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The S-R enantiomerization processes of 2,2′-biphenol (biphenol) have been investigated using density
functional theory (DFT). Five isomers for biphenol were identified:I0, which is the most stable isomer;I1a
andI1b, which are formed by a restricted rotation of one OH group; andI2a andI2b, which are formed by
a restricted rotation of the two OH groups wherea andb denote cis and trans configurations, respectively.
Each isomer hasR- andS-enantiomers. The energies relative to the most stable isomerI0 are 1.6, 3.3, 5.3,
and 5.5 kcal mol-1 for I1a, I1b, I2a, andI2b, respectively. The direct enantiomerization ofI0, in which the
phenol-ring rotation is considered to be the reaction coordinate while the OH rotations are frozen, is forbidden
because of the repulsion between the two OH groups. The transition states for isomerizations ofI0 to other
isomers (I1a, I1b, I2a, or I2b) were calculated as well as those for the other direct enantiomerizations except
for that of I0. From the viewpoint of the least number of the transition states and their low energy levels, the
probableS-R enantiomerization ofI0 is expressed as a sequential process of isomerization:I0,S f I1a,S,
a direct enantiomerization induced by one of the two OH rotations,I1a,S f I1a,R, and another isomerization,
I1a,R f I0,R, that is, I0,S f I1a,S f I1a,R f I0,R as the whole process. This process is effective in
quantum control of the enantiomerization of biphenol and can be carried out by a sequence of a pump-dump
IR laser-pulse scheme.

1. Introduction

Biphenols and their derivatives are important compounds in
the various research fields ranging from chemistry to biology
and medicine.1-11 2,2′-Biphenol is a fundamental biphenol
owing to its ability to form inter- and intramolecular hydrogen
bondings.12,13Another particular aspect of 2,2′-biphenol is that
it has a chirality feature. Indeed, the restricted rotation around
the C-C inter-ring σ-bond in 2,2′-biphenol may generate a
mirror image if the hydroxy (OH) groups conserve their initial
rotations, that is, without any internal rotation of the OH groups
around the C-O bonds, or may lead to the formation of other
isomers while maintaining OH initial rotational angles. This kind
of chirality, known as axial chirality, is of special importance
if the rotational barrier is large enough to prevent a rapid
interconversion so that the conformational isomers, also known
as “atropisomers”, can be isolated and studied separately.14

Chiral molecules are of particular importance since they can
be used as probe molecules for investigating some of the
fundamental chemical and biological processes. Recently, many
studies have addressed the issue of quantum control of molecular
chirality because of its important chemical processes and also
because of the progress made in laser science and technology.15-19

In this regard, several methods for quantum control of enanti-
omerization, which is a conversion of one enantiomer to another,
of chiral compounds have been proposed.20-23

In a recent work, we investigated the 1,1′-bi-2-naphthol
(binaphthol) molecule, and we addressed the question of possible
direct enantiomerization, by the rotation around the C-C inter-

ring bond, of the most stable isomer.24 In this work, we aim to
elucidate all possible enantiomerization or isomerization pro-
cesses starting by identifying all possible biphenol isomers. So
far, three isomers have been detected by various experimental
techniques and confirmed by theoretical methods. To the best
of our knowledge, there has been no theoretical study on the
enantiomerization mechanism of 2,2′-biphenol nor any study
on the number of isomers that it may have. We have, therefore,
undertaken a systematic investigation on this issue.

For this purpose, we present in this paper the results of a
molecular orbital theoretical study on the enantiomerization
processes of 2,2′-biphenol (hereafter called simply biphenol).
As in our previous studies where two molecules, namely
difluorobenzophenanthrene and binaphthol were considered as
targets for quantum control of enantiomers,25,26 the results of
the present work equips us with the fundamental data for an
effective scenario for biphenol’s quantum control.27 We show
the probableS-R enantiomerization path between the most
stable enantiomers and explain the mechanism of the enanti-
omerization in terms of both the C-C inter-ring (phenol/phenol)
rotation and the OH rotations around the C-O bonds.

