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ABSTRACT: The conformational dependence of the circular dichroism (CD)
spectrum of a chiral molecule, a-hydroxyphenylacetic acid (HPAA) containing phenyl,
COOH, OH and H groups around a chiral carbon atom, has been studied
theoretically by using the SAC-CI (symmetry adapted cluster—configuration
interaction) theory. The results showed that the CD spectrum of HPAA depends
largely on the rotations (conformations) of the phenyl and COOH groups around the
single bonds. The first band is due to the excitation of electrons belonging to the
phenyl region and therefore sensitive to the phenyl rotation. The second band is due
to the excitation of electrons belonging to the COOH region and therefore sensitive
to the COOH rotation. From the comparison of the SAC-CI CD spectra calculated at
various conformations of phenyl, COOH, and OH groups with the experimental
spectrum, we could predict the stable geometry of this molecule, which agreed well
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with the most stable conformation deduced from the energy criterion. We also
calculated the Boltzmann averaged spectrum and obtained better agreement with the experiment. Further, we performed
preliminary investigations of the temperature dependence of the CD spectrum of HPAA. In general, the CD spectra of chiral
molecules are very sensitive to low-energy processes like the rotations around the single bonds. Therefore, one should be able to
study the natures of the weak interactions by comparing the SAC-CI spectra calculated at different geometries and conditions
with the experimental spectrum using a new methodology we have termed ChiraSac.

1. INTRODUCTION

The molecular property of chirality is essential for biological
specificity. Molecules with the same basic composition, but with
centers of different chirality often show completely different
biological activities." Recently, we studied various samples of
DNA® to clarify the relationships between their helical
structures and their circular dichroism (CD) spectra. We
used the symmetry adapted cluster—configuration interaction
(SAC-CI) method,® ® which is one of the most reliable excited-
state theoretical methods. The SAC-CI method has been
applied to the study of various aspects of molecular’™® and
biological'"" spectroscopy. We have shown® that the observed
CD spectrum of deoxyguanosine (dG), a component of the
DNA we studied, strongly depended on its conformation, as
defined by the dihedral angle between deoxyribose and
guanine. The CD spectra of dG under different conditions
were very sensitive to the conformational and structural
changes near the chiral atoms in the molecule, even though
these changes occurred with only small energy differences. The
SAC-CI method describes the CD spectra of molecules very
reliably,”">~"* suggesting that the SAC-CI method can be a
useful tool for elucidating the natures of low-energy motions
and weak interactions that chiral molecules undergo. Such
studies will contribute to our understanding of the weak
interactions in solutions, and the chiral interactions in biological
and medicinal systems.
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Several recent reports demonstrated that the CD spectra of
chiral molecules are sensitive to conformational changes of the
molecules."> ™ If a molecule is conformationally flexible, it is
difficult to estimate its most stable conformation only from the
experimental CD spectrum. However, when we have theoretical
information that links the CD spectrum to the conformation,
the conformation of the molecule may be determined by
comparing its experimental CD spectrum with the theoretical
spectra calculated at its various conformations. Since poor
reliability of the theoretical CD spectral data*® would lead to
ambiguities and difficulties, we need a highly reliable theory.

The SAC-CI method is included in the current version of the
Gaussian 09 suite of programs.29 The Hartree—Fock (HF)
method and density-functional theory (DFT)* provide reliable
ground-state structures for chiral molecules at lower computa-
tional cost than the SAC-CI method. The polarizable
continuum model (PCM)*" provides the solvent effects. The
QM/MM method!! provides detailed information about the
molecular interactions due to the surrounding molecules and
environments such as proteins and DNA. The AMBER*> and
CHARMM?™ etc. methods provide force fields for biomole-
cules. Recently, the time-dependent density functional theory
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(Td-DFT) calculations using the PBEO functional give us
reasonable agreement with the SAC-CI results.**** Although
the SAC-CI method is more expensive than the Td-DFT
method, the SAC-CI method provides more reliable prediction
of spectroscopic properties. Many theoretical methods useful
for such investigations are included in the current version of
Gaussian 09.”

Using this useful suite of programs, we have undertaken a
“ChiraSac” project. “ChiraSac”, a term derived from chirality
and SAC-CI, is a molecular technology that we are developing
for studying the chemistry of chiral molecules and their
interactions with the molecular environments by means of their
CD and circularly polarized luminescence (CPL) spectra. An
overview diagram of a “ChiraSac” project is shown in Figure 1.
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Figure 1. Overview diagram of ChiraSac project.

