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1,1-Dibenzylethylene is the core unit of crownophanes obtained by tandem Claisen rearrangement from 1,1-bis-
(phenyloxymethyl)ethylene derivatives. Although the conformational preference of this unit is important to under-
stand, the three-dimensional structures of the crownophanes and their binding affinities with guest molecules and the
relative energies of rotamers of 1,1-dibenzylethylene and its related compounds were not known. MP2/6-311G**//
HF/6-311G** calculations showed that the C��C–C–C bonds of 1,1-dibenzylethylene had a skew–skew conformation
in the most stable rotamer. The skew–skew conformation had been observed in the crystal form of the water–
crownophane complex. The calculated relative energies of rotamers suggested that nonbonding interaction between
the benzene rings (quadrupole–quadrupole interaction) stabilized the skew–skew rotamer. The calculations of 1,1-
bis(2-hydroxy-3-methoxyphenylmethyl)ethylene showed that the most stable rotamer had the conformation in which
the two methoxy groups are on the opposite sides, while the second most stable rotamer, in which the two methoxy
groups are on the same side, was only 0.38 kcal mol�1 less stable.

Introduction
Crownophanes are structurally hybridized macrocycles which
have rigid aromatic moieties and flexible oxyethylene chains
within the macrocyclic ring.1 Crownophanes with phenolic
moieties have several interesting properties such as being highly
selective sodium ionophores.2–9 Recently Hiratani and co-
workers reported that the tandem Claisen rearrangement 10–13

provides a simple route to synthesize crownophanes with
phenolic moieties from 1,1-bis(aryloxymethyl)ethylene with a
cyclic poly(oxyethylene) chain. The crownophanes obtained
by this route contain 1,1-bis(arylmethyl)ethylene groups. A
crownophane obtained by this route (Fig. 1) has a strong
binding affinity to a water molecule.14 They measured the
binding constant to a water molecule as K = 250 ± 10 M�1 in
CD2Cl2 at 298.2 K. The water–crownophane complex in the
crystal form has a characteristic structure. The complex has
four hydrogen bonds. Two of them are between the water
oxygen atom and hydroxy groups and the other two are between
the water hydrogen atoms and oxygen atoms of the poly-
(oxyethylene) chain. The two C��C–C–C bonds of the crowno-
phane have a skew–skew conformation, which enables the
crownophane to have the two hydrogen bonds between the
water oxygen atom and the hydroxy groups.

Knowledge of the conformational preferences of crowno-
phanes is essential for predicting their three-dimensional
structures and their binding affinities with guest molecules,
since size fit and directionality are very important for molecular
recognition.15 Detailed information about the conformational
energies of 1,1-bis(arylmethyl)ethylene is important for the
understanding of the binding affinities of the crownophanes
with guest molecules and for the design of artificial host
molecules. Unfortunately, however, experimental measure-
ments of the relative energies of the rotamers of 1,1-bis-
(arylmethyl)ethylene molecules have not yet been reported.

Ab initio molecular orbital calculation is becoming a powerful

tool for evaluating relative energies of rotamers. Recently
reported calculations of small organic molecules show that
ab initio calculation provides sufficiently accurate conform-
ational energies, if a reasonably large basis set is used and
electron correlation is appropriately corrected.16–21 In this paper
we have calculated the relative energies of a few rotamers
of 1,1-dibenzylethylene and its related compounds (1–5,
Figs. 2, 4, 6–8) by high level ab initio methods.

Computational methods

The Gaussian 94 program 22 was used for the ab initio molecular
orbital calculations. The basis sets implemented in the program
were used. Geometries were optimized at the HF/6-311G**

Fig. 1 The crystal structure of a water–crownophane complex.
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level.23 Relative energies of rotamers were calculated using the
6-311G** basis set with electron correlation correction by the
second order Møller–Plesset perturbation method (MP2),24,25

if not otherwise noted. Electron correlation was also cor-
rected by higher order Møller–Plesset methods 25 and by the
coupled cluster method using single and double substitutions
with non-iterative triple excitations (CCSD(T)) 26 for selected
calculations. One torsional angle was fixed and the other geo-
metrical parameters were fully optimized in torsional potential
calculations.