This paper is organized as follows. In the next section, we
briefly describe the method of calculations. In the next section,
we first show the stabilities of the isomers of biphenol and
discuss the origin of the conformational preference in their
structures. Next, we present possible enantiomerization pathways
and the most favorableS-R enantiomerization pathway of the
most stable isomer. Finally, we discuss the applicability of
quantum control toS-R enantiomerization of biphenol.

2. Computational Details

Geometry optimizations were carried out at the B3LYP level
of the density functional theory, which consists of the hybrid
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Becke+Hartree-Fock exchange and the Lee-Yang-Parr cor-
relation functional with nonlocal corrections.28 We used the
6-31+G(d,p) basis set as implemented in the Gaussian suites
program. Where appropriate, symmetry of isomers was con-
sidered. However, for the sake of consistency, all of the
equilibrium and transition state structures determined were
optimized without any symmetry restriction. All of the structures
were identified by the number of imaginary frequencies
calculated from the analytical Hessian matrix. The reaction
coordinates were followed from each transition state to the
reactant and product on the potential energy curve by the
intrinsic reaction coordinate (IRC) technique.29 For the most
favorable path, thermochemical parameterssenthalpy, entropy,
and Gibbs free energyswere calculated at the B3LYP/6-31+G-
(d,p) level using a scaling factor 0.961430 for the calculated
vibrational frequencies at the temperature of 298.15 K and
pressure of 1 atm.

For the most favorable path, single-point energy calculations
at the optimized B3LYP/6-31+G(d,p) structures have been
carried out at the MP2(fc)/6-31+G(d,p) level of theory for
comparative purposes.31

All calculations were carried out using the Gaussian 9832 and
Gaussian 0333 suites of the program.

3. Results and Discussion

3a. Isomers of 2,2′-Biphenol. Figure 1 shows five isomers
designatedI0, I1a, I1b, I2a, and I2b, which were found by
using the DFT theoretical method.34 Their relative energies with
respect to the most stable isomerI0 are 1.6 kcal mol-1 for I1a,

3.2 kcal mol-1 for I1b, 5.3 kcal mol-1 for I2a, and 5.5 kcal
mol-1 for I2b.

Each of these isomers has its enantiomer counterparts,S-and
R-forms. Here,I0 denotes the most stable isomer.I1a (I1b)
andI2a (I2b) denote the isomers that are formed by a restricted
rotation of one (1) of the two OH groups and that of both (2)
OH groups, respectively;a and b denote cis and trans
configurations, respectively. In addition to the three cis isomers
I0, I1a, andI2a that should, in principle, be possible structures
from the viewpoint of interactions between the two OH groups,
another two isomers,I1b andI2b, were found to be stable ones.
As can be seen from Figure 2, these latter two isomers (I1b
and I2b) are the result of rotation around the C-C inter-ring
σ-bond of the two former isomers (I1a andI2a), where the two
OH groups are away from each other.

Figure 2 shows the geometrical structures of the five isomers,
which were calculated at the B3LYP/6-31+G(d,p) level. The
geometrical structure for isomerI0 compares reasonably well
with those calculated by Ottaviani et al.,35 within 0.003 Å and
0.2° as the maximum deviations in bond lengths and angles,
respectively. The ring-ring dihedral angle of 109.6° lies
between the DFT value of 107° and the experimental value of
112.7°, which were determined by using millimeter wave
absorption free jet spectroscopy.35 The dihedral angle is
significantly different from the calculated semiempirical value
of 55° reported by Lucarini and co-workers using the AM1
method.36

The two aromatic rings inI1a and those inI2a bend toward
each other, forming rotational dihedral angles of 50.3° and 63.4°,
respectively. These angles are half of that ofI0. In I1b and
I2b, the two aromatic rings are separated from each other by
115.4° and 126.4°, respectively, which are somehow larger than
that in I0.

The calculated dihedral angles forI1a and those forI2a
compare reasonably well with those determined by crystal
structure experiments. Indeed, the ring-ring dihedral angle was
evaluated to be 48.4° in I1a,37 in good agreement with the
calculated angle of 50.3°. Overall, the geometrical parameters
determined experimentally are within 0.03 Å for the bond
lengths but less than 1° for the bond angles, indicating good
agreement with our DFT results.

