OCArticle

Conformational Flexibility of Corey Lactone Derivatives Indicated
by Absorption and Vibrational Circular Dichroism Spectra
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Infrared absorption and vibrational circular dichroism (VCD) spectra of four Corey lactone
derivatives (diol, benzoate, p-phenylbenzoate, and bisbenzoate) were measured and analyzed on
the basis of ab initio computations. The analysis interpreted most of the spectral features as well
as the differences among individual compounds. Despite the common rigid lactone residue,
conformational behaviors and spectral features of the derivatives were found to be different, because
of hydrogen bonding and solvent effects. Recognition of common molecular parts in the spectra of
different molecules increases the potential of using VCD for monitoring the purity of intermediates
in chiral syntheses. For the derivatives, a conserved spectral component corresponding to the lactone
skeleton could be identified on the basis of theoretical analysis but was relatively weak in intensity.

Introduction

The Corey lactone serves as a starting compound for
the synthesis of prostaglandin derivatives and is widely
used in the pharmaceutical industry.’=2 Prostaglandins
are natural lipid mediators of physiological processes
including modulation of inflammation, ovulation, arterial
blood pressure, and immunity.*%*5 Purification of its
synthetic intermediates is based on enzymatic hydrolysis®
or crystallization of diastereoisomers from solution.”
Vibrational circular dichroism (VCD),® which is sensitive
to enantiomeric purity and conformation, is thus a
potential tool to conveniently monitor these steps in the
solution process.

Fundamental, instrumental, and theoretical aspects of
VCD have been established. Particularly, the magnetic
field perturbation theory of Stephens® implemented at
the density functional theory (DFT) level and combined
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with magnetic field dependent atomic orbitals! has been
implemented in the Gaussian 98'? and other program
packages, which made simulations and interpretation of
the spectra easier. For small rigid molecules within the
harmonic approximation, such VCD simulations are
normally very accurate in the mid-IR region.*3~15 How-
ever, for systems that strongly interact with the solvent
or exhibit conformational flexibility, the analysis of VCD
spectra is far from being straightforward. This is caused
partially by inadequacies in the theoretical models for
such systems. In fact, there are only a few works dealing
with the analysis of the spectra of flexible molecules. This
often requires multidimensional analysis of the confor-
mational space!®!” and combination of VCD with data
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FIGURE 1. Corey lactone derivatives studied here: A, (+)-
Corey lactone diol, asymmetric carbons marked by asterisk
(*); B, (+)-Corey lactone benzoate alcohol; C, (+)-Corey lactone
p-phenylbenzoate alcohol; D, (—)-Corey lactone bisbenzoate.
Flexible bonds (torsion angles as in Tables 2S and 3S in the
Supporting Information) are labeled for A and D.
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FIGURE 2. Experimental (in D,O) and calculated (BPW91/
6-31G**) VCD and absorption spectra of the Corey lactone diol
A. Contributions of the lactone core atoms (indicated in the
brackets [] in the lower part) to the calculated spectra are
drawn by the vertically offset dashed lines.

from other spectroscopic techniques.’® Similarly, the
availability of a series of compounds, as in the case of
the Corey lactone derivatives, enhances the analysis and
provides a more complete picture about a general ap-
plicability of VCD for structural studies of chiral organic
molecules.
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FIGURE 3. Experimental (top, in CDCls) and calculated
(bottom, BPW91/6-31G**) VCD and absorption spectra of the
Corey lactone benzoate B. Contributions of the lactone core
atoms to the spectra are drawn by the dashed lines as in
Figure 1.

The series also makes it possible to test the transfer-
ability concept in infrared spectroscopy. Characteristic
bands often indicate the presence of particular functional
groups in molecules. Such “fingerprinting”, however,
often breaks down in VCD,*° because of coupling between
the chromophores, which can lead to a chiral interaction
not represented in the transfer. In the case of the
lactones, the bicyclic system is relatively rigid, and its
marker bands, although weak, can be identified in the
spectra of various derivatives as shown in this paper.