We use the SAC-CI methodology as a key reliable method of
calculating the theoretical CD and CPL spectra of chiral
systems in various conformational and environmental freedoms.
We also connect many other useful theoretical methods
included in Gaussian 09 to study the optimal geometries and
the natures of the interactions with the environments of the
chiral molecules. The SAC-CI method clearly describes the
reliable relationships between the structures and the CD
spectra of chiral molecules.>"*™** A ChiraSac study provides
chemical information about the stable geometries of chiral
molecules in different solutions or in confined environments
such as in proteins and in nanomaterials, as well as revealing the
underlying information about the natures of the weak
interactions involved therein. A ChiraSac study uses informa-
tion obtained both from experiments and from theoretical
calculations.

In the present paper, we study the UV and CD spectra of a-
hydroxyphenylacetic acid (HPAA) as an application of
ChiraSac. HPAA is also known as mandelic acid and has
been applied for the treatment of urinary tract infections.*®
HPAA is one of the simplest chiral molecules with a phenyl
group. The circular dichroism (CD) spectra of many aromatic
chromo_})hores have been summarized in an earlier review by
Smith,>” whose research group defined the benzene sector
rule®® and the benzene chirality rule.*” Recently, the sector rule
has been studied theoretically by using the time-dependent
density functional theory (Td-DFT).*® In HPAA, phenyl
(C¢Hs), hydroxyl (OH), and carboxyl (COOH) groups are

bound to the chiral carbon (marked with *) by single bonds
(Figure 2). These groups can rotate easily with small energy
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Figure 2. Atom labels of a-hydroxyphenylacetic acid.

barriers (see section 3.1). This is a general phenomenon since
the chiral carbon is bound with four different single bonds. In
this paper, we study the relations between the CD spectra and
the rotation of the phenyl, hydroxyl, and carboxyl groups in
HPAA. This study shows that a ChiraSac study can elucidate
structural changes with low energy barriers in solution.
Therefore, the ChiraSac study may provide structural
information, which is necessary and important for molecular

design.

2. COMPUTATIONAL CONDITIONS

The ground-state geometries of HPAA were optimized by
DFT using the B3LYP functional*** with the 6-31G(d) basis
set. For the SAC/SAC-CI calculations, the D95(d)*® basis set
was employed, and the core orbitals of the C, O, and N atoms
were treated as frozen orbitals, and all single and selected
double excitation operators were included. Perturbation
selections™ were carried out with the threshold sets of 5 X
107% and 1 X 107° hartree for the SAC and SAC-CI
calculations, respectively, and 10 excited states were calculated.
The SAC-CI CD spectra were convoluted using Gaussian
envelopes to describe the Franck—Condon widths and the
resolution of the spectrometer. The full width at half-maximum
(fwhm) of the Gaussian was taken to be 0.6 V.

The rotatory strength (Ry,) of the CD spectra can be
expressed by the length-gauge equation,* which is the
imaginary part of the scalar product of the electric transition
dipole moment (ETDM) and the magnetic transition dipole
moments (MTDM) between the ground state (¥;) and the
excited state (¥,),

Ro, = Im[{SJale) (1) ] M

where fi is the electric dipole moment operator and # is the
magnetic dipole moment operator. However, since the ETDM
of the eq 1 is gauge-origin dependent, we calculated the
rotatory strength using the gauge—invariant velocity form given
by the following equation.*

dx.doi.org/10.1021/jp407606v | J. Phys. Chem. A 2013, 117, 14065—-14074



The Journal of Physical Chemistry A

(a) COOH rotation (b) OH rotation (c) Phenyl rotation
kcal/mol
10
8 * .
6 o © o o oo .®
L] L) [ ]
4 °. . .
2 ° . .
0l== l= .
0 90 180 270 360 0 90 180 270 360 0 90 180
A1(°) A2(°) A3(°)
;1\ ~OH I_K(/JZ $02H CO.H
HO®=C*<H O%C*dl—[ HO=(C*<H

91=-129.3° + Al

92 =125.9° + A2

03

03=—34.4°+A3

Figure 3. Potential energy curves for the (a) COOH, (b) OH, and (c) phenyl rotations of a-hydroxyphenylacetic acid, as a function of the dihedral
angle change (A1, A2, A3) from the fully optimized dihedral angles 1 = —129.3, @2 = 125.9, and 3 = —34.4°.