Results and discussion
Effects of the basis set

The relative energy of the two rotamers of 2-benzylprop-1-ene
(2) (see Fig. 4) was calculated by HF and MP2 methods with
several basis sets to evaluate the basis set effects. For all the
calculations the skew rotamer is more stable than the syn
rotamer. The relative energies of the two rotamers are sum-
marized in Table 1. The MP2 calculations show that the basis
set effects are not large if a basis set larger than the 6-31G*
basis set is used. The addition of diffuse functions 27 and
multiple polarization functions 28 to the 6-311G** basis set
had little effect on the calculated relative energies. Similar
basis set dependence was reported in the conformational energy
calculations of small molecules.18,19,29,30

Effects of electron correlation

The conformational energies of small molecules have been
calculated with electron correlation correction by several
methods.18,19,30 The effects of the correction beyond the MP2
level are in general not large. The relative energies of the two
rotamers of 2 were calculated by the MP2, MP3, CCSD
and CCSD(T) methods with the 6-31G* basis set to evaluate
the effects of electron correlation beyond the MP2 level. The
calculated energies of the syn rotamer relative to the skew
rotamer with the MP2, MP3, CCSD and CCSD(T) level correc-
tions are 0.72, 0.40, 0.52 and 0.55 kcal mol�1, respectively. The
effects of electron correlation beyond the MP2 level are not
large (less than 0.32 kcal mol�1). The MP2 level energy differ-
ence between the two rotamers (0.72 kcal mol�1) is close to the
CCSD(T) one (0.55 kcal mol�1). Due to the good performance
of the MP2 level correction, we decide to correct electron
correlation with the MP2 method in further calculations.

2-Ethylbut-1-ene (1)

It has been reported that both syn and skew rotamers of but-1-
ene are energetically stable.31–34 An analysis of the microwave
spectrum shows that the skew rotamer is 0.15 ± 0.15 kcal mol�1

more stable than the syn rotamer.31 Liquid phase Raman data
also show that the skew rotamer is 0.22 kcal mol�1 more
stable.32 G2 calculations 35 also show that the skew rotamer
is 0.36 kcal mol�1 more stable.34 The calculations with a smaller

Table 1 Calculated relative energies of syn rotamers of 2-benzylprop-
1-ene (2) a

Basis set BF b HF MP2

3-21G
6-31G
6-31G*
6-311G*
6-311G**
6-311��G**
6-311G(2d,2p)

114
114
174
216
252
304
338

0.91
0.78
0.70
0.57
0.58
0.50
0.47

0.43
0.18
0.72
0.77
0.80
0.67
0.54

a Energies in kcal mol�1. Calculated energies of syn rotamer relative
to skew one (Fig. 4). b Number of basis functions.

6-31G* basis set also showed that the skew rotamer was more
stable.36

Our MP2/6-311G**//HF/6-311G** calculations show that
the C��C–C–C bonds of 2-ethylbut-1-ene (1) also prefer syn and
skew conformations. The calculations show that the skew–skew
rotamer (C1–C2–C3–C4 = C1–C2–C5–C6 = 117.3�) is the most
stable among the four rotamers (Fig. 2) as summarized in
Table 2. The syn–syn and syn–skew rotamers are 0.46 and
0.33 kcal mol�1 less stable, respectively. The skew–skew�
rotamer (C1–C2–C3–C4 = 80.6 and C1–C2–C5–C6 = �118.8�) has
large conformational energy (1.00 kcal mol�1) due to the steric
repulsion between two methyl groups. The torsional potential
of the C1–C2–C3–C4 bond was calculated. The C1–C2–C5–C6

bond, which was not fixed during the geometry optimization,
had a skew conformation in the calculations. The calculated
torsional potential of the C1–C2–C3–C4 bond (Fig. 3) shows
that the gauche and anti internal rotational barrier heights are
about 1.5 and 4.2 kcal mol�1, respectively.

Fig. 2 The optimized geometries of the four rotamers of 2-ethylbut-
1-ene (1) at the HF/6-311G** level.

Table 2 Calculated relative energies of rotamers of 1–3 a

Rotamer b 1 2 3

HF/6-31G**

syn–syn
syn–skew
skew–skew
skew–skew�

0.09
0.10
0.00
1.21

0.58 c

0.00 d

1.54
0.79
0.00
3.60

MP2/6-311G**

syn–syn
syn–skew
skew–skew
skew–skew�

0.46
0.33
0.00
1.00

0.80 c

0.00 d

2.80
1.59
0.00
1.98

a Energies in kcal mol�1. The HF/6-311G** geometries were used. b See
Figs. 2, 4 and 6. c syn rotamer. d Skew rotamer.
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2-Benzylprop-1-ene (2)

