������������������������������������������������������������������������������

90�, the population of n1 at the O atom decreases by
�0.018 e, and that of n2 increases by �0.077 e. The
increase in the population of the n2 orbital, which is
a virtually pure p orbital, in going from the planar to
orthogonal conformation is due to distortion of the
coplanarity leading to less pronounced delocalization
of this orbital to the aromatic ring and its more pro-
nounced localization on the heteroatom. However, the
population of the hybrid lone electron pair n1 is also
sensitive to the conformation, probably owing to the
fairly high contribution of the p constituent. As � is
increased, its population decreases. The parameters
En,� quantitatively characterize the donor�acceptor
interactions of n1 and n2 with the antibonding
�* orbitals of the aromatic ring. Figure 2 shows how
En1,� and En2,� in anisole vary with the torsion angle
�. At zero and low �, the hybrid lone electron pair n1
of the O atom virtually does not interact with the �*
orbitals of the ring. However, in nonplanar conforma-
tions (starting from � �45�), the resonance interaction
of n1 with the �* orbitals of the aromatic ring be-
comes noticeable, reaching a maximum (�30 kJ mol�1)
in the orthogonal form. The n2 pair, which is a virtu-
ally pure p orbital, interacts most efficiently with the
antibonding �* orbitals of the aromatic ring in the
planar conformation (En2,� �147 kJ mol�1). As the
torsion angle � is increased, the interaction of n2 with

�* drastically weakens, and in the orthogonal confor-
mation there is virtually no resonance interaction of
n2 with the ring. Thus, our results show that, in the
orthogonal conformation, the O atom partially pre-
serves the capability for resonance interaction with
the aromatic ring owing to participation of the hybrid
lone electron pair n1 in the n,� conjugation.

160

120

80

40

0

0 15 30 45 60 75 90

1

2
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Fig. 2. Energy of interaction of oxygen lone electron
pairs with antibonding �* orbitals of the aromatic ring
as a function of the torsion angle �: (1) n1 and (2) n2.
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Table 4. Difference between the atomic charges (�q, e) in the aromatic ring of anisole and in unsubstituted benzene,
�q = q(C6H5OCH3) � q(C6H6)
�������������������������������������������������������������������������������������

Parameter
� �, deg
�����������������������������������������������������������������������������
� 0 � 15 � 30 � 45 � 60 � 75 � 90

�������������������������������������������������������������������������������������
q(Ci) � 0.5411 � 0.5403 � 0.5380 � 0.5340 � 0.5294 � 0.5259 � 0.5246
��q(Co)/2� 0.0530 � 0.0516 � 0.0476 � 0.0418 � 0.0365 � 0.0336 � 0.0325
�q(Ho)/2 � 0.0077 � 0.0078 � 0.0078 � 0.0080 � 0.0085 � 0.0095 � 0.0099
�q(Cm)/2 � 0.0053 � 0.0051 � 0.0049 � 0.0044 � 0.0040 � 0.0032 � 0.0029
�q(Hm)/2 � 0.0011 � 0.0012 � 0.0013 � 0.0016 � 0.0019 � 0.0021 � 0.0022
�q(Cp) � 0.0165 � 0.0159 � 0.0143 � 0.0116 � 0.0085 � 0.0062 � 0.0053
q(Hp) � 0.0008 � 0.0008 � 0.0009 � 0.0012 � 0.0015 � 0.0017 � 0.0018

�������������������������������������������������������������������������������������

The natural charges obtained from the natural pop-
ulations improve the description of the electron den-
sity distribution in the molecule as compared to the
traditional Mulliken analysis [39]. The natural atomic
charges in the anisole molecule are listed in Table 3.
From these values, we can determine the direction of
bond polarization. Owing to the higher electronegativ-
ity of O compared to the ipso-C atom of the ring, the
Ci�O bond is polarized toward O; the Ci atom is
electron-deficient, and the O atom, electron-excessive.
Irrespective of the conformation, the Ci�Co and
Cm�Co bonds are polarized toward the o-C atoms,
and the Cm�Cp bonds, toward the p-C atom. The
O
CMe bond is polarized toward O, and the CMe�H
bonds, toward CMe.

It is convenient to consider the effect of the OCH3
group on the electron density distribution in the aro-
matic fragment by examining the differences between
the atomic charges in anisole and unsubstituted ben-
zene: �q = q(anisole) � q(benzene). The MP2(f)/6-
31G(d) calculation of the unsubstituted benzene mole-
cule, followed by NBO analysis of the wave function,
gives the natural atomic charges of �0.2350 e for each
carbon atom and 0.2350 e for each hydrogen atom.
The �q values are given in Table 4 in parentheses.
The higher negative value of �q (or lower positive
value of �q) corresponds to the higher electronic
charge on the given atom as compared to the corre-
sponding atom (C or H) in unsubstituted benzene. The
�q(Ci) values (�0.52�0.54 e) reveal a strong acceptor
effect of the OCH3 group on the Ci atom. The inter-
action of the n2 oxygen lone electron pair with the �*
orbitals of the ring is the most pronounced in the
planar conformation. Therefore, in the planar con-
formation the �q values for the Co (�0.0784 and
�0.0275 e) and Cp (�0.0165 e) atoms are the most
negative. In the orthogonal conformation, the weak
electron-donor effect on the o- and p-positions of the

ring [�q(Co) ��0.03 e and �q(Cp) ��0.005 e] is pre-
served. As shown above, this is due to the resonance
interaction of the hybrid lone electron pair n1 with the
antibonding �* orbitals of the ring. The OCH3 group
has an acceptor effect on the Cm atoms and hydrogen
atoms of the aromatic moiety. A 13C NMR study of
C6H5OAlk (Alk = Me, Et, Pr-i, or Bu-t) [40] showed
that the molecular conformation varied depending
on the steric demands of alkyl substituents. In the
C6H5OBu-t molecule existing in the orthogonal or
close-to-orthogonal form [5], the p-C atoms (�Cp
122.88 ppm [40]) are more shielded than in unsubsti-
tuted benzene (�C 128.5 ppm [41]). The strong shield-
ing of the 13Cp nuclei in the C6H5OBu-t molecule is
an experimental evidence of the capability of the O
atom to preserve the resonance interaction with the
aromatic ring in nonpolar (close-to-orthogonal) con-
formations.
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