Ry, = Im{ <‘P0'V|‘I£><‘Iglmllyo>}

E, - E, (2)

3. RESULTS AND DISCUSSION

3.1. Ground-State Geometries. The fully optimized
ground-state geometries of HPAA with B3LYP/6-31G(d)
(the most stable conformation) are shown in Supporting
Information, (SI)Table S1. We calculated the potential energy
curves using B3LYP/6-31G(d) for the ground state of HPAA as
a function of the dihedral angle changes (A1, A2, and A3) as
shown in Figure 3. We used the dihedral angles O,,—C¢—
C,*-H,, H;s;—0,,—C,*—H,, and C,—C;—C,*—H, as shown
in Figure 2 for the rotations of the carboxyl (COOH), hydroxyl
(OH), or phenyl (C4H;) groups. The A = 0° (Al = 0°, A2 =
0° or A3 = 0°) corresponded to the most stable conformation
of HPAA obtained by the DFT method, B3LYP/6-31G(d).
Notably, the geometries of the Al = 0°, A2 = 0° and A3 = 0°
in Figure 3a—c were completely the same. For the phenyl
rotation, A3 = 180° and A3 = 0° were essentially the same
geometry. The fully optimized dihedral angles @1, ¢2, and ¢3
were calculated to be —129.3, 1259, and —34.4° for the
rotations of COOH, OH, and phenyl groups, respectively.
Figure 4 shows the optimized geometries of HPAA at several
conformations. At the most stable conformation (Figure 4a),
the hydrogen atom (H,;) of the OH group formed a hydrogen
bond with the oxygen atom (O;;) of the O=C group of
COOH. This hydrogen bond accounted for this geometry
being the most stable, and the two bulky phenyl and COOH
groups were located at an appropriate distance. The dihedral
angle (@) was varied by the increment of 30° from A = 0°, and
all of the geometrical parameters except for its dihedral angle
were optimized.

The energy barriers were approximately 8.9, 6.5, and 3.1
kcal/mol for the COOH, OH, and phenyl rotations,
respectively. The COOH and OH rotations broke their
hydrogen bonding, so that the energy barriers for the rotations
of COOH and OH were higher than that for the phenyl
rotation. In the metastable conformation calculated at Al =
180° for the COOH rotation, a hydrogen bond existed between
the hydrogen atom (H;s) of the OH group and the oxygen
atom (Oy;) of the OH group of COOH as shown in Figure 4b.

14067
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Figure 4. Optimized geometries of a-hydroxyphenylacetic acid at (a)
A = 0°, the most stable conformation, (b) Al = 180° of COOH
rotation, which is 3.27 kcal/mol higher than A = 0° and (c) A2 =
180° of OH rotation, which is 4.67 kcal/mol higher than A = 0°. The
dotted lines represent the hydrogen bond.

Since the metastable conformation of the OH rotation cannot
form a hydrogen bond with the O=C group of the COOH
group as shown in Figure 4c, the relative energy at A2 = 180°
for the OH rotation was higher than that at Al = 180° for the
COOH rotation. However, the relative energies of the
metastable conformations (approximately 3.2 and 4.6 kcal/
mol for the rotations of COOH and OH, respectively) were
higher than the rotational barrier of the phenyl group
(approximately 3.1 kcal/mol). Then, at low temperature, the
phenyl rotation seemed to play a more important role than the
COOH and OH rotations. However, at high temperatures, all
the rotations would become important.

3.2. Excited State of the Most Stable Conformation at
A =0° (A1 = 0° A2 = 0° or A3 = 0°). We compared in
Table 1 the excitation energies, oscillator strengths, rotatory
strengths, and the nature of the lowest six excited states for the
most stable conformation at A = 0° (A1 =0° A2 =0° or A3 =
0°) with the experimentally observed values in water at 27 °C.*’
The lowest excited state (1'A) calculated at 4.66 eV (266 nm)
was assigned to the lowest band at 4.77 eV (260 nm) of the
experimental UV and CD spectra. This 1'A excited state had
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Table 1. Excited States of a-Hydroxyphenylacetic Acid at the Most Stable Conformation of A = 0°

SAC-CI exptl.?
rot? EE
(eV) (nm) Osc® (10™*cgs) nature® (ev) (nm)
1'A 4.66 266 0.0007 025 n—n* phenyl 477 260
2'A 545 227 0.03 +55.70 n—rx* COOH 5.64 220
3'A 6.18 200 0.06 —2223 n—m* phenyl
41A 6.95 178 0.53 —43.65 n—n* phenyl
S'A 7.05 176 0.57 —-8.10 n—n* phenyl
6'A 7.16 173 0.15 0.41 n—r* (ET) from OH to phenyl
FReference 47. PExcitation energy. “Oscillator strength. dRotatory strength. “ET represents electron transfer.
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Figure S. SAC-CI CD spectra (red lines) of a-hydroxyphenylacetic acid at several conformational angles of the phenyl rotation, compared with the

experimental CD spectrum (black line).*’

very small oscillator and rotatory strengths and was
characterized as the n—z™* excitation of the phenyl group.
This excited state corresponded to the forbidden transition of
benzene with D, symmetry.