Results and Discussion

Experimental Spectra. Experimental IR and VCD
spectra of the compounds (structures in Figure 1) are
presented in the upper parts of Figures 2—5. For A
(Figure 2), only a narrow range of frequencies was
accessible as a result of the D,O solvent, because the diol
was not sufficiently soluble in the more transparent
CDCl;. Estimation of the noise in the experimental VCD
spectrum is given as the dashed line. Noise levels for the
other compounds (data not shown) were similar. As can
be seen in Figures 3—5, experimental spectra of the
derivatives B—D possess many common features in both
IR (the three strongest bands around 1770, 1710, and
1275 cm™1) and VCD (the + — — + pattern at ~1347,
1314, 1242, and 1178 cm™, respectively) spectra. How-
ever, the relation of their spectra to those of the parent
compound A is not obvious.
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FIGURE 4. Experimental (in CDCI;) and calculated (BPW91/
6-31G**) VCD and absorption spectra of the Corey lactone
p-phenylbenzoate C. Contributions of the lactone core atoms
are drawn by the dashed lines as in Figure 1.

Theoretical Spectra. In the lower parts of Figures
2—5, VCD and absorption spectra for the four derivatives
as calculated at the BPW91/6-31G** level are presented
for lowest-energy conformations only. Supposedly, these
conformations are the most populated and thus provide
a first-order approximation, on the basis of which most
of the observed IR and some VCD spectral features can
be explained. For VCD, bigger differences between the
calculation and experiment are anticipated than those
for the absorption spectra, mainly for compounds A and
D, because of the higher sensitivity of the VCD signal to
conformational freedom.

To enhance the mode analysis, we also separated the
theoretical contributions of the lactone bicyclic ring atoms
(see the bottom of Figure 2) to spectral intensities and
drew them as dashed lines. The dashed-line spectra were
thus obtained by setting all of the atomic polar and axial
tensors (determining the spectral intensities) to zero for
atoms not contained in the rigid lactone residue. Note
that vibrational frequencies, unlike intensities, are un-
changed during this procedure; particularly lactone and
side-chain vibrational modes can still couple. As expected,
the reduced spectrum obtained in this way is almost
equal to the original spectrum of derivative A, because
in that case only three atoms (the HO group and H) were
deleted. On the contrary, for B—D, the VCD of the lactone
part of the molecule is for most bands much smaller than
that coming from the aromatic residues. This obviously
explains the difference in the overall character of the
spectra for A, if compared to B—D. Another interesting
feature is that both the lactone and aromatic residues
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FIGURE 5. Experimental (CDCI3) and calculated (BPW91/
6-31G**) VCD and absorption spectra of the Corey lactone
bisbenzoate D. Contributions of the lactone core atoms are
drawn by the dashed lines as in Figure 1.

contribute to most of the mid-IR bands. In other words,
the spectrum is not just a sum of the spectra from the
two chromophores, because of the coupling of their
vibrational modes. Finally, we can also observe that the
relative contribution of the lactone residue is bigger in
the VCD spectra than in absorption. This can be also
explained because the aromatic residues are not inher-
ently chiral, and their eventual chiral behavior is entirely
determined by the lactone with the four asymmetric
carbons. For C, the twisted biphenyl group is generally
chiral but, according to the calculations, does not con-
tribute significantly to the VCD intensities in the ana-
lyzed region of the frequencies. Because of the low
energies associated with its rotation, the signal is further
weakened by a temperature averaging. Indeed, the VCD
sign pattern for B and C is virtually identical both for
the experiment and for the calculated spectra, proving
that the additional phenyl residue is virtually invisible
in VCD.

Mode Assignment. Detailed assignment of the most
intense vibrational transitions based on the comparisons
in Figures 2—5 is listed in Table 1. Quite a good
agreement for the theoretical and absorption profile of
derivative A can be observed in Figure 2, and most of
the transitions can be assigned. The carbonyl frequency
was rather overestimated, but this can be clearly at-
tributed to the formation of hydrogen bonds in D,O. The
frequencies of other bands (1470—1316 cm™!) were cal-
culated with much smaller error (~1%), and their relative
intensities were predicted correctly, with the intensity
of the calculated peak at 1379 cm™! being too big. The
assignment of most vibrational modes (Table 1) can be
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TABLE 1. Comparison of Experimental and Calculated Frequencies (in cm~1) for the Three Corey Lactone Derivatives

