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The absolute configuration and conformation of 1-phenylethanol (1-PhEtOH) have been determined by matrix-
isolation infrared (IR) and vibrational circular dichroism (VCD) spectroscopy combined with quantum chemical
calculations. Quantum chemical calculations have identified that there are three conformers, namely, I, Il
and Ill, in which characteristic intramolecular interactions are found. The IR speetonformation correlation

for 1-PhEtOH has been developed by the Ar matrix-isolation IR measurement and used for the assignments
of the observed IR bands. In a dilute G@blution, 1-PhEtOH exists predominantly as conformer | along
with a trace amount of conformer Il. By considering conformations and intermolecular hydrogen-bonding in
the spectral simulation for§-1-PhEtOH, we have successfully reproduced the VCD spectrum-pfi{
PhEtOH observed in a dilute @Solution. Thus, £)-1-PhEtOH is ofS-configuration and conformer | in the

dilute solution. The same method has been applied to analyze the VCD spectra measured in the liquid state
of (—)-1-PhEtOH. The absolute configuration of 1-PhEtOH in the condensed phase is enabled by identifying
VCD bands that are insensitive to conformational changes and intermolecular interactions. The present work
provides a combinatorial procedure for determination of both the absolute configuration and the conformation
of chiral molecules in a dilute solution and condensed phase.

Introduction slightly interacts with the phenyl rin.1® Recently, Macleod

et all”18 have investigated the conformation of 1-PhEtOH in
the liquid state by the use of electronic circular dichroism (ECD)
and Raman optical activity (ROA) combined with theoretical
dcalculations. They reported that the calculated ROA spectrum
in the region below 1120 cm is in excellent agreement with
that observed in the liquid state, whereas that in H2400

Absolute configurations and conformations of chiral mol-
ecules are closely related to their physical and chemical
properties and play an important role in biological activifies.
The absolute configurations have most often been determine
by X-ray diffraction® Since the X-ray diffraction study requires
single-crystal samples, an alternative technique is desirable in~ “ === "= . - N
order to determine absolute configurations of molecules in €M~ region is not. Since the bands in the 13200 cnr
solutions. Vibrational circular dichroism (VCD) spectroscopy '€9ion are involved in the OH bending mode, the discrepancy
is now known as the alternative technique for determining the May arise from the intermolecular interactions of 1-PhEtOH.
absolute configurations of chiral molecules as well as their 1huS, itis of interest to obtain a deeper insight into conforma-
conformationg-1! However, when a chiral molecule has several tions and molecular interactions of 1-PhEtOH through the IR
conformers, interpretation of its VCD spectrum is not straight- @nd VCD measurements in the matrix, the dilute solution, and
forward. On the other hand, the matrix-isolation infrared (IR) the liquid state.
spectroscopy combined with theoretical calculations can deter- In the present work, we have determined the absolute
mine the conformations of isolated molecules with negligible configuration and conformation of 1-PhEtOH in solutions by
intermolecular interactions in a low-temperature matfix? the following procedures. First, we obtained the local minima
Thus, an IR spectrumconformation correlation established by  of (§-1-PhEtOH on the two-dimensional (2-D) potential-energy
the matrix-isolation IR spectroscopy should be very useful to surface using an ab initio Hartre€ock (HF) method. Then,
analyze VCD spectra for determining both the absolute con- the conformer for each local minimum was optimized by
figuration and conformation of a chiral molecule. the density functional theory (DFT) calculation, and their IR

1-PhEtOH is a simple chiral molecule, which has several and VCD spectra were calculated. Second, the conformer
conformations in the solution and in the liquid state. Mass- of 1-PhEtOH in the Ar matrix was determined by comparing
selected resonant two-photon ionization (R2PI) and- U~/ the matrix-isolation IR spectra with the calculated spectra, and
measurements for 1-PhEtOH in a supersonic jet have revealedan IR spectrurconformation correlation was obtained. Third,
that only one stable conformer exists, in which the OH group conformations of 1-PhEtOH in dilute CCand C$ solutions
c . r—— p— m— were determined using the IR spectraoonformation correla-
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both conformations and intermolecular ©HD hydrogen bond-
ing (H-bonding). This procedure successfully determined the
absolute configurations and conformations of chiral molecules

that have several conformers in solutions and in the liquid state.