The 2'A excited state calculated at 5.45 eV (227 nm) was
assigned to the experimental band at 5.64 eV (220 nm). This
excited state corresponded to the excitation of the nonbonding
orbital to the z* orbital of the COOH group. It has a weak
oscillator strength but a strong rotatory strength.

Three excited states (3'A, 4'A, and 5'A) were calculated at
higher-energy regions in agreement with the experimental UV
spectrum. These three excited states are characterized by strong
oscillator and negative rotatory strengths and are composed of
the 7—7* excitations of the phenyl group.

In the 200—300 nm range, the experimental UV and CD
spectra can be explained by the 7—n* excitation of the phenyl
group and the n—z* excitation of the COOH group. The SAC-
CI UV spectrum was in good agreement with the experimental
UV spectrum (see SI, Figure S1).

3.3. Conformational Dependence of the CD Spectra.
In Figures S—7, we showed the SAC-CI CD spectra (red lines)
of HPAA calculated at several dihedral angles as compared with
the experimental CD spectrum (black line).*” The excitation
energies, oscillator strengths, and rotatory strengths of 1 and

2'A excited states appear in SI, Table S2. The dihedral angle
(¢) was varied by the increment of 30°, while all other
geometrical parameters were optimized at each angle. The
experimental CD spectrum displays two bands above 200 nm.
The lowest band was small and negative with vibrational modes
at 260 nm. The second band was positive and strong at 220 nm.
Figures S, 6, and 7 show the variations of the CD spectra along
with the rotations of the phenyl, carboxyl (COOH), and
hydroxyl (OH) groups, respectively, from the most stable
geometry A = 0° (Al = 0° A2 = 0° or A3 = 0°). In all cases,
we found that the experimental CD spectrum was in good
accord with the SAC-CI CD spectrum calculated at the most
stable conformation A = 0° (Al = 0°, A2 = 0°, or A3 = 0°).
From both calculated energy and CD spectra, A = 0° should be
the experimentally observed conformation.

For the phenyl rotation in Figure S, the first CD band at 260
nm was negative for A3 = 0, 30, and 120° but positive for A3 =
60, 90, and 150°. The first band depended largely on the
rotation of the phenyl group, because this band originates from
the 7—7* transition of this group (Table 1). On the other hand,
the second band was positive for all conformations due to the
n—z* transition of the COOH group (Tablel) and was not
due directly to the 7—z* transition of the phenyl group itself.
However, the intensity was very small near the perpendicular

dx.doi.org/10.1021/jp407606v | J. Phys. Chem. A 2013, 117, 14065—-14074
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Figure 6. SAC-CI CD spectra (red lines) of a-hydroxyphenylacetic acid at several conformational angles of the carboxyl (COOH) rotation,

compared with the experimental CD spectrum (black line).*’

orientation at A3 = 90°. For the first band, the sign determined
by the SAC-CI calculations agreed with the sign predicted by
the sector rule except for the most unstable conformation (A3
= 90°). Therefore, the sector rule is useful to predict the most
stable conformation.

For the COOH rotation (Figure 6), the first CD band due to
the 7—n* excitation of the phenyl group (Table 1) was fully
negative except for Al = 30°, although the intensity depended
on the extent of the COOH rotation. The dependence of the
first CD band on the COOH rotation was smaller than that of
the phenyl rotation (Figure 5). On the other hand, for the
second band representing the n—7* excitation of the COOH
group (Table 1), the COOH rotation was drastically affected, as
expected, not only by the sign and the intensity but also by the
excitation energy itself. However, the energy barrier of the
COOH rotation was higher than that for the phenyl rotation.
Therefore, after the Boltzmann averaging, the effect of the
COOH rotation was less significant than that of the phenyl
rotation.