For I2a, no published results are available for the isolated
isomer. However, the crystal structure of the monohydrate
complex has been reported,13 and it would be worth comparing
our calculated structure with the crystal structure. At first, it
should be noted that the monohydrate biphenol does not exhibit
the expectedC2 symmetry as was the case in our calculation,
due to the presence of the intermolecular hydrogen bond.
Nevertheless, comparison between the monohydrate biphenol
geometrical parameters and our calculated ones shows relatively
good agreement in terms of bond lengths and angles. Regarding
the dihedral angle between the two aromatic rings, our calculated
value of 63.4° is slightly smaller than that in the monohydrate
one, 67.6°.13 This deviation is attributed to the effects of the
intermolecular hydrogen bond between the water molecule and
one of the two oxygen atoms in the monohydrate form. Second,
while narrowing of the rotational dihedral angle inI1a is clearly
attributed to the formation of a hydrogen bond between the two
OH groups, the electrostatic repulsion between the two oxygen
atoms in the case of theI2a isomer somehow widens its
rotational dihedral angle by about 13.1°, compared to that in
I1a.

For I0, I1b, andI2b, the rotational dihedral angle was even
much larger. One explanation for widening of the dihedral angle

Figure 1. Five isomers of 2,2′-biphenol,I0, I1a, I1b, I2a, and I2b
and their respective enantiomers.I0 denotes the most stable isomer.
The phenol group is graphically abbreviated by a bar having a short
stick that represents the hydroxy (OH) group.I1a and I1b denote
isomers formed by a rotation of one of the two OH groups.I2a and
I2b denote isomers formed by rotation of both OH groups. The
numerical value denotes the calculated dihedral angle between two
phenol groups of each enantiomer. The direct enantiomerization between
I0,S and I0,R is forbidden, while the other direct enantiomerizations
are allowed.
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is that the parallel configuration of the two hydrogen atoms of
the two OH groups yields an electrostatic repulsion between
them and hence leads to enlargement of the rotational angle.
Such an effect is absent inI2a due to the opposite directions of
the two hydrogen atoms of the hydroxy groups. Another
explanation that has been proposed for the case ofI0 ascribes
the widening of the rotational dihedral angle to the electronic
effect originating from the internal OH‚‚‚π hydrogen bonds.12,35

This suggestion was argued by the fact that a perpendicular
arrangement between OH and theπ of the corresponding
aromatic ring favor the OH‚‚‚π orbitals overlap. While this
explanation is plausible forI0 and seems to be applicable even
for the binaphthol case (where the two aromatic rings are
perpendicular to each other),24 it is not the main factor governing
their stabilities for the following two reasons. (i) The steric effect

in binaphthol of the two aromatic rings brings the structure to
a perpendicular arrangement between them. (ii) As will be
shown later, inI1a-I1b isomerization, a perpendicular arrange-
ment of one of the two OH groups with theπ of its adjacent
aromatic ring corresponds to a transition state structure. Looking
at the values of the rotational dihedral angle inI0, I1b, and
I2b (range from 109.6° to 126.4°), one can conclude that the
electrostatic effect is the dominant factor in their structures.

3b. S-R Enantiomerization between the Most Stable
Enantiomers.Consider the enantiomerization between the most
stable enantiomersI0,S and I0,R. Generally, there are two
possible pathways for each enantiomerization process, trans and
cis paths, depending on the rotational direction around the C-C
single bond connecting the two aromatic rings. Here, in the trans
path, the two OH groups get away from each other, while in

Figure 2. Optimized geometrical structures of the five isomers of 2,2′-biphenol. Only the most important dihedral angles are given and those
relative to the planarity of the system, which undergo small variation, are not shown. Energies (∆E) are in kcal mol-1, distances are in angstroms,
and angles and dihedral angles are in degrees. The energies are evaluated relative to the most stable isomerI0. Numbering of the selected atoms,
shown in the structure ofI0,R which is the mirror image ofI0,S, is identical for all structures presented in this paper. The symbol in parentheses
denotes the irreducible representation of the point group of the isomer.
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the cis path the two OH groups get closer. In both paths, a
rotation of 180° is considered.

