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The equilibrium constants [K¼anti/syn] of a pair of atropisomers due to restricted rotation about Csp3–Csp2

bond for [2-(2-hydroxynaphthalen-1-yl)-3,3-dimethylindolin-1-yl](4-substituted phenyl)methanone
were determined in some solvents. The presence of the effective p–p interaction was demonstrated by the
correlation between the equilibrium constants (K) and the substituent effect of the phenyl groups (sp),
suggesting that the ‘neutral–type’ interaction is operative.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Atropisomers are stereoisomers resulting from hindered rota-
tion about single bonds where the barrier to rotation is high
enough to allow the isolation of the conformational isomers.1 Re-
cently, Oki proposed that atropisomers can be used as a probe for
detection of intramolecular weak yet attractive interactions.2

Among the noncovalent weak interactions, p–p interactions be-
tween aromatic rings have attracted much attention due to their
importance in such area as molecular recognition and structures of
biological molecules.3 Cozzi et al. showed that coulombic or elec-
trostatic attraction is operative in the parallel-stacked aryl units
based on a population ratio of the rotamers of p-cofacial 1,8-diaryl-
naphthalenes.4

In the previous papers, we reported a facile synthetic method of 2-
aryl substituted indoline derivatives by condensation of (2-hydroxy-
3,3-dimethylindolin-1-yl)(substituted phenyl)methanone (1) with
various electron-rich aromatic compounds (2 or 3) and successfully
isolated 16 pairs of the atropisomers of indoline type arising from
restricted rotation around Csp3–Csp2 bond.5 These compounds are
useful as models for quantitatively studying substituent effects on
p–p interactions because the structure has a parallel-stacked aryl
).
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units. In the X-ray crystal structures of the 4-nitrophenyl derivatives
(4a and 5a), we found strong through-space interaction between the
4-nitrophenyl and 2-hydroxynaphthyl rings (Fig. 1).5e The two aryl
rings take a face-to-face disposition and the degree of overlap for the
anti isomer is larger than the syn isomer.

The conformational features of the aryl groups are similar to
those observed in 4-chrloro or 3-nitrophenyl derivatives. The
3-NO2
3-Cl

27.3
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-

Figure 1. Interplanar angle between phenyl and naphthyl rings found in X-ray
structures of atropisomers (4, 5)5e.
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interplanar angles between the phenyl and the naphthyl rings for
anti and syn are 12.8 and 28.6�, respectively. The angle for anti of 4-
nitrophenyl derivative (5a) is much smaller than that for 4-chloro
or 3-substituted phenyl derivatives. The discrepancy between syn
and anti isomers seems to be due to donor–acceptor interaction
and steric effect of substituents on the phenyl ring.

On the other hands, in the crystal packing structure, the in-
termolecular hydrogen-bonded dimeric structures were found in
the anti isomers, whereas the syn isomers were linked by in-
termolecular hydrogen bonds.5b,g The intermolecular edge-to-face
interaction6 is also found between the naphthyl hydrogens and the
4-nitrophenyl ring of the adjacent molecule.5g Therefore, it is
necessary to know the degree of effect of p–p interaction on the
conformational change. This prompted us to prove the presence of
the p–p interaction in solution. In this paper we demonstrate the
evidence based on the substituent effect on equilibrium constants
of the interconversion between syn and anti isomers of 4-
substituted phenyl derivatives.

2. Results

2.1. Preparation and isolation of the atropisomers

According to the established procedure,5c coupling reaction of
(2-hydroxy-3,3-dimethylindolin-1-yl) (4-substituted phenyl)metha
none (1) with 2-naphthol (2) was performed in the presence of
BF3$Et2O in dioxane. Each reaction gave a mixture of atropisomers
([2-(2-hydroxynaphthalen-1-yl)-3,3-dimethylindolin-1-yl] (4-sub
stituted phenyl) methanone), which were separated into a pair of
atropisomers [syn (4) and anti (5)] by fractional recrystallization or
chromatography on silica gel (Scheme 1). The methoxy derivatives 6
and 7 were obtained by using 3 instead of 2.5i
Figure 2. ORTEP drawing of 4c, 5c, 5d, and 5f.
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Scheme 1.
2.2. Single crystal X-ray analysis

In order to know the substituent effect of the phenyl group on
the conformation of the aryl rings, the X-ray structure analyses
were performed on important compounds for discussion. A pair of
syn and anti isomers (4c, 5c) of the 4-phenyl derivative and anti
isomers of 4-methylphenyl (5d) and 4-dimethylaminophenyl (5f)
derivative could be analyzed successfully. The ORTEP drawings of
the atropisomers are depicted in Figure 2.