Our MP2/6-311G**//HF/6-311G** calculations show that
the skew rotamer (C1–C2–C3–C4 = 117.9 and C2–C3–C4–C5 =
118.3�) of 2 (Fig. 4) is 0.80 kcal mol�1 more stable than the
syn rotamer (C1–C2–C3–C4 = 0.0 and C2–C3–C4–C5 = 90.0�).
The C1–C2–C3–C4 angle of the skew rotamer is close to that of
1. The calculated energy difference between the skew and syn
rotamers (0.80 kcal mol�1) is substantially larger than that
between the skew–skew and syn–skew rotamers of 1 (0.33 kcal
mol�1). The steric repulsion between the C1 methylene group
and phenyl ring in the syn rotamer would be the cause of the
larger energy difference. The distance between C4 and a hydro-
gen atom attached to C1 is only 2.6 Å in the syn rotamer. The
C2–C3–C4 angle (116.7�) of the syn rotamer is substantially
larger than that of the skew rotamer (114.1�), which indicates
that the syn rotamer has larger steric repulsion.

The calculated torsional potential of the C1–C2–C3–C4 bond
is shown in Fig. 3. The C2–C3–C4–C5 angle was 72–118� in the
optimized structures. The calculated potential shows that
gauche and anti barrier heights are about 3.3 and 3.6 kcal mol�1,
respectively. The torsional potential of the C2–C3–C4–C5 bond
in the skew rotamer was calculated as shown in Fig. 5. The
calculated internal rotational barrier height of the phenyl group
is about 3.4 kcal mol�1. The torsion angle of the C2–C3–C4–C5

bond is not too different from 90� in the stable conformation
as in the case of ethylbenzene. MP2/6-311G**//HF/6-311G**
calculations of ethylbenzene show that the perpendicular
rotamer is 1.43 kcal mol�1 more stable than the coplanar
rotamer.

Fig. 3 The calculated torsional potentials of the C1–C2–C3–C4 bonds
of 1–3 at the MP2/6-311G** level. The C2–C3–C4–C5 bonds of 2 and
3 have skew conformations.

Fig. 4 The optimized geometries of the syn and skew rotamers of
2-benzylprop-1-ene (2) at the HF/6-311G** level.

1,1-Dibenzylethylene (3)

Conformational analysis of 2 shows that the benzyl group
prefers the syn and skew conformations with respect to the
C��C bond. We have calculated the relative energies of the four
rotamers of 1,1-dibenzylethylene (3) (Fig. 6). The benzyl groups
take the syn or skew conformations in these rotamers. MP2/6-
311G**//HF/6-311G** calculations show that the skew–skew
rotamer is the most stable among the four rotamers as shown
in Table 2. The C1–C2–C3–C4 and C1–C2–C10–C11 torsion angles
are both 116.7� in this rotamer. The relative energies of the
syn–syn, syn–skew and skew–skew� conformations are 2.80,
1.59 and 1.98 kcal mol�1, respectively. Compound 3 is the core

Fig. 5 The calculated torsional potentials of the C2–C3–C4–C5 bonds
of 2 and 3 at the MP2/6-311G** level. The C1–C2–C3–C4 bonds of
2 and 3 have skew conformations.

Fig. 6 The optimized geometries of the four rotamers of 1,1-
dibenzylethylene (3) at the HF/6-311G** level.
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unit of the crownophanes obtained by the tandem Claisen
rearrangement. Crystal structures of the six crownophanes
obtained by the rearrangement have been analyzed.13,37 The
1,1-dibenzylethylene unit takes the skew–skew conformation in
these crystals. The calculated conformational preference of this
group agrees well with the experimental observation.

The energy difference between the syn–skew and skew–skew
rotamers (1.59 kcal mol�1) is considerably larger than that of
the syn and skew rotamers of 2 (0.80 kcal mol�1). The C1–C2–
C3–C4 torsional potential of 3 is very close to that of 2 when the
C1–C2–C3–C4 torsion angle is 0–60� (Fig. 3), while the potential
of 3 has a deeper minimum than that of 2 when the torsion
angle is 120� (skew–skew). These results indicate that the second
phenyl group stabilizes the skew–skew rotamer. The larger
stability of the skew–skew rotamer suggests that this conformer
is stabilized by the nonbonding interaction between phenyl
groups. The two benzene rings take the slipped-parallel
geometry in this rotamer. It has been reported that the slipped-
parallel structure is a stable structure of the benzene dimer and
that this structure is stabilized with attractive quadrupole–
quadrupole interactions.38–41 Hobza et al. reported that the
binding energy of the slipped-parallel benzene dimer is about
2.0 kcal mol�1 at the equilibrium geometry from their CCSD(T)
calculations using a modified aug-cc-pVDZ basis set.40 This
attractive interaction between the two phenyl groups would
be the cause of the large stability of the skew–skew rotamer.
The skew–skew� rotamer is considerably less stable than the
skew–skew rotamer. In this rotamer the two phenyl rings have
close contact. The C4 � � � C11 distance is only 3.43 Å in this
rotamer. Steric repulsion between the two phenyl groups is
apparently one of the causes of the high energy of this rotamer.
The calculated torsional potential of the C1–C2–C3–C4 bond is
shown in Fig. 3. The C2–C3–C4–C5 torsional angle is not too
different from 90�. The calculated torsional potential of the
C2–C3–C4–C5 bond is shown in Fig. 5. The torsional angle of
this bond is close to 120� in the energy minimum structure.
The difference between the potentials of 2 and 3 also suggests
that the energy minimum structure (skew–skew) is stabilized by
the interaction between the two phenyl groups.