The direct enantiomerization betweenI0,S and I0,R has no
transition state along both the cis and the trans paths from the
results of transition state searching by using an ab initio MO
method, and this process is forbidden. Here, “direct” means
enantiomerization through phenyl-ring rotation while OH rota-
tion is frozen. Actually, in the course of the location of the
transition state through C-C inter-ring bond rotation, none has
been found connectingI0 to any of the other isomers, regardless
of whether the symmetry has been constrained or released. The
main reason for the forbidden process is that there exists a strong
electrostatic interaction between the two OH groups in the case
of the cis path and a steric hindrance between H2 and H2′ in the
case of the trans path.

Therefore, we take into account another enantiomerization
process between the most stable enantiomers, which involves
isomerization and direct enantiomerizations as the intermediate
processes.

We first consider the other four direct enantiomerization
processesI1a,S-I1a,R, I1b,S-I1b,R, I2a,S-I2a,R, andI2b,S-
I2b,R as the intermediate processes of enantiomerizationI0,S-
I0,R. The enantiomerization processesI1a,S-I1a,R andI2a,S-
I2a,R proceed via cis paths whileI1b,S-I1b,R and I2b,S-
I2b,R proceed via trans paths. We second consider isomerization
processes as an intermediate process, and finally we examine
the most probable enantiomerization pathways involving isomer-
ization and direct enantiomerization processes.

(i) Direct S-R Enantiomerizations.Figure 3 shows the energy
diagram for direct enantiomerizations, while Figure 4 shows
the transition state structures. In general, any transition state
for enantiomerization is characterized by an achiral structure.
The numerical values in parentheses show imaginary vibrational
frequencies that were calculated at the B3LYP/6-31+G(d,p)
level.

S-R Enantiomerization ofI1a. Direct enantiomerization takes
place via transition state (I1a)* along the cis-type of rotation
of phenol rings. The two aromatic rings in the transition state
are coplanar, forming aCs symmetry. The main structural feature
in the transition state (I1a)* is the formation of an intramolecular
hydrogen bond between the hydrogen atom of one hydroxy
group and the oxygen atom of the other hydroxy group. Figure
4 shows the structure of (I1a)* together with selected geo-
metrical parameters. As a consequence of the hydrogen bonding,
the O1C1C2 angle increases by about 4° and that of H1O1C1

increases by about 3°, compared to their respective angles in
I1a,S. The hydrogen bond also stabilizes the transition state,
compared with those in the other transition state (see Figure
4), which is reflected in the height of the energy barrier (9.9
kcal mol-1 with respect to the energy ofI1a).

S-R Enantiomerization ofI1b. This enantiomerization takes
place via the trans path. The transition state (I1b)* connecting
I1b,SandI1b,R enantiomers has aCi symmetry, where the two
OH groups are oriented in opposite directions but toward the
aromatic rings counterpart, as shown in Figure 4. The dihedral
angle formed by the two rings (C1′C2′C2C1) is 180°. However,

Figure 3. Energy diagram for direct enantiomerizations. There exists no direct enantiomerization process betweenI0,SandI0,R. Names superscripted
with an asterisk, (I1a)* , and so forth, denote transition states of the other direct enantiomerizations. The numerical values are barrier heights of
relevant enantiomers or transition states, which are measured from the most stable isomerI0. Its absolute energy is-613.792959 au.
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a nonnegligible out-of-plane deformation of the planarity of both
rings has been identified, where the out-of-plane dihedral angle
(C1C2C3C4) was estimated to be 8.1°. Similarly, both oxygen
atoms bend out-of-plane of their aromatic rings by 10.1°. Both
hydrogen atoms of the two hydroxy groups were found to point
toward the aromatic ring counterpart by an angle of 37.3°.
Moreover, the steric hindrance originating from the somehow
short distance between the hydrogen atom of the OH group and
its corresponding one of the aromatic ring counterpart, 1.745
Å, dominates the intramolecular hydrogen bond effects between
the two rings, as deduced from its distance of 2.142 Å. This
has its consequences on the stability of the transition state by
raising the energy barrier up to 14.8 kcal mol-1 with respect to
the energy ofI1b.