As can be seen in Figure 2, each isomer of same type has the
common structural features in agreement with the previously
reported X-ray structures5g, in which the amide carbonyl oxygen
turns to the C7-H of the indoline moiety and the aryl ring is not
coplanar with the>NCO- plane. The interatomic distances between
the amide carbonyl oxygen and C7-H are 2.273 Å (4c), 2.295 Å (5c),
2.259 Å (5d), and 2.275 Å (2.305 Å) (5f), indicating the presence of
CH/O] type hydrogen bonding.7 The phenyl and the naphthyl
rings take a face-to-face disposition. The degree of overlap between
the aromatic rings for anti isomer (5c) is larger than the syn isomer
(4c). The interplanar angles between the napththyl and the phenyl
rings for anti isomers 5c, 5d, and 5f are 21.0�, 18.3�, and 33.6
(36.2)�, respectively.

2.3. Crystal packing structure

The crystal packing diagrams are illustrated in Figure 3. The syn
isomer (4c) is linked by intermolecular hydrogen bonds between
>NC]O and napththyl OH group. In the anti isomers (5c, 5d, 5f),
the two molecules forms a dimer linked by strong hydrogen bonds
between the amide carbonyl and the napththyl OH group making
the 16-membered cyclic hydrogen-bonded structure (Fig. 3a). In
the 5f isomer, the CH/p interaction is found between the methyl
hydrogen of 4-dimethylaminophenyl group and the phenyl ring of
the neighboring molecule (Fig. 3b). The distance is 2.961 Å.

2.4. Molecular orbital calculations

In order to know the nature of electronic interaction between
the naphthyl and the phenyl ring, the molecular structure optimi-
zations of 5a, 5c, and 5f were examined using molecular orbital
calculation. First, we tried to use ab initio and density functional
theory (DFT) calculations.8 However the B3LYP/6-31G(d) or HF/6-
311þþG(d,p) level of calculations could not reproduced both the
sp2 nature of the amide group. On the other hand, semi-empirical
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Figure 3. Crystal packing of 5f. (a) Hydrogen-bonded Dimer. (b) CH/p Interaction.
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Figure 5. Comparison of the interatomic distances and interplanar angles for
assessment of aromatic interaction between the substituted phenyl and naphthyl rings
for the PM6-calculated structures of 5a, 5c, and 5f.
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PM69 structure optimization approximately reproduced both the
coplanarity of the amide group and the conformational feature of
the aryl rings observed in the crystal structure of 5a (Fig. 4).10
1) X-ray 2) PM6

3) B3LYP/6-31G(d) 4) HF/6-311++G(d,p)

Figure 4. Planarity of the amide moiety for X-ray and calculated structures of 5a
(anti). Dihedral angle of C8a-N-CO-Ar: (1) 180.0�; (2) 179.7�; (3) 170.4�; (4) 169.4� .
The calculated interplanar angles between the napththyl and
the phenyl rings for anti isomers 5a, 5c, and 5f are 14.9�, 20.6�,
and 19.2�, respectively (Fig. 5). The unsubstituted phenyl de-
rivative (5c) showed a maximum value. The interatomic distances
between C4 of phenyl and C8 of naphthyl ring are 3.696, 3.863,
and 3.775 Å, which are parallel to the order of the interplanar
angle. These indicate that the aryl rings are attracted by intra-
molecular forces, which may be rationalized by the frontier mo-
lecular orbital energy separation between the substituted
benzenes and 2-naphthol.5g The B3LYP/6-31G(d) calculated inter-
planar angle of 5c is 36.2�, considerably larger than that of the
crystal structure.