For the OH rotation given by Figure 7, the SAC-CI CD
spectra were roughly similar among all conformations, because
the excitations in the 200—300 nm range occur not in the OH
group but in the phenyl and COOH regions (see Table 1).
Therefore, the CD spectra were weakly dependent on the OH
rotation.

The observed CD spectrum was most similar to the SAC-CI
CD spectrum calculated at A = 0° (A1 = 0° A2 =0° or A3 =
0°), which was also most favorable with respect to the energy

criterion. As shown in Figure 4a, the hydrogen bonding is an
important factor of the stability of the A = 0° conformation.
However, this hydrogen-bonding interaction seems to have no
effect on the CD spectra. Actually, for the OH rotation (Figure
7), the SAC-CI CD spectra at A2 = +30° and —30° (330°) do
not change much from that at A = 0° (A2 = 0°), though the
hydrogen-bonding interaction should be broken at A2 = +30°
and —30°. The distance between O, and H,5 is 2.04 A at A =
0° 224 A at A = +30°, and 2.18 A at A = —30° (330°). While
this is an interesting observation, we must verify its general
application with other examples. For the COOH rotation
(Figure 6), the SAC-CI CD band at 220 nm changed drastically
at Al = +30° and —30° from that at A = 0°, because this band
is due to the n—z* transition of the COOH group itself. Both n
and 7% MOs themselves change markedly by this rotation, as
noted in section 3.5, so that we cannot attribute this change
only to the breaking of the hydrogen bonding.

In more complex systems, it is often difficult to calculate
reliable energies, because the modeling, assumptions, etc. must
be introduced into the calculations of complex systems. Even in
such cases, the reliability of the SAC-CI theory would make it
possible to estimate the probable geometry of a chiral molecule
only from the theoretical CD spectrum. For example, if the
experimental CD spectrum of HPAA at some confined
environment resembles the theoretical spectra shown in Figures
5—7, we can predict that its experimental geometry may be
used in that calculation. When chemical interactions of the
environment affect the CD spectrum of HPAA, we can perform
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Figure 7. SAC-CI CD spectra (red lines) of a-hydroxyphenylacetic acid at several conformational angles of the hydroxyl (OH) rotation, compared

with the experimental CD spectrum (black line).*’

some model calculations using a QM/MM method. In this case,
we used a QM model that includes such chemical interactions.

3.4. Molecular Orbital Analysis of the Conformational
Dependence of the CD Spectra on the Phenyl Rotation.
The origin of the change in the CD spectrum (Figure 5) caused
by the phenyl rotation (Figure 3) may be analyzed from the
viewpoint of the molecular orbitals (MO), as illustrated by the
MOs of HPAA at two different rotational angles of the phenyl
group, A3 = 0° and A3 = 90° (Figure 8).

Six MOs shown in Figure 8 are related to the 1'A and 2'A
excited states that correspond to the first and second bands.
The main configurations of the 1'A excited state were the
excitations from HOMO—1 to LUMO and from HOMO to
LUMO+1. The 2'A excited state corresponds to the excitation
from the nonbonding (HOMO-3) orbital to the z* (LUMO
+2) orbital mainly localized at the C=0 region of the COOH
group. For each MO, two figures seen from the top and from
the side were shown in Figure 8, where the side view is from
the arrow shown in the top view.

The rotatory strength (Ry,) of the CD spectra, given by eq 1,
is expressed using the angle @ between the electric transition
dipole moment (ETDM) i, and the magnetic transition dipole
moment (MTDM) i, as

Ry, = Im[ljg, Iy, lcos 6] (3)
The rotational strength is nonzero when the transition is

optically active (fio, # 0), MTDM is nonzero (1, # 0), and
the angle & # 90°. In molecules with high symmetry, the
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rotatory strength is equal to zero, because the ETDM and
MTDM are orthogonal, even when both ETDM and MTDM
have some values. However, in chiral molecules, the above
three conditions are always satisfied, except for the case where
the two moments (ETDM and MTDM) are accidentally
orthogonal to each other. We analyzed the MOs by changing
the conformations to predict the rotatory strength without
high-cost computations.

The HOMO-1, HOMO, LUMO and LUMO+1 were
related to the 1'A excited state and were mainly localized at
the phenyl group (Figure 8). However, the LUMO at A3 = 0°,
in particular, spread out to the COOH group. Namely, the
angle 0 deviates from 90°. This is why the 1'A excited state,
which corresponds to the forbidden transition in benzene,
changed to become optically active in HPAA. However, at A3 =
90°, the LUMO became rather localized on the phenyl region,
which accounts for the weaker intensity of the SAC-CI CD
spectrum at A3 = 90° than at A3 = 0°.