and the Mode Assignment

compound IR VCD BPW91/6-31G**
A 1742 1826 »(C=0)
1470 1451 CHj; scissoring
1419 1419 () 1434, 1431 CHj; scissoring
1376 1394 (+), 1362 (+) 1379 CH, and CH wagging
1358 1367 CH; and CH wagging
1316 1329 (+) 1336 v(C—0), ring def. and CH wag
1328 ring def., CH bend
B 1770 1770 (+) 1825 v(C=0), lactone
1712 1697 (—) 1700 v(C=0), ester
1602, 1585 =) 1610, 1590 (C=C), phenyl
1492-1450 (+) 1489—-1417 (C=C), CH bend, phenyl
1419 1418 (—) 1432 CH; scissoring
1417 —CH,0H H bending
1375—1347 1347 (+) 1380—1323 CH bending modes, lactone
1303 1328 CH bend, phenyl
1316 1316 (—) 1293 CH bend, lactone
1294 () 1294, 1284 CH bend, »(CO—C), lactone
1277 1273 (+) 1264 1(CO—C), ester
1246 1244 (-) 1232 —CH,0H bending
1218 1217 (+) 1208 —CH,0H bending
1179, 1160 1176 (+) 1172, 1161 phenyl def., CH bend
1117 1119 (+) 1128 v(CO—0), lactone
1111 (+) 1109 v(CO—0), ester
1071 1081 () 1080 lactone, deloc.
1078 phenyl C=C def.
1027 1027 (+) 1026 (+), 1025 (—) phenyl breathing, lactone »(C—C)
999 999 v(C—0), »(C—C), lactone
982 928 (+) 967 v(C—O0) ester, lactone def.
956 957 (+) 944 lactone deloc.
C 1770 1824 v(C=0) (lactone)
1708 1722 (+), 1699 (—) 1697 r(C=0) (ArC=0)
1609 1605 (—) 1616 (C=C) (Ar)
1489 1471, 1449, 1433 CHj scissoring
1417, 1406 1417 (—) 1417 CH; scissoring
1362 1362 (—) 1381, 1361 CHj; sciss. + CH wag.
1328 1347 (+), 1328 (+) 1321 CH bend, both aliph. + arom.
1314 1314 (-) 1292, 1294 r(C—0), CH bend
1279 1280 (+) 1264 r(C—0) (Ar)
1246 1242 () 1232 CH; wag + ring def.
1218 (+) 1208 CH, wag + ring def.
1186, 1178 1178 (+) 1182, 1175 CH bend Ar, lactone ring def.
1116, 1105 1110 (+) 1113, 1101 (C—0) (Ar), lactone ring def.
1077 1077 (—) 1080, 1058 v(C—C), lactone ring def.
1041 1030 () 1022 v(C—C), lactone ring def.
1008 998 v(C—C) lactone ring def.
D 1774 1821 (C=0) (Corey)
1719 1728, 1724 (C=0) (CO0)
1603, 1585 1605 (—) 1609, 1591 CH bend (Phe)
1452 1450 CHj; scissoring
1419 1416 (—) 1420 CHj; scissoring
1360 1388 (+), 1364 (—) 1374, 1360 CH, wag and CH bend
1350 (+)
1314 1314 (—) 1304 CH bend (Phe)
1271 1279 (—) 1245 v((Phe)C—C(=0))
1248 1262 (+), 1215 (+) 1230, 1213 v(C—C), lactone ring def.
1178 1175 (+) 1161 CH, twist
1122 (—)
1110 1109 (+) 1096 v(C—0) (Ar)
1099 1088 (—) 1061 v(C—C), lactone ring def.
1068 1073
1028 1024 lactone and Ar ring def.

confirmed on the basis of the VCD spectra. The experi-
mental negative VCD band at 1419 cm™! was calculated
with the same sign at 1431 cm™?. The observed splitting
of bands at 1394 and 1362 cm™! is not matched by the
calculation, but the positive signal appears as a peak
centered at 1379 cm™1. The 1329 cm™! positive signal
most probably corresponds to the calculated positive peak
at 1336 cm™2.