In the PM6-calculated structure of 5 (anti), the intramolecular
ArOH/N short contact is found. The phenolic hydrogen atom is
situated just above the N–C7a bond connecting the amide carbonyl
and the benzene ring of indoline moiety. The interatomic distances
between the amide nitrogen atom and the phenolic hydrogen atom
in 5a, 5c, and 5f are 2.394, 2.365, and 2.344 Å, respectively. In the 1H
NMR spectra, the hydroxy protons of 5a, 5c, and 5f resonate at 9.80,
9.59, and 9.49 ppm as sharp singlet signals, respectively.5g These
protons resonated at ca. 0.4–0.7 ppm higher field than the 4-OH
proton signal (10.19 ppm, br s) of the coupling product of 1c and
1-naphthol ([2-(4-hydroxynaphthalen-1-yl)-3,3-dimethylindolin-
1-yl] phenyl methanone).11 The chemical shift of a hydroxy proton
signal is a balance between two opposite contributions: a down-
field shift due to the ArOH/N hydrogen bonding and an upfield
shift due to the anisotropic effect of the conjugated system.

The stabilization energy of 5c due to OH/N interaction was
calculated to be 4.2 kcal/mol in comparison with the local mini-
mum anti structure without the interaction. The more elaborate
DFT calculation at B3LYP/6-31G(d) level for 2-(2-hydroxyphenyl)-
3,3-dimethylindoline-1-carbaldehyde indicated that the stabiliza-
tion energy due to the interaction is 1.5 kcal/mol, in which the OH/
N distance is 2.126 Å. In the local minimum anti structure without
OH/N interaction, the hydrogen atom is far distant from the N
atom (Fig. 6). These observations suggest that both the effective p–
p interaction and the ArOH/N interaction affect the stabilization
of the ground-state structures of the anti atropisomers. Similar
interaction is found in the syn isomer due to intramolecular CH/O
type hydrogen bond7d between the C2-H and the ArOH, supported
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Figure 6. Estimation of ArOH/N and CH/O interactions for the structure of
2-(2-hydroxyphenyl)-3,3-dimethylindoline-1-carbaldehyde by DFT calculation.
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by the similar 1H NMR spectral behavior due to the ring current
effect of the benzoyl ring.
2.5. Equilibrium reactions

Heating of 4a–f in some solvents at 80� for 48 h caused trans-
formation into equilibrium mixtures of 4a–f and 5a–f. The equi-
librium constants [K¼anti (5)/syn (4)], which were evaluated by
the 1H NMR spectral integration of the C2-H, are shown in Table 1.
The substituent effect for the interconversion (4$5) on the equi-
librium constant was examined by plotting K against Hammett’s sp

values12 (Fig. 7).

Table 1
Equilibrium constant (K) from equilibrium reaction between several syn and anti
isomers in solvent

Compd. R X K (anti/syn)

Benzene DMSO-d6 EtOH

4a OH NO2 1.14 1.02 0.58
4b OH Cl 0.96 0.63 0.43
4c OH H 0.94 0.54 0.34
4d OH Me 1.35 0.67 0.47
4e OH OMe 1.37 0.78 0.58
4f OH NMe2 2.06 0.81 0.75
6a OMe NO2 0.91 1.24 1.30
6c OMe H 0.54 0.63 0.83
6e OMe OMe 0.89 0.89 0.96

Figure 7. Plot of K for equilibrium reaction against Hammett’s sp. (a) K (4$5) versus
sp (b) K (6$7) versus sp.
As can be seen in Figure 7a, the equilibrium constant in benzene
was a minimum for the unsubstituted derivative (X¼H) and larger
when either electron-withdrawing (X¼NO2) or -donating
(X¼NMe2) substituents were present. Both substituents cause anti
(5) preference in the isomerization. In benzene solution, the plot-
ting K against sp for 6 showed a similar U-shaped curve as observed
in 4a–f (Fig. 7b). However, the preference of anti isomer (7) de-
creased in comparison with the corresponding 2-hydroxynaphthyl
derivatives (5).