The HOMO-3 (nonbonding orbital) and LUMO+2 (z*
orbital) were related to the 2'A excited state and were mainly
localized at the COOH group. At A3 = 0°, the orbitals of the
COOH group interact with the 7 and #* orbitals of phenyl
group, but at A3 = 90°, they interact with the o and ¢* orbitals
of the phenyl group. Since two MOs are not localized at the
COOH group, the n—7* state also has some value in the CD
spectra. These MOs at A3 = 0° are more greatly spread from
the COOH group to the phenyl group than those at A3 = 90°.
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Figure 8. Molecular orbital pictures of the 7 and 7* orbitals of the
phenyl group and the nonbonding and z* orbitals of the COOH
group at A3 = 0 and 90° in the phenyl rotation. “Side” is the figure
seen from the arrow in “Top”. The contour value of the isosurfaces is
0.0S.

Therefore, the intensity of the 2'A excited state becomes
stronger at A3 = 0° than at A3 = 90°.

These results indicate that the sign and the intensity of the
CD spectra may be estimated by analyzing the nature of the
excited states. Therefore, when a chiral molecule is put into a
confined environment with only steric hindrance, we can
predict its conformation by comparing the experimental CD
spectrum with the SAC-CI spectrum of a free chiral molecule
model. But, when the chiral molecules interact with the
surrounding systems, the CD spectrum might be more affected
by the surroundings rather than by the changes in the rotational
angles. In such a case, the model calculation must include the
chiral molecule as well as the surrounding molecular system by
using, for example, the QM/MM method.

3.5. The Relationship between the 2'A Excited State
and the COOH Rotation. As shown in Figure 6, the COOH
rotation largely affects the SAC-CI CD spectrum at ~220 nm,
because the 2'A excited state at ~220 nm is due to the n—z*
excitation of the COOH group. Figure 9a shows the excitation
energies of the 2'A excited state at several conformational
angles of the COOH rotation. This figure is very similar to the
potential energy curve of the COOH rotation shown in Figure
3a. It is interesting to examine this correlation.

At the most stable conformation, HPAA has a hydrogen
bonding between the oxygen atom (O,,) of the O=C group of
COOH and the hydrogen atom (H;;) of the OH group (Figure
4a). However, when the angle (A1) changes from Al = 0°, the
hydrogen bond becomes weaker. At Al = 180° the oxygen
atom (O5) of the OH group of COOH seems to form a
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Figure 9. (a) Excitation energy of the 2'A excited state, (b) orbital
energies of the nonbonding and 7* orbitals, and (c) energy difference
between the nonbonding and 7z* orbitals, at several conformational
angles of the carboxyl (COOH) rotation.

hydrogen bond to the hydrogen atom (H,s) of the OH group
(Figure 4b). Since the oxygen atom (O,g) of the OH group of
COOH is already linked to the hydrogen atom (Hi,) by a
covalent bond, the nonbonding orbital is unstable. Therefore,
the nonbonding orbital of COOH is most stable at Al = 0°
(Figure 9b).

The 7* orbital of COOH is mainly localized on the COOH
group but slightly delocalized onto the phenyl group. At Al =
90 and 270°, this orbital is also spread to the OH group (see SI,
Figure S2). However, this delocalization does not occur at Al =
0 and 180°. Therefore, at A1 = 90 and 270°, the z* orbital
(COOH) becomes stabilized by the interaction with the OH
group shown in Figure 9b. The change in the orbital energy
difference between the nonbonding and z* orbitals (COOH),
as shown in Figure 9c, is similar to the change of the n—n*
excitation energy (Figure 9a) or the ground-state potential
curve (Figure 3a). As a result, the n—7* excitation energy is
decreased in the unstable conformation (4.88 eV at Al = 90°
and 4.89 eV at Al = 270°) but higher in the stable
conformation (5.45 eV at Al = 0° and 523 eV at Al =
180°). Thus, the n—7z* excitation energy is changed largely by
the COOH rotation.