S-R Enantiomerization ofI2a. The process of the enanti-
omerization betweenI2a,S and I2a,R is similar to that in cis
enantiomerization betweenI1a,S and I1a,R. The structural
features of the transition state (I2a)* in the cis process are similar
to that of (I1a)* , with the exception of the opposite orientation
of the two OH groups, as shown in Figure 4. This transition
state hasC2V symmetry. The strong electrostatic repulsion
between the two oxygen atoms, which are coplanar to the plane
of the molecule, yields openings in O1C1C2 and O1′C1′C2′,
designated OCC, and C1C2C2′ and C1′C2′C2, designated CCC,
bond angles by 4.4° and 7.4°, respectively, compared with those
in I2a. On the other hand, a second electrostatic repulsion takes
place between H2 and H2′ as a result of narrowing of the CCC
inter-ring bond angles to which they are attached (C3C2C2′ and
C3′C2′C2). These two electrostatic effects enhance the energy
barrier to 16.5 kcal mol-1 with respect to the energy ofI2a.
Hydrogen bond characterizing (I1a)* is absent in the structure

of (I2a)* and significantly raises the height of the energy barrier,
compared to the cis-enantiomerization forI1a.

S-R Enantiomerization ofI2b. The transition state (I2b)*
connectingI2b,S andI2b,R located along trans rotation of the
phenol groups has aC2h symmetry, in which the two OH groups
are coplanar with the plane of the molecule, as can easily be
seen from its structure depicted in Figure 4. The distance
between the oxygen and hydrogen atoms of the other aromatic
ring O1‚‚‚H2 is of the order of 1.958 Å, which is in the limit of
the hydrogen bonding. Such weak interaction contributes to the
stabilization of the transition state (I2b)* and hence reduces
the height of the energy barrier of the enantiomerization. Despite
the two hydrogen bonds formed in the molecule, there is an
enlargement of the bond angles OCC (O1C1C2 and O1′C1′C2′)
and inter-ring bond angles CCC (C1C2C2′ and C1′C2′C2) com-
pared to those in the structure ofI2b. For OCC, the enlargement
was 3.0°, while that for the CCC inter-ring bond angle was 2.8°.
This result is attributed to a slight steric hindrance between the
two aromatic rings, more precisely between C1 and C2′ on one
hand and C2 and C1′ on the other hand. The calculated energy
barrier for (I2b)* is 5.9 kcal mol-1 with respect to the energy
of I2b, the lowest energy barrier among all of the enantiomer-
ization pathways. This value clearly indicates that the two
hydrogen bonds greatly contribute to the stabilization of the
transition sate (I2b)*.

(ii) Isomerizations.Figure 5 shows the energy diagram of
isomerizations ofS-enantiomers. The energy diagram ofR-
enantiomers was omitted because it is a mirror image of that of
S-enantiomers.

(a) IsomerizationsVia OH rotation. The transition state
structures appearing in the isomerization processes are shown

Figure 4. Transition state structures related to direct enantiomerizations. The values in parentheses indicate imaginary vibrational frequencies.∆E
is evaluated relative toI0 and expressed in kcal mol-1.
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in Figure 6. Numbers in parentheses show the imaginary
vibrational frequencies that were calculated at the B3LYP/6-
31+G(d,p) level.

First, consider the isomerization obtained by rotation of the
OH groups. The transition states are (I0,S-I1a,S)*, which
connectsI0 to I1a,S, or (I0,S-I1b,S)*, which connectsI0 to
I1b,S, depending on the direction of the rotation, clockwise or
counterclockwise.