3. Discussion

As mentioned above, the interplanar angle between the 4-
substituted phenyl and naphthyl rings for the anti isomers (5a–d)
in the crystal was largest for the unsubstituted derivative (5c). The
value was smaller when nitro (5a) or methyl (5d) group was in-
troduced on the phenyl ring. This suggests that the donor–acceptor
attractive interaction between the aryl moieties is present in the
crystal. However, contrary to our expectation, the angle of the 4-
dimethylaminophenyl derivative (5e) is much larger than that of 5c.
The crystal structure indicates that the two molecules form a dimer
linked by strong hydrogen bonds between the amide carbonyl and
the naphthyl OH group. The intermolecular CH/p interaction ex-
ists between the 4-dimethylaminophenyl ring and the one of the
neighboring molecule (Fig. 3). Therefore, the p–p interaction be-
tween the aryl rings should be assessed under consideration of the
crystal packing features. The short contacts of the packing diagram
indicated that the interplanar angle between the 4-



Table 2
Heats of formation (DHf)a of syn and anti isomers in several solvents calcuated by
PM6-COSMO method

Solvent R¼OH R¼OMe

4a (syn) 5a (anti) 6a (syn) 7a (anti)

Gas �5.9 �8.0 (�4.3b) �1.7 �0.0
Benzene �13.7 �15.0 (�12.4b) �8.5 �7.3
DMSO �23.9 �24.6 (-23.1b) d d

H2O �24.2 �24.5 (�23.4b) d d

a kcal/mol.
b DHf without N/HOAr interaction.
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dimethylaminophenyl and naphthyl ring is expanded by the in-
clusion of the naphthyl ring of a neighboring molecule into the
face-to-face space (Fig. 3b).

To know the effect of the formation of the hydrogen-bonded
dimer on the conformational change in crystal structure, PM6 cal-
culation was examined for the dimer of 5a. The method predicted
that the interplanar angle is 24.0�, which is significantly larger than
the observed one (12.8�) or the calculated value of the monomer
(14.9�). The structural feature of the hydrogen-bonded dimer could
not be reproduced by PM6 method. This suggests that the de-
formation of the 4-nitrophenyl and naphthyl rings is not arisen
from the dimer formation but from other intramolecular
interactions.

In order to obtain the experimental evidence of the effective
p–p interaction and the intramolecular weak interactions, we
explored the correlation between the equilibrium constants (K)
for the interconversion (syn$anti) in some solvents and the
substituent effect of the phenyl groups. The plotting K against sp

gave U-shaped curve (Fig. 7). A plot of the K values against the
PM6 HOMO energies of 4-substituted benzene also gave a U-
shaped curve (Fig. 8).
Figure 8. Plot of K for equilibrium reaction in benzene against the EHOMO of
4-substituted benzene.
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These facts can be attributed to the change of the frontier orbital
interaction with introduction of the substituents on phenyl ring.13

Inspection of the orbital phase interaction indicates that the degree of
orbital overlap for the anti (5) isomer is more effective than the syn
(4) isomer.5g Therefore, the plot of U-shaped curve between K and sp

clearly indicates that the ‘neutral-type’ donor–acceptor interaction14

between the naphthyl and the phenyl group is operative in solution.
The fact that 1-[2-(2-hydroxynaphthalen-1-yl)-3,3-dimethylindolin-
1-yl]ethanone (so-called N-acetyl derivative) shows syn preference
on the equilibrium reaction5i supports the presence of the attractive
p–p interaction between the aromatic rings.

The preference of anti isomer (5) decreased in polar solvent,
such as DMSO-d6 regardless of the substituents on the phenyl ring.
To know the solvent effect on the relative stability of the isomers,
the ground-state structures of 4a and 5a were calculated in some
solvents using Conductor-like Screening Model (COSMO)15

approach. The calculation indicates that the anti (5a) preference
decrease with an increase of solvent polarity Table 2. For example,
the difference (DDHf) on changing the solvent from benzene to
DMSO are 1.3 and 0.7 kcal/mol, respectively. Taking the over-
estimation of ArOH/N type stabilization into consideration, there
might be little difference for the relative stability of the isomers in
polar solvents.
To know the role of 2-hydroxyl group on the naphthalene ring in
the relative stability of the isomers, the equilibrium constants of 2-
methoxynaphthyl derivatives (6a, 6c, and 6e) were evaluated.
In benzene solution, the plotting K against sp for 6 showed a similar
U-shaped curve as observed in 4a–f (Table 1 and Fig. 7). However,
the preference of anti isomer (7) decreased in comparison with
the corresponding 2-hydroxynaphtyl derivatives (5). The lack of the
ArOH/N interaction due to the methylation of the 2-hydroxy
group reduces the energetic preference for anti (7), resulting in
decrease of the K value.16 The COSMO method predicts that the DHf
of the syn isomer is 1.2 kcal/mol lower than that of anti isomer. This
corresponds to the observed relative stability showing that the
K value is 0.91. In addition to this, the solvent change from benzene
to ethanol causes the mode of hydrogen bond from intramolecular
weak >CH/O(Me)– bond to intermolecular EtOH/O(Me)– bond
resulting in the decrease of syn isomer (6).