1,1-Bis(o-hydroxyphenylmethyl)ethylene (4)

The relative energies of the four rotamers of 1,1-bis(o-hydroxy-
phenylmethyl)ethylene (4) (Fig. 7) were calculated to evaluate
the effects of the ortho-hydroxy groups. The C1–C2–C3–C4

and C1–C2–C10–C11 bonds have the skew conformation in these
rotamers. The conformations of the phenyl rings and hydroxy
groups are different. The rotamer D was the most stable
among the four rotamers. The calculated relative energies of the
rotamers A–C are 3.21, 2.43 and 3.41 kcal mol�1, respectively,
as shown in Table 3. One hydroxy group has an intramolecular
hydrogen bond with the oxygen atom of the other hydroxy
group in the rotamer D. Apparently this hydrogen bond is the
cause of the large stability of the rotamer D. The rotamer A,
which does not have this hydrogen bond, is 3.21 kcal mol�1 less
stable. The relative stability of the rotamer C is close to that of
the rotamer A. The rotamer B is more stable than the rotamers
A and C.

1,1-Bis(2-hydroxy-3-methoxyphenylmethyl)ethylene (5)

The relative energies of the three rotamers of 1,1-bis(2-hydroxy-
3-methoxyphenylmethyl)ethylene (5) (Fig. 8) were calculated.
The two hydroxy groups of this molecule have intramolecular
hydrogen bonds with the oxygen atoms of the neighboring
methoxy groups in these three rotamers. A rotamer which has a
hydrogen bond between the two hydroxy groups, as in the case
of the rotamer D of 4, was not an energy minimum structure.
The rotamer B was the most stable among the three rotamers
as shown in Table 3, while the energy difference between the
rotamers A and B is only 0.38 kcal mol�1. The energy difference

is smaller than that of 4 (0.78 kcal mol�1), which indicates
that the methoxy groups increase the relative stability of the
rotamer A.

Compound 5 is the core unit of the crownophanes obtained
by the tandem Claisen rearrangement. The conformational
analysis of 5 by ab initio calculations shows that the conform-
ation B is more stable than the conformation A, while the
energy difference between the two conformations is very small
(0.38 kcal mol�1). The order of the stability of the two con-
formations will be changed very easily by additional effects
such as geometrical constraints and host–guest interaction.
It is not surprising that this unit adopts conformation A in
the water–crownophane complex (Fig. 1).

Fig. 7 The optimized geometries of the four rotamers of 1,1-bis-
(o-hydroxyphenylmethyl)ethylene (4) at the HF/6-311G** level.

Table 3 Calculated relative energies of rotamers of 4 and 5 a

Rotamer 4 5

HF/6-311G**

A
B
C
D

0.60
0.00
1.09

�1.54

0.52
0.00
1.44

MP2/6-311G**

A
B
C
D

0.78
0.00
0.98

�2.43

0.38
0.00
1.20

a Energies in kcal mol�1. The 6-311G** basis set was used. See Figs. 7
and 8.
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Conclusions
The C��C–C–C bonds of 1,1-benzylethylene units of
crownophanes take the skew–skew conformation in the crystal
form. Our calculations indicate that the C��C–C–C bonds prefer
the skew conformation to the syn. The calculated conform-
ational energies suggest that the skew–skew conformation is
further stabilized by the nonbonding interaction between the
phenyl groups (quadrupole–quadrupole interaction).

Our calculations show that the most stable rotamer of
the 1,1-bis(2-hydroxy-3-methoxyphenylmethyl)ethylene has the
conformation in which the two methoxy groups are on opposite
sides. The rotamer in which the two methoxy groups are on the
same side is the second most stable rotamer. This rotamer,
which corresponds to the conformation observed in the crystal,
is only 0.38 kcal mol�1 less stable than the most stable one.
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