Experimental Section

Sample Preparation.oL- and ()-1-PhEtOH were purchased
from Tokyo Kasei Kogyo. The chemical and entaniometric
purities of the )-1-PhEtOH sample were over 98%. The
matrix-isolation IR spectra were recorded on a JASCO FT/IR-
615 Fourier transform spectrometer equipped with a DTGS
detector by coaddition of 100 scans at a resolution of Ilcm
Premixed gas of Ar/sample 2000 was slowly sprayed onto a
Csl plate cooled to 12 K by an Iwatani Cryomini D510
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refrigerator. The deposited sample was annealed at differentrigure 1. Contour map of the 2-D potential-energy surface B (

temperatures from 12 to 41 K in order to examine the
temperature dependence on conformational equilibrium.

IR and VCD Measurements. The IR spectra of |)-1-
PhEtOH in CCl}, CS, and benzene solutions and in a liquid
state were recorded on a JASCO FT/IR-620 Fourier transform
spectrometer equipped with a DTGS detector by coaddition of
100 scans at a resolution of 2 ctn The VCD spectra of-{)-
1-PhEtOH in a Cgsolution and a liquid state were recorded
on a Bomem-BioTools Fourier transform VCD spectrometer
with a data correction timef@ h at aresolution of 4.0 cm?.

Calculations. Theoretical calculations were performed with
the Gaussian 03 progratfiThe ab initio MO calculation at the
HF/6-31G(d,p) level was used to develop the 2-D potential-
energy surface map foB)-1-PhEtOH. To obtain the molecular
structure at local minima, we performed the structural optimiza-
tion by DFT calculations at the B3LYP/6-315(d,p) and
B3LYP/6-31H-+G(d,p) leveld® and ab initio MO calculation
with the Mgller—Presset second perturbation (MP2) theory with
the 6-3H-G(d,p) basis set The effects of solvation on the
optimized geometry and energy of 1-PhEtOH were examined
by means of the self-consistent reaction field (SCRF) theory
with integral equation formalismpolarizable continuum model
(IEF—PCM) at the B3LYP/6-3+G(d,p) level?? Gibbs free
energy for each conformer was calculated by the G2MP2
method?? For the calculations of dimers 08f-1-PhEtOH, the
DFT calculations at the B3LYP/6-31G(d,p) level were carried

1-PhEtOH against dihedral anglesG—C,O and GC,—OH at the
HF/6-31G(d,p) level. Successive contour plots differ by 3 kJThol
@, local minima of conformers |, Il, and IO, transition states.

Conformer III

Figure 2. Conformers |, Il, and Il of §-1-PhEtOH optimized at the
B3LYP/6-31H-+G(d,p) level.

respectively. The dihedral angles and relative energies of the
conformers are listed in Table 1. The@G—C,C and GC;—

out. The optimized structures, relative energies with the zero- C,O dihedral angles (77and —43°) of the most stable
point energy correction, harmonic vibrational wavenumbers conformer | are similar to those (8@&nd —51°) of the most
Vharm @bsorption IR and VCD intensities, and potential-energy stable conformers of ethyl benzéhand benzyl alcohdl® The
barriers were obtained for the conformers§f{-PhEtOH. The geometry of each conformer optimized at the MP2/6-Gt
wavenumber-linear scaling (WLS) scaling withudvharm = 1 (d,p) level is similar to that obtained at the B3LYP/6-31£G-

— 0.00001838amis applied for the calculated IR wavenumbers (d,p) level?” and the relative energy ordering of conformers
in the fingerprint regior?? and a single scaling factor of 0.945 does not change in both the methods. By performing the-IEF
is used for the OH stretching wavenumbers. The IR spectra of PCM method at the B3LYP/6-31G(d,p) level, we confirmed
(9-1-PhEtOH were simulated by assuming a Lorentzian-type that the effect of polar (methanol) and nonpolar (§Gblvents

band shape with the full bandwidths at the half-height of T&m
for the Ar matrix and 10 cm' for the solutions and the liquid
state.