As noted in section 3.3, the shape of the CD spectrum is
largely dependent on the COOH rotation (Figure 6). In
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particular, at Al = 210°, since the rotatory strength is very weak
for both 1'A and 2'A excited states, the SAC-CI CD spectrum
is almost flat. The HOMO—1, HOMO, LUMO, LUMO+1 (x
and 7* orbitals) are related to the 1'A excited state and are
localized at the phenyl group (similar to the MOs at A3 = 90°
of the phenyl rotation in Figure 8). Therefore, for the 1'A
excited state, the intensity becomes very weak at A1 = 210°, as
the rotatory strength is always zero for symmetrical benzene.
Next, we compared the MOs at Al = 210° with those at Al =
0° (Figure 10). At A1 = 0°, the 2'A excited state is mainly the

A1=0° A1=210°
’ ’
4
H @ 4“.\ ° >
Conformation 259 e 3 e 9
: [ > @ 9 P9
a J. s ? a 9 s 9
4
‘ 2959 P
The view | ’*J J"’j‘e
from the arrow | P 2.9,

L) ™ 1

~
LUMO+2 ’a ? .38,
(x*, COOH) - ¥ »F.
: 9

COOH+OH
HOMO-2 - OH ,
(non-bonding)% | :, 2 >,
‘ % ’
i COOH-+0OH
| COOH 2
TTRED SO ¥
non-bonding) u
G ) & 139
: > 4

Figure 10. Molecular orbital pictures of the nonbonding orbitals of the
COOH and OH groups and the 7* orbitals of the COOH group at Al
=0 and 210° in the COOH rotation. MOs are the figure seen from the
arrow in “Conformation”. The contour value of the isosurfaces is 0.03.

excitation from the nonbonding orbital (HOMO-3) to the z*
orbital (LUMO+2). However, at Al = 210° the two
excitations from the nonbonding orbitals (HOMO-3
(COOH) and HOMO-2 (OH)) to the z* orbital (LUMO
+2) equally contribute to the 2'A excited state. The coefficients
of HOMO-3 and HOMO-2 to LUMO+2 are 0.55 and 0.60,
respectively. Both HOMO-3 and HOMO-2 are almost
symmetrical to the COOH—C*—OH plane to each other.
Therefore, the rotatory strength is very weak by the
cancellation of the two excitations. In summary, at Al =
210°, for both 1'A and 2'A excited states, the rotatory strength
becomes very weak, and so the SAC-CI CD spectrum is flat.

The molecular orbitals of LUMO—3 to HOMO+2 at several
dihedral angles are shown in SI, Figures S3—S5, and the angle 6
is also shown in SI, Table S2.

3.6. Boltzmann Averaged Spectra. As seen from Figure
3, the energy barriers around the rotations are not large
particularly for the phenyl rotation. Therefore, the observed
spectrum may reflect the statistical averaging of the rotations.
Therefore, we calculated the existence ratios of each conformer
among 864 (6 X 12 X 12) conformers of HPAA, assuming the
Boltzmann distribution. We performed the calculations at 27
°C (an experimental condition), 127, 227, 327, 427, and 527

°C, using the ground-state B3LYP/6-31G(d) energies. Table 2
shows the existence ratios of the conformers to be more than

Table 2. Top 14 highest existence ratios among the 864
conformers of a-hydroxyphenylacetic acid from the
Boltzmann distributions at 27°C and 527°C

dihedral angle change (deg)® existence ratio (%)

phenyl COOH OH 27 °C 527 °C

relative ener

(A3) (A1) (A2) (kcal/mol
0 0 0 28.3 3.3 0.00
30 0 0 12.0 24 0.51
150 0 0 7.8 2.0 0.77
0 30 330 6.8 1.9 0.85
0 0 330 4.9 1.7 1.05
150 0 30 4.1 1.6 1.14
30 0 330 34 1.5 1.26
0 0 30 33 1.5 1.29
30 30 330 32 1.5 1.29
150 330 30 3.0 1.4 1.33
0 330 30 2.0 1.2 1.57
30 0 30 1.7 12 1.67
60 0 0 1.7 1.2 1.68
30 330 30 1.3 1.0 1.83
other 850 conformers 16.5 76.6

“A = 0° at the most stable conformation.

1% at 27 and 527 °C. The top 14 stable conformers shown in
Table 2 accounted for 83.5% at low temperature (27 °C) but
for only 23.4% at high temperature (527 °C). Therefore, at
high temperature, we need to consider all the conformers, not
only the stable conformers.