The transition state (I0,S-I1a,S)* reduces the height of the
energy barrier compared to that of (I0,S-I1b,S)* by about 2.7
kcal mol-1. There are two possible reasons for the reduction of
the energy. One is an intramolecular hydrogen bonding which
is present in (I0,S-I1a,S)* structure, while no such OH-bonding
exists in (I0,S-I1b,S)* one (see Figure 6). The other reason is
electrostatic repulsion between the two hydrogen atoms of the
two hydroxy groups in (I0,S-I1b,S)* , which widens the ring-
ring dihedral angle by about 71° compared to that in (I0,S-
I1a,S)*.

Similarly, consideration of rotation of the OH groups yields
the location of the transition state (I1a,S-I2a,S)* that connects
I1a to I2a or (I1b,S-I2b,S)* that connectsI1b to I2b,
depending on the direction of the rotationsclockwise or
counterclockwise. The structures of all transition states resulting
from OH rotations as well as their respective relative energies
are presented in Figure 6. Because of triviality, the respective
mirror images of the transition states are not shown. In all
structures, the most significant feature is the orientation of the
OH groups with respect to the plane of the aromatic rings.

For I1a,S-I2a,S or I1b,S-I2b,S isomerizations, the transi-
tion states (I1a,S-I2a,S)* and (I1b,S-I2b,S)* have similar
energy barriers (8.5 and 8.3 kcal mol-1, respectively). No
intramolecular OH-bond exists in either structure. The enhance-
ment in the energy barrier in (I1a,S-I2a,S)* compared to that
in (I0,S-I1a,S)* comes from the energy required for the

Figure 5. Energy diagram for the isomerizations ofS-enantiomers.

Figure 6. Transition state structures related to isomerization processes through OH-rotation. The values in parentheses indicate imaginary vibrational
frequencies.∆E is evaluated relative toI0 and is expressed in kcal mol-1.
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disruption of the OH-bond that exists in isomerI1a. The effects
of steric hindrance and electrostatic repulsion on its stability
are minor.

(b) I1a-I1b and I2a-I2b Isomerizations.Isomerizations
I1a-I1b and I2a-I2b in which pairs of isomers have similar
orientation of the two OH groups but different inter-ring bond
angles take place easily via simple rotation around the C-C
inter-ring bond connecting the two aromatic rings. The energy
barrier forI1a-I1b isomerization is 1.7 kcal mol-1 (with respect
to the energy ofI1a), while that forI2a-I2b is 0.5 kcal mol-1

(with respect to the energy ofI2a). Disruption of the OH‚‚‚H
bond in the course ofI1a-I1b isomerization is the main factor
that slightly enhances the height of the energy barrier compared
to that inI2a-I2b isomerization. Except for the orientation of
the two OH groups, the structures of the two transition states
(I1a-I1b)* and (I2a-I2b)* exhibit similar geometrical features,
particularly the perpendicular arrangement of the two aromatic
rings, as shown in Figure 7. These low energy barriers indicate
that isomersI1b, I2a, andI2b are difficult to isolate.

(iii) Enantiomerization Pathways between the Most Stable
Enantiomers.In the previous section, we have evaluated single
paths for enantiomerization and isomerization of biphenol. We
now consider the enantiomerization paths of the most stable
enantiomers. We restrict ourselves to a minimum number of
transition states with less activation energies since optical
transitions of the least number is preferable in quantum control.
The most possible pathway isI0,S f I1a,S f I1a,R f I0,R.

For comparative purposes, single-point energy calculations
at the optimized B3LYP/6-31+G(d,p) structures have been
carried out at the MP2(fc) using the same basis set. The results
are summarized in Table 1. MP2 calculations nicely reproduce
the energy trends obtained by B3LYP calculations. The high
energy barrier obtained for (I1a)* , 17.0 kcal mol-1 (MP2)
compared to 11.5 kcal mol-1 (B3LYP), may be attributed to
the fact that the B3LYP structure is somehow away from the
MP2 one, and therefore further optimization is needed. However,
MP2 calculation is cost-ineffective; in addition, performance
of frequency calculation at MP2 is computationally excessive
and therefore we did not proceed with the calculation.