In summary, the presence of the effective p–p interaction
between the parallel-stacked aryl units and the intramoleculer
interactions (ArOH/N and CH/O interactions) in 4 and 5 affects
the stabilization of the rotamers and the conformational change of
the aryl groups (Fig. 9).
4. Experimental

4.1. Materials

[2-(2-hydroxynaphthalen-1-yl)-3,3-dimethylindolin-1-yl](4-
substituted phenyl)methanone (4, 5) were prepared by the pre-
viously reported method.5c

4.2. Crystal structure analysis

The single crystals of 4c, 5c, 5d, and 5f were prepared by slow
evaporation of its ethanol solution at room temperature. All
measurements were performed on a Rigaku RAXIS RAPID imaging
plate area detector with graphite-monochromated Mo-Ka radia-
tion (l¼0.7107 Å). The data were collected at a temperature of
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23�1 �C to a maximum 2q value of 55�. The structure was solved by
direct method (SIR-9217a), and hydrogen atoms were placed at the
calculation. The structure was refined by a full-matrix least-squares
technique using anisotropic thermal parameters for non-hydrogen
atoms and a riding model for hydrogen atoms. All calculations were
performed using the crystallographic software package Crystal
Structure.17b,c These X-ray crystallographic data have been de-
posited at the Cambridge Crystallographic Data Centre (CCDC).

4.2.1. Crystal data of 4c. C27H23NO2, M¼393.48, orthorhombic,
space group Pbca (#61), a¼16.789(3), b¼17.503(3), c¼14.234(4) Å,
V¼4182(1) Å3, Z¼8, Dc¼1.250 g/cm3, R¼0.120, Rw¼0.154, CCDC ref.
No. 749425; 5c: C27H23NO2, M¼393.48, trigonal, space group R-3
(#148), a¼26.210(1), c¼16.1455(6) Å, V¼9605.4(7) Å3, Z¼18,
Dc¼1.224 g/cm3, R¼0.057, Rw¼0.104, CCDC ref. No. 749426; 5d:
C28H25NO2, M¼407.51, monoclinic, space group P21/n (#14),
a¼14.408(1), b¼10.814(1), c¼15.833(1) Å, b¼116.596(5)�, V¼
2205.9(2) Å3, Z¼4, Dc¼1.227 g/cm3, R¼0.057, Rw¼0.098, CCDC ref.
No. 749427; 5f: C58H56N4O4, M¼873.10, triclinic, space group P-1
(#2), a¼9.7381(5), b¼11.0881(6), c¼22.018(1) Å, a¼80.275(2),
b¼89.114(1), g¼85.609(1)�, V¼2336.4(2) Å3, Z¼2, Dc¼1.241 g/cm3,
R¼0.068, Rw¼0.098, CCDC ref. No. 749428.

4.3. Equilibrium reaction between syn (4) and anti (5)
isomers (general procedure)

A benzene solution of 4 (10 mg) in a sealed tube was heated in
a thermostated oil bath at 80 �C for 48 h. After evaporation of the
solvent under reduced pressure, the residue was analyzed by 1H
NMR. The equilibrium constant (K¼anti (5)/syn (4)) was evaluated
by the spectral integration of the C2-H.

4.4. Molecular orbital (MO) calculations

Semi-empirical MO (PM6) calculations were run through Win-
mostar18 interface using MOPAC20099 on a DELL Dimension9200
computer. Solvent effects were considered at the PM6 level using
the COSMO algorithm15 incorporated in MOPAC2009. The ab initio
and DFT computations were performed with GAUSSIAN038 on a HIT
Linux cluster server made up of dual 1.6 GHz Itanium 2 processors.
Zero-point energy (ZPE) corrections were scaled by 0.9804.19
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