Results and Discussion

Relative Energies of Conformers.Figure 1 shows the
contour map of the 2-D potential-energy surface Bf-1-
PhEtOH calculated at the HF/6-31G(d,p) level as a function of
the GC,—OH and GC;—C,O dihedral angles (see Figure 2
for the definitions of the dihedral angles). The conformers
corresponding to the three local minima I, Il, and Il were
optimized at the B3LYP/6-311+G(d,p) level. Figure 2 shows
the three optimized conformers d){1-PhEtOH. The relative
energies with the zero-point energy correction for conformers
I, Il, and Il are calculated to be 0.00, 4.73, and 7.25 kJThol

on the structure and relative energy of conformers is not
significant?® These relative energies are compiled in Table 1,
together with Gibbs free energy for each conformer estimated
by the G2MP2 method. As shown in Table 1, the relative energy
ordering of conformers is conserved for all calculation meth-
ods: conformer | is the most stable, whereas conformer Il is
the least.

The contribution of intramolecular interactions on the opti-
mized structure has been examined in terms of the optimized
geometries at the B3LYP/6-33H-G(d,p). The OH bonds of
conformers | and Il are directed to the phenyl ring, while the
OH bond of conformer Il is on the opposite side to the phenyl
ring. The calculated OH bond length of conformer | (96.3 pm)
or 11l (96.4 pm) is longer by about 0.1 or 0.2 pm than that of
conformer 11 (96.2 pm), indicating that conformers | and Il
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Figure 3. (A) IR spectra ofbL-1-PhEtOH in the Ar matrix annealed
at 12, 33, and 41 K. (B) Calculated IR spectra of conformers I, I, and
IIl. An asterisk symbol %) indicates the band due to GO
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are likely to be stabilized by intramolecular ©@Hr H-bonding.

On the other hand, the-©GH distances between the hydroxyl
O and H(G) atoms are calculated to be 269.9, 242.7, and 264.3
pm for conformers I, 1I, and Ill, respectively. The results imply
the existence of an attractive intramolecular-€B H-bond,
because they are shorter than the sum of the van der Waal
radii of H and O (270 pm}2~14 The bond lengths of the SH
group are estimated to be 108.4, 108.2, and 108.4 pm for
conformers |, 1l, and 1ll, respectively. The bond length of the
H-bonded G—H group in conformer | or Il is shorter by about
0.3 pm than that of the £-H group (108.6 pm) that does not
form an intramolecular CH-O H-bond. A shortened-€H bond

is often found in CH:-O H-bonding?®

The calculation results imply that conformer | is stabilized
by both intramolecular OH-z and CH:-O H-bonding. Con-
former Il is stabilized only by intramolecular GHO H-bonding
and is less stable by 4.73 kJ méthan conformer I. Conformer
Il is the least stable, though it possesses intramolecular OH
- and CH--O H-bonding. Although the £,—C,C dihedral
angle prefers ca. 90for ethylbenzene as determined by
microwave spectroscop¥,that for conformer Ill is estimated
to be—6° (Table 1). Thus, we interpreted that the destabilization
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Figure 4. Schematic diagram of barrier heights between the conformers
of (§-1-PhEtOH calculated at the B3LYP/6-3t3+G(d,p) level.
Dihedral angles (&2,—C,O, C,C,—OH) of the conformers optimized
are given in parentheses. Energies at local minima and maxima are
represented by open circle and square symbols, respectively. Filled
symbols are used for the energies with zero-point energy correction.

of conformer 1l is caused by the steric repulsion between the
H(Cy) atom of the phenyl ring and the H atoms of the methyl
group.

Matrix-Isolation IR Spectra. The Ar matrix-isolation IR
spectra ofpL-1-PhEtOH in the 1600500 cnt?! region are
shown in Figure 3, along with the calculated spectra of
conformers I, 1, and IIl. The brief assignments of the observed
and calculated IR bands are compiled in Table 2. As shown in
Figure 3, the calculated spectrum of conformer | reproduces
very well the matrix IR spectra observed at 12 and 33 K. Thus,
we concluded that conformer | persists predominantly in the
Ar matrix at 12 and 33 K. The dominant bands observed at
1254, 1074, 997, and 701 cthare assigned to the COH
bending, C-O stretching, CHrocking, and out-of-plane ring
deformation of conformer |, respectively. The exclusive exist-
ence of conformer | in the Ar matrix is consistent with the results
of the R2PI and IR-UV experiments in supersonic beafisé
On annealing the deposited sample, the sharp bands retaining
their relative intensities up to 33 K change to liquid-like bands
at 41 K owing to the evaporation of Ar. The bands at 1329,
1208, and 899 cmi, which increase in intensity at 41 K, are
possibly associated with conformer Il. Conformer Il may be
stabilized by the intermolecular GHO H-bond occurring in
the condensed phase as described later.