For the derivatives B—D, the correspondence between
calculated and experimental absorption spectra is obvi-
ous. Many spectral details were reproduced; for example,
the frequency of the strongest aromatic C=C stretching
signal in C (experimental at 1609 cm™?, calculated at
1616 cm™Y) is higher than for B and D (experimental at

~1602 cm™1, calculated at ~1609 cm™1), and its intensity
is much bigger. Similarly, the red shift of the most
intense C—O stretching peak (from 1277—1279 cm™1 for
B—C to 1271 cm™1 for D) is reproduced, although rather
overestimated (1245—1264 cm™1). The “fingerprint” ab-
sorption bands from A are relatively low in intensity for
B—D but can be clearly seen in two regions: around 1360
cm™1, where the contribution of the lactone CH, and CH
wagging vibrations is located, and around 1100 cm™,
where the lactone ring-deformation modes appear. The
latter, however, is coupled with the C—O stretching of
the substituent.

The lactone residue VCD bands are most important
from the point of view of analytical chemistry. As can be
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FIGURE 6. Left: the overlapped 10 lowest-energy conformers
(1-10 in Table 2S in the Supporting Information). Right: the
lowest-energy conformation (1) of diol A.

seen in Table 1 and Figures 2—5, the lactone carbonyl
VCD signal (experimental at ~1700 cm™1) is negative for
B and C and positive for D, which was reproduced by
the theory. Supposedly, the VCD sign of this band is
determined by the dipolar coupling between the C=0
lactone and ester chromophores in the molecule. The
weak experimental negative signal around 1416—1419
cm~tis common for all four derivatives and clearly stems
from the CH, scissoring in the lactone skeleton. This is
reproduced by the calculation at a slightly higher fre-
quency (~1430 cm™1). For D, this signal is perturbed by
a positive peak calculated at 1454 cm™! not observed in
experiment. For all of the derivatives, there is another
region of mostly positive VCD around 1328—1350 cm™?
in the experimental spectra, which is roughly reproduced
by the calculation, especially if we suppose that the VCD
from the flexible groups averages out. For B—D, the other
common region of mostly negative VCD signal is located
in the experimental spectra around 1073—1088 cm~* and
reproduced by the calculation at 1061—-1081 cm™1.
Conformational Flexibility. Despite the rough agree-
ment, the VCD spectra for A and D clearly cannot be fully
explained with only a one-conformer model. As follows
from the systematic conformational analysis of the diol
A (Table 2S in the Supporting Information and Figure
6), the lowest-energy conformation is dominant, which
can be explained by an intramolecular hydrogen bond
(Figure 4) and internal dipolar interactions among the
OH groups and the carboxylic lactone residue. The lac-
tone skeleton remains relatively rigid (with the exception
of conformation 16), and the conformers differ by the
orientation of the —OH and —CH,OH groups. However,
substantial occurrence of other conformations (even with
higher populations than those estimated in a vacuum in
Table 2S in the Supporting Information) in the sample
cannot be ruled out, because of the limited precision of
the computations as well as because of the hydrogen
bonding to the solvent. Especially at elevated tempera-
tures, a semifree movement of the side groups can be
expected. Because we cannot fully account for these
effects, we may at least estimate the influence of the
conformational flexibility on the spectra. This is done in
Figure 7, where the VCD and absorption spectra of the
10 lowest-energy conformations are overlapped. Clearly,
there are many regions both in the absorption and in the
VCD where the spectra are almost unaffected by the con-
formational change, most notably the VCD negative sig-
nal at 1419 cm™2. This is consistent with the above an-
alysis, where this band was found to be conserved for all
three compounds and assigned to a vibration of the rigid
lactone skeleton. The dependence of the VCD signal of
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FIGURE 7. Simulated VCD (upper) and absorption (lower)
spectra of the 10 lowest-energy conformations of diol A.

FIGURE 8. Optimized geometry (BPW91/6-31G**) of the
derivatives B and C.

the C=0 stretching (calculated at 1826 cm™1) on the side-
chain conformation is somewhat surprising, and normally
one would not expect such a long-range influence on a
relatively rigid carbonyl system. This is in accordance
with the calculated relative energies of the conformers,
predicting strong electrostatic interactions between the
polar parts of the molecule. The VCD spectra are more
sensitive to the conformation of the molecule than the
absorption. However, if compared to similar previous
studies,'®* the dependence is not so dramatic, and the
basic VCD shape arises from the rigid skeleton. Absorp-
tion peaks above 1000 cm™! do not significantly change
their positions and intensities for various conformers; the
absorption sensitivity on the conformation is unusually
high for the signal around 950 cm™.