It should, however, be more interesting to take into consid-
eration the thermochemical effects and to compare the trends
to those obtained at the absolute temperature and pressure. To
this end, we evaluated the zero-point energy correction (ZPE),
the enthalpies (∆H), entropies (T∆S), and Gibbs free energy
(∆G) with a scale factor of 0.961430 for calculated vibrational

frequencies at the temperature of 298.15 K. As one can deduce
from Table 1, the deviation is marginal between the results
obtained for the enthalpies, entropies, and Gibbs free energy.
Even the zero-point energy correction gave values very similar
to those obtained with no correction. These results also show
that the effect of the entropy in the enantiomerization pathway
is negligible.

For quantum control in the above scheme, a sequence of
pump-dump pulses can be applied to the enantiomerization in
the electronic ground state. These pulses consist of IR ones.
The first sequence pump-dump pulses are applied for creation
of I1a,S from I0,S, and then the second sequence pump-dump
pulses are applied for obtaining the final productI0,R.38,39

Finally, a comparison of the potential energy diagram of
biphenol with that of binaphthol shows that attachment of a
second aromatic ring to each of the first aromatic ones in
biphenol drastically enhances the energy barrier.24 The heights
of the energy barriers in the biphenol enantiomerization/
isomerization pathways are much smaller than those in binaph-
thol, with the exception of those involved in the OH-bond
rotation pathways, which were found to be comparable. The
energy limit of the most favorable path for biphenol is 11.5
kcal mol-1, while that for binaphthol is 42.7 kcal mol-1. This
means that its quantum control for binaphthol using IR pulses
is not possible but that quantum control via an electronic excited
state is possible. On the other hand, quantum control of
enantiomerization of biphenol in the electronic ground state is
possible using IR.

Figure 7. Transition state structures for the isomerizations ofI1a-I1b and I2a-I2b. The values in parentheses indicate imaginary vibrational
frequencies.∆E is evaluated relative toI0 and expressed in kcal mol-1.

TABLE 1: Calculated Zero-Point Energy (ZPE), Potential
Energies (∆E), Enthalpies (∆H), Entropies (T∆S), and Gibbs
Free Energies (∆G) Relative to I0 in kcal mol-1 for the
Equilibrium Structures and Transition States of the Most
Possible Enantiomerization Pathway: I0,S f I1a,S f I1a,R
f I0,R

stationary
point relative energyb ZPEa ∆Ea ∆Ha ∆Ga T∆Sa νi

a

I0 0.0 (0.0)c 0.0 0.0 0.0 0.0 0.0
I1a 1.6 (1.8)c 1.7 1.6 1.6 2.0 -0.4
(I1a)* 11.5 (17.0)c 11.3 10.9 10.9 11.5-0.6 115.4i
(I0,S-I1a,S)* 3.7 (3.9)c 3.3 2.9 2.9 3.6 -0.7 307.6i

a ∆H, T∆S, and∆G ) ∆H - T∆S were calculated atT ) 298.15
K. b Relative energy calculated with respect to the energy of the
optimized structure ofI0 (-613.792959 au) without any correction.
c In bold italic are results of MP2/6-31+G(d,p) single-point energy
calculations at the B3LYP/6-31+G(d,p) optimized structures; the
relative energy was calculated with respect to the MP2/6-31+G(d,p)
energy of the structure ofI0 (-611.970904 au).
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4. Conclusion

The enantiomerization path for 2,2′-biphenol was theoretically
investigated using the DFT (B3LYP) method. It was shown that
the enantiomerization of the most stable isomerI0 proceeds
through intermediate processes, isomerizations, and direct
enantiomerizations of other isomer pairs. The minimum energy
required for the enantiomerization ofI0 was estimated to be
11.5 kcal mol-1. The most possible enantiomerization path for
quantum control of isomerI0 is a sequence of pump and dump
processes. In this case, the isomerization and direct enantiomer-
ization involve the process of the least number of isomers. The
isomerization through one of the two OH rotation paths is less
energetic than that involving ring-ring rotation. The minimum
energy required for the rotation of the two OH groups was
estimated to be 8.3 kcal mol-1.
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