The population of conformers frozen in a low-temperature
matrix can be assumed to be the same as that of the vapor
sample just before the depositi&??In order to measure the

TABLE 1: Relative Energies of Conformers of (§)-1-PhEtOH Calculated at the B3LYP/6-311-+G(d,p) Level

dihedral angle

energy/kJ mott

B3LYPP

MpP2 PCvpd

C.C.—C,C C.C,—C, O CiC,—OH

conformer  (deg) (deg) (deg) 6-31%#+G(d,p) 6-3HG(d,p) 6-3HG(d,p) AG* CCl, methanol interaction

| 77 —43 —55 0.00 0.00 0.00 0.00 0.00 0.00 OHr H-bond

CH---O H-bond

Il 93 -29 173 4.73 477 5.36 3.41 450 3.86 €D H-bond
CH-++Hwe repulsion

I —6 a7 57 7.25 7.26 10.07 7.62 7.35 7.06 Okt H-bond

CH-+-O H-bond

@ The notation of dihedral angles is shown in Figure 2. The value of #@3-€C,C angle of ethyl benzene is 90and the values of the,C;—
C,O and GC,—OH angles of benzyl alcohol are51° and —56°, respectively (refs 21 and 22)Relative energy with the zero-point energy
correction.c Gibbs free energy estimated by the G2MP2 metlidthe energy is estimated by means of the HEFCM at the B3LYP/6-33-G(d,p)
level of calculation using the C€br methanol solvent parameters.
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TABLE 2: Calculated and Observed Wavenumbers and Vibrational Assignments of 1-PhEtOH in the 1608500 cnT! Region

observed calculated
Armatrix  int2  liquid inta  conformer | int./km mot? assignmerit  conformer Il int./km mot?! assignmerit
1495 S 1493 S 1482 6 =€C str 1484 9 G=C str
1456 3 CH a-def 1453 2 Chla-def
1454 S 1451 S 1445 11 GH-def 1447 4 Chla-def
1442 5 C=C str 1440 13 E-C str
1382 vw
1358 w 1369 m 1376 13 C$-def 1376 11 CH def
1347 w 1353 VW 1353 24 CH def 1364 14 estdef
1339 vw 1351 2 CH def
1329 w 1327 vw 1322 19 CH def
1306 w 1304 vw 1316 3 €C str 1320 1 CH bend (ip)
1288 m 1284 vw 1282 22 CH bend (ip) 1305 3 =C str
1267 vw
1264 VW
1254 Vs 1259 vw 1248 50 COH bend
1204 S 1214 7 ¢-C str
1208 w 1186 3 ¢-C str
1163 54 COH bend
1178 w 1173 0 CH bend (ip) 1176 9 CH bend (ip)
1156 w 1156 0 CH bend (ip) 1155 2 CH bend (ip)
1115 m 1113 sh
1103 s 1099 m 1097 13 CH bend (ip) 1103 25 —@str
1074 S 1077 Vs 1077 37 =0 str 1067 30 ChHlrock
1058 sh 1064 25 CH bend (ip)
1049 m 1044 15 Chrock
1031 m 1029 m 1028 9 CH bend (ip) 1029 7 CH bend (ip)
1006 S 1011 S 999 8 £€C str 999 2 G=C str
997 S 997 m 987 35 Citock 993 7 CHrock
993 w 983 4 CH bend (op) 981 0 CH bend (op)
968 vw 969 0 CH bend (op) 965 0 CH bend (op)
914 m 911 sh 917 7 CH bend (op) 912 4 CH bend (op)
907 m 899 S 897 14 €C str 885 21 C-Cstr
845 vw 847 0 CH bend (op) 844 0 CH bend (op)
767 w
761 S 766 10 ¢-C str
756 S 760 s 763 22 CH bend (op) 763 13 ¢-C str
740 sh 754 24 CH bend (op)
701 S 699 S 704 45 ¢ def (op) 701 45 ¢ def (op)
627 0 ¢ def (ip) 627 0 ¢ def (ip)
607 m 607 m 611 9 ¢ def (ip) 601 15 ¢ def (ip)
541 w 538 m 544 19 ¢ def (op) 535 12 ¢ def (op)
533 w