Figure 11 shows the Boltzmann averaged SAC-CI CD
spectrum at 27—527 °C. The spectrum obtained at 27 °C is
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Figure 11. Boltzmann averaged SAC-CI CD spectra of a-
hydroxyphenylacetic acid at 27 (purple line), 127 (blue line), 227
(green line), 327 (yellow line), 427 (orange line) and 527 °C (red
line), compared with the experimental CD spectrum (27 °C, black
line).*” Arrows indicate the changes in raising the temperature.

similar to the SAC-CI CD spectrum of the most stable
conformer. As the temperature increased, the intensity
decreased in all bands. This observation is due to the fact
that the contribution of the unstable conformers to the sign and
intensity of the CD spectra increases as the temperature
increases. The experimental confirmation of this theoretical
prediction will be an interesting undertaking that awaits further
study. The Boltzmann averaged SAC-CI CD spectra using the
single-point CCSD/6-31G(d) energies at the B3LYP/6-
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31G(d) geometries were similar to those using the ground-state
B3LYP/6-31G(d) energies (see SI Table S3 and Figure S6).

4. CONCLUSION

We have studied the conformational dependence of the CD
spectrum of @-hydroxyphenylacetic acid (HPAA) by using the
SAC-CI method and compared it with the experimental
spectrum as one of the examples derived from the “ChiraSac”
project. The SAC-CI CD spectrum calculated at the most stable
conformation of the phenyl, COOH, and OH rotations was in
good agreement with the experimental CD spectrum. In other
words, both calculated energy and CD spectra predicted that
the geometry given by A = 0° in Figure 4a should be the
experimentally observed conformation. The potential energy
barrier of the rotation was smallest for the phenyl group, and
largest for the COOH, while that of OH rotation was
intermediate. For the first 7—7z™* excitation of the phenyl
group at the 260 nm region (1'A), the CD spectrum was
strongly dependent on the phenyl rotation but weakly
dependent on the COOH and OH rotations. For the second
n—7r* excitation of the COOH group at the 220 nm region
(2'A), the CD spectrum was strongly dependent on the
COOH rotation but weakly dependent on the phenyl and OH
rotations. Since the potential energy barrier of the phenyl
rotation was smaller than that of the COOH and OH rotations,
the effect of the phenyl rotation was more important than the
COOH and OH rotations after Boltzmann averaging. The OH
rotation was insensitive for both bands, because in the observed
excitation energy region, the OH did not contribute to the
excitations. Thus, the hydrogen bonding shown in Figure 4a
must be an important factor for the stability of this geometry
but has little effect on the CD spectra in the observed CD
spectrum of HPAA. However, if the excitation of OH is
observed in the CD spectra, the hydrogen -bonding must affect
the shape and sign of the CD spectra. We omitted the solvent
effect in this paper, but the study of the solvent effect is a very
interesting subject.

The CD spectra of HPAA reflect the sensible changes of the
molecular orbitals under the conformational changes. The
HOMO-1, HOMO, and LUMO+1 were similar between two
extreme conformations (A3 = 0° and A3 = 90° of the phenyl
rotation), but the HOMO-3, LUMO, and LUMO+2 were
clearly different as shown in Figure 8. Therefore, we could
estimate the intensity of the CD spectra by examining the
molecular orbitals responsible for the excitations. This outcome
indicates that the molecular orbital analysis is useful for the
understanding of the nature of the CD spectra.

The Boltzmann averaged SAC-CI CD spectrum as well as
the SAC-CI CD spectrum of the most stable conformer were in
good agreement with the experimental CD spectrum. As the
temperature increased, the contribution of the unstable
conformers to the CD spectrum increased. Therefore, it is
necessary to take into account the Boltzmann averaging over
the different conformers, when the energy barriers are small for
the rotations. The temperature dependence of the CD
spectrum of HPAA was predicted as shown in Figure 11. The
experimental verification will be an interesting project in the
future.

The SAC-CI method is useful for the study of the CD
spectra, because of its high reliability. Our results indicate that
the CD spectra are very sensitive to the conformational changes
around the single bonds, which are generally low-energy
processes. This means that, when the experimental CD

spectrum is compared with the reliable theoretical spectra
calculated at several conformations, we can predict the stable
conformation only from the CD spectroscopy. We expect that
the CD spectroscopy would be a useful tool to investigate the
nature of the weak interactions and the low-energy processes
involved, similar to the usefulness of X-ray spectroscopy for
crystals. Note that this is possible only when we have a very
reliable theoretical method of calculating the CD spectra of
molecules. The SAC-CI method has been proved to be just
such a method. Our intention is to apply our “ChiraSac”
methodology to many different phenomena of chiral molecules.
This new technique should be especially useful for drug
molecules.
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