aint., intensity; vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shobilderbend, CH bending of the phenyl ring; gH
a-def, CH asymmetric deformation; G#-def, CH symmetric deformation; CH def, CH deformation of the CH grougstr, C=C stretching;
COH bend, COH bending;-€0 str, C-0 stretching; CHrock, CH; rocking; C-C str, C-C stretchingy def, deformation of the phenyl ring; ip,
in-plane mode; op, out-of-plane modelhe band may be shifted to a higher wavenumber at ca. 1400 loynforming intermolecular hydrogen
bonding in the liquid state. See text.

spectrum of less stable conformers, the temperature of the Absorption IR Spectra in Solutions and the Liquid State.
premixed gas was set at 398 and 498 K before depositing ontoFigure 5 shows the absorption IR spectra 6)--PhEtOH in

a Csl plate kept at 12 K. However, the obtained spectra were the 1606-500 cnt?! region along with the calculated spectra.
found to be almost the same as those in Figure 3, suggestingNote that these spectra were represented after the subtraction
that the barrier heights between the conformers should be low. of a solvent spectrum. The IR spectrum ef){1-PhEtOH in a
Figure 4 shows the energies of the local maxima (transition CS; solution at a concentration of 0.01 mol d#(M) is similar
states) and local minima (stable conformers) ®f{-PhEtOH to that in the Ar matrix represented in Figure 3 except the
calculated at the B3LYP/6-3#1+G(d,p) level. The barrier  bandwidths. However, in the GSolution of (—)-1-PhEtOH,
heights from conformer Il to I, lll to I, and Il to Il are calculated  several weak bands were additionally observed at 1204, 1178,
to be 3.51, 1.98, and 2.28 kJ méJ respectively. These barriers 1156, and 740 cmi, which are associated with conformer Il as
are low enough to permit the conformational change even at listed in Table 2. The relative intensities of these bands increase
12 K on the basis of the Arrhenius equation with théactor with increasing concentration. It is worth noting that the increase
given by Barne$3 On the contrary, the barrier heights from in the relative intensities of the bands at 1011, 899, and 607
conformer | to lll and | to Il are found to be 9.31 and 9.14 kJ cm™! is also observed. This tendency is observed also in the
mol~1, respectively. These calculations imply that the confor- annealing process of the Ar matrix; the intensities of the bands
mational change from conformer Il or Il to | is almost at 1329, 1208, and 899 crhtend to be stronger in the spectrum
irreversible. Consequently, the population of conformer | is annealed at 41 K (Figure 3).

predominant in a low-temperature matrix. The calculation A remarkable change in the relative intensities was observed
supports the experimental result that no strong bands due tofor the bands at 1251 and 1204 cinThe intensity of the band
conformers Il and Ill are observed in the Ar matrix immediately at 1251 cm! decreases and that of the 1204¢@rnand increases
after the deposition. with increasing concentration as can be seen in Figure 5A. In
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Figure 5. (A) Absorption IR spectra of-{)-1-PhEtOH observed at
0.01, 0.10, and 0.30 M in GSsolutions and that for the pure liquid.

(B) The IR spectrum of 1-PhEtOD in the 0.3 M gSolution. (C) I (acceptor), and dimerll composed of conformer | (donor)
Calculated IR spectra for conformers |, 1I, and Il1. and conformer Il (acceptor). The results revealed that the
H-bonded COH bending band of conformers | and Il shifts to
Interestingly, the phenyl-G¢C) stretching band of conformer
Il slightly shifts to a lower frequency (appears at ca. 1200%9m
and its intensity increases in dimers. Thus, the band observed
at 1204 cm?! is assignable to the-C stretching band of
Based on the assignments, we concluded that the concentra-
tion-dependent changes in the relative intensity of the IR bands
are caused by the conformational change from conformer | to
Il. The increase in population of conformer Il for the concen-
trated solution of {)-1-PhEtOH suggests that conformer Il is
stabilized by intermolecular O+O H-bonding. As a result,
conformer | exists predominantly in the dilute solution ef){

a higher wavenumber and appears at 139620 cntl
Dimer II-1 Dimer I-II conformer Il with OH--O H-bonding.
1-PhEtOH along with a trace amount of conformer Il, whereas

Dimer [I-11

Dimer I-1 conformer Il is dominant in the liquid state.
Figure 6. Structures of the dimers o8f-1-PhEtOH optimized at the OH Stretching Band. OH stretching ¢on) bands give useful
B3LYP/6-31+G(d,p) level. information concerning H-bonds and conformations around a

the calculated spectra, the COH bending band is estimated toCC—OH bond3* Figure 7 shows the IR spectra in thg4 region
be at 1248 cm! for conformer I. In order to confirm the  of 1-PhEtOH. Theon band is observed at 3631 and 3616 ¢ém
assignment of the COH bending band, the IR spectrum of in the Ar matrix and the CGlsolution, respectively (Figure 7,
deuterated species PhEtOD was measured. Figure 5B showparts D and A). Note that in a supersonic jet thg band of
the IR spectrum of PhEtOD in a GSolution at 0.3 M. The 1-PhEtOH is located at 3647 ch'® The OH wavenumbers
1251 cnt?! band is shifted to 945 cm upon the deuteration,  observed in the Ar matrix or in the CgCkolution are lower
whereas the fairly strong band is still observed at 1211%m than that in the gas phase, because of the interactions of the
Thus, the band at 1251 crhis definitely assigned to the COH  vop bond with surrounding moleculé®.As shown in Figure
bending of conformer 1. 7A, thevoy band for 1-PhEtOH in CGlis asymmetric with a
The assignment of the band at 1204¢rs unlikely due to tail toward higher wavenumbers. The envelope was reasonably
the monomer of{)-1-PhEtOH, because no corresponding band decomposed into two components at 3616 and 3627 evith
is found in the calculated IR bands for conformers |, Il, and Ill the band-intensity ratio of 1:0.16. In a previous section, the IR
listed in Table 2. Therefore, we presumed that the band at 1204analysis in the 1608500 cnt?! region indicates that conformer
cm™1 arises from a intermolecular H-bonding. To investigate | exists predominantly in the dilute solution along with
the influence of the intermolecular H-bonding on the IR bands, conformer Il as a minor component. Thus, it is likely that the
we performed the quantum chemical calculations for dimers of main band at 3616 cm is associated with conformer |, whereas
(9-1-PhEtOH at the B3LYP/6-31G(d,p) level. The optimized  the sub-band at 3627 crhis concerned with conformer II.
structures of the dimers are shown in Figure 6: dimef | The von band due to conformer | is lower by 11 cinthan
composed of conformer |, dimer+Hll composed of conformer  that arising from conformer Il. This may be caused by the
I, dimer II—I composed of conformer Il (donor) and conformer intramolecular OH-7 H-bond. Thevoy wavenumbers for
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conformers |, I, and Ill are calculated to be 3613, 3630, and @)
3598 cn1?, respectively. The ©H bond lengths for conformers

I, 11, and Ill are 96.3, 96.2, and 96.4 pm, respectively. In general,
the O-H bond lengths are inversely proportional to their
wavenumberg® The calculation results indicate that the ©H
-t H-bond causes a lower wavenumber shift of thg band

of conformer | by 17 cm!. Therefore, we concluded that the
main band at 3616 cn is due to thevoy band of conformer (B)

| with the intramolecular OH-7 H-bond and the weak sub-
band observed at 3627 crharises from the freevon of : W
. . .. Conformer I

conformer Il. By using the absorption coefficient)@nd energy
difference AE between conformers | and Il calculated at the ’
B3LYP/6-31H-+G(d,p) level with the zero-point correction, ﬁ%
the IR absorption intensity ratio between IR bands of conformers
can be estimated by following equation&(A)caic = (ouiNy/ Wf—gh
ouyN) = (ou/oy) exp—AE/RT). The Au/A)cacobtained was 0.16
at 300 K, which is in excellent harmony with the experimental T R T T, T E—TY
value 0.16. Wavenumber / cm™

As shown Figure 7C, theon band envelope for 1-PhEtOH  Figure 8. (A) VCD spectrum of §-(—)-1-PhEtOH observed in a GS
in the liquid state was decomposed into two bands at 3355 andsolution at 0.1 M. (B) Calculated VCD spectra for conformers |, Il
about 3567 cm! with the band-intensity ratio of 1:0.02. andIil.
According to the relationship between the H-bonding pattern
and thevoy wavenumber previously reportédthe main 3355
cm! band is assignable to the intermolecular H-bonded
mode in the two-coordinated H-bonding networks. To assign
the weak band at 3567 crh we considered the intermolecular
OH---7r interaction. Thevoy band of 1-PhEtOH was observed
at 3588 cm' in a benzene solution and at 3616 ¢hn a CCly
solution. Similar observations have been reported for 1-octanol
(3632 and 3611 cmt in benzene and 3642 and 3635 ¢hin
CCly) and ethanol (3613 and 3603 ciin benzene and 3638
and 3633 cm? in CCly).38 The significant red-shift of theoy
band in benzene solution is attributed to the interaction between
the OH group and the delocalized electronic structure of
benzene. Theon band at 3567 cm has been characteristically
observed in the liquid state for phenyl alcohols but not observed
for aliphatic alcohol$? Therefore, we concluded that the band Dimer I11

at 3567 cm for 1-PhEtOH in the liquid state originates from WW
Dimer [-II

the intermolecular OH-z H-bond.
Dimer I-I

Absorbance / a.u.

VCD intensity / a.u

(A)

Absorbance / a.u.

Figure 7B shows theoy envelop for 1-PhEtOH in a GS
solution at 0.1 M, which seems to possess both the features of
the voy band observed in Cg¢land in the liquid state. The
characteristic band observed at 3490 ¢ns due to a dimer of
1-PhEtOH. The bands at 3616 and 3355 ¢érarise for the a0 D00 1000800
monomer and multimer, respectively. The above experimental Wavenumber / ci”!
results indicate that in the liquid state the OH bonds of Figure 9. (A) Observed VCD spectrum off-(—)-1-PhEtOH in a C$
1-PhEtOH mainly form the intermolecular two-coordinated solution at 0.1 M. The dotted line represents the population-weighted
H-bonding networks composed of conformers | and II, and the ggﬁ?;r?:;‘ﬁ'iagme‘f |t|h—e| \f'g §8§§f§ flgjl;h?BToglg?e?\r/ :dno\llggqers,
minority is |.nvolved in the intermolecular OHx H-bonding. spectrum of §-(—)-1-PhEtOH in the liquid state. The dotted line
The analysis of theon band has also shown that conformer | represents the population-weighted linear combination of the VCD
exists predominantly in the Cgbolution at 0.01 M, whereas  spectra for the dimers, dimer-H + dimer -1l + 0.5(dimer I+l +
the monomer of 1-PhEtOH coexists with dimers and multimers dimer I-1). (C) Calculated VCD spectra of the dimersll, Il —I, -1,
in the CS solution at 0.1 M. and II=I1.

VCD Spectra in Solutions and the Liquid State.The VCD
spectrum of {-)-1-PhEtOH was measured in a £slution at PhEtOH is of Sconfiguration and exists predominantly as
0.1 M, because the VCD measurements are generally difficult conformer | in a dilute C8solution.
in a very dilute solution. Figure 8 shows the experimental VCD  Figure 9, parts A and B, shows the comparison between the
spectrum of {)-1-PhEtOH, together with the calculated VCD  VCD spectrum of {)-1-PhEtOH in the CSsolution at 0.1 M
spectra for the three conformers &-(L-PhEtOH. The spectrum  and that in the liquid state. The VCD spectrum in the solution
calculated for conformer | reproduces fairly well the observed is considerably different from that in the liquid state, especially
spectrum. The VCD bands observed at 1350, 1252, 1097, 1076,n the 11206-1400 cnt! region. The intermolecular H-bonding
1047, 994, and 899 cm in the CS solution are due to should cause this discrepancy. The COH bending mode, the
conformer | of §-1-PhEtOH. Thus, we identified that-{-1- CH deformation, and the €C and CO stretching modes may

VCD intensity / a.u.

Dimer II-1§
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be largely perturbed by the formation of hydrogen bonds as at the B3LYP/6-31%+G(d,p) level. The calculated IR spectrum
anticipated from the ROA measurement; the calculated ROA of conformer | reproduces very well the Ar matrix-isolation IR
spectrum is in excellent agreement with that observed in the spectrum. The quantum chemical calculation revealed that

liquid state in the region below 1120 cbut is not matched
in the 1126-1400 cn1? region in which the bands are involved
in OH bending mode¥’ Then, VCD spectra of theg-1-
PhEtOH dimers were calculated at the B3LYP/6-31(@,p)

conformer | stabilized by both intramolecular €HD and G-H-

-7t H-bonding. In dilute CCJ and C$ solutions, 1-PhEtOH
exists predominantly as conformer | with a trace amount of
conformer Il. In the liquid state of 1-PhEtOH, conformer Il is

level in order to estimate the influence of intermolecular stabilized by intermolecular OHO H-bonding and coexists
H-bonding on the VCD bands. By comparing the calculated with conformer I.
VCD spectra in Figure 9C with those in Figure 8B, we found By considering conformations and intermolecular H-bonding,
that the calculated spectra of the monomers and the dimers inwe successfully reproduced the observed VCD spectra. The
the 1126-1400 cn1? region are different from each other. These absolute configuration of{)-1-PhEtOH in a dilute CSsolution
results indicate that the VCD spectra are largely influenced by is determined to b&-configuration. The population-weighted
both conformational changes and intermolecular H-bonding. linear combination of the VCD spectra for the monomer and
The population-weighted linear combination of the VCD the dimers is in excellent agreement with that observed in a
spectra for the monomer and the dimers (conformerdimer CS solution at 0.1 M, while the composite spectrum for the
II—I + 0.5(dimer 11)) is in excellent agreement with that dimers reproduces fairly well the VCD spectrum in the liquid
observed in a CSsolution at 0.1 M as shown in Figure 9A. state. The result indicated that the difference of the VCD spectra
The bands at 1200 and 1075 thwhose intensities increase  between the dilute solution and the liquid state arises not only
in the liquid state, are associated with conformer Il with the from conformational changes but also from the intermolecular
intermolecular OH-O H-bonding. On the other hand, the H-bonding. Thus, we concluded that the determination of the
composite spectrum by dimer+l + dimer I=Il + 0.5(dimer absolute configuration of 1-PhEtOH in condensed phases is
II=II + dimer I-1) reproduces fairly well the VCD spectrum enabled by identifying VCD bands that are insensitive to
in the liquid state as shown in Figure 9B. conformational changes and intermolecular interactions. In the
The result obtained here gives an insight into the method for present work, we have also demonstrated that a complicated
analyzing a VCD spectrum observed for a concentrated solutionexperimental VCD spectrum is understandable by a linear
or condensed phase. In general, VCD measurements for a verycombination of calculated spectra obtained for several possible
dilute solution, where no intermolecular H-bonding occurs, can conformers or compounds. This pattern-matching scenario may
clearly determine the absolute configuration of chiral molecules enable us to analyze a VCD spectrum of much larder molecules
by comparing with the theoretical calculation for an isolated by means of a linear combination of VCD spectra simulated
molecule. However, it is difficult in many cases to detect clear for certain fragments.
VCD signals for a very dilute solution. As demonstrated in the
present work, it is very practical to find a key VCD band that ~ Acknowledgment. This work was partially supported by a
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the key VCD bands enables us to determine the absoluteethanol, comparison between the optimized structures for
configuration of chiral molecules even in the condensed phasesconformers obtained at the B3LYP/6-86(d,p) level and those
such as the liquid state. at the MP2/6-31G(d,p) level, comparison among the optimized
This methodology may be applicable to the investigation of Structures of conformers obtained by the tHFCM method at
large molecules in biological system. For finding key bands that the B3LYP/6-31-G(d,p) level of calculations in vacuo, in C£I
are insensitive to both the conformational changes and theand in methanol. This material is available free of charge via
intermolecular H-bonding, the computational analysis is a the Internet at http://pubs.acs.org.
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