Not surprisingly, conformational flexibility of the
derivatives B and C is quite similar. The geometries of
their lowest-energy conformations are drawn in Figure
8. They are stabilized by intramolecular hydrogen bonds,
similar to that for A. However, we did not find other
conformers that could be present in higher amounts in
the sample, except those stemming from the benzene ring
rotation for C. This bisphenyl chromophore, however,
does not contribute significantly to the spectra, because
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FIGURE 9. Nine (I-IX in Table 3S in the Supporting
Information, left) lowest and the lowest (I, right) energy
conformation of D.

of the small dipole strengths associated with its vibra-
tions. Additionally, unlike A, we do not expect that the
hydrogen bond would be disturbed by the solvent (CDCly),
and thus we consider a one-conformation model sufficient
for this compound. This is also consistent with the
reasonable agreement between the calculated and ex-
perimental absorption and the VCD spectra (Figures 3
and 4). Because most of VCD signs are predicted cor-
rectly, relative differences between calculated and ex-
perimental VCD intensities can probably be attributed
to the solvent effects and computational (BPW91/6-
31G**) error rather than to the conformational freedom.

The last compound D cannot form intramolecular
hydrogen bonds, and its flexible conformational behavior
differs quite a bit from the previous cases. This can be
seen in Table 3S in the Supporting Information, where
the calculated relative energies of the nine lowest-energy
conformers calculated at the molecular mechanics (MM),
PM3, HF/3-21, and BPW91/6-31G** levels are given.
Because of our computer limitations, higher energy (>2
kcal/mol in BPW91/6-31G**) conformers were not in-
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cluded; these, however, should not contribute signifi-
cantly to the spectra because of their low population.
Supposedly, the vacuum computations can also be ex-
tended to the sample dissolved in CDCl;, where a
formation of stable hydrogen bonds to the solvent is
limited. As can be seen in Figure 9, the conformers differ
only by the position of the benzoate residues, while the
lactone bicyclic system remains relatively rigid, similarly
for A—C. The lowest-energy “extended” conformation (I,
right in Figure 9) has the polar as well as the phenyl
residues separated, possibly because of the repellent
dipolar interaction of the carboxylic groups.

The spectra of D (Figure 10) depend on the conforma-
tion somewhat differently than those of compound A
(Figure 7): the absorption is less variable, while the VCD
varies more. Because it is difficult to predict conforma-
tional ratios (energy differences smaller than 1 kcal/mol
given in Table 3S in the Supporting Information almost
certainly lie within the error of the BPW91/6-31G**
method), as a first approximation to the experiment, we
constructed the arithmetic average spectra from these
nine conformations, shown on the right-hand side of
Figure 8. A Boltzmann weighting (not shown) provided
a qualitatively similar resultant spectrum. Note that the
computation of VCD is quite time-consuming for this
compound, and the number of the conformers had to be
limited. As follows from the comparison with the lowest-
conformation spectrum and with the experiment (Figure
5), the averaging brings a minor improvement for the
absorption, consisting mainly of a more realistic intensity
ratio for the C=0 stretching bands and the profile of the
broad signal around 1100 cm~!. For VCD, however, the
improvement is more substantial: the two experimental
minima at 1416 and 1364 cm™! as well as the maximum
at 1350 cm™* (calculated now at 1336 cm™1) also appear
in the theoretical spectrum, as do the strong negative

1241 1213 1080
1124
-1
-0
Ae10?
-1
. : . ; 2
1900 1700 1500 1300 1100 900
3 10005
- 500
T ; T T 0

1800 1600 1400 1200 1000 800
Wavenum ber (cm "}

FIGURE 10. Bisbenzoate D calculated VCD (top) and absorption (bottom) spectra of nine conformers (left, corresponding to
Table 3S in the Supporting Information and Figure 9) and their arithmetic average (right).
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experimental minima at 1314 and 1279 cm™! (calcd at
1287 and 1258 cm™1). Also the experimental VCD bands
at 1262, 1215, 1175, 1109, and 1088 cm™! correspond
most probably to the calculated peaks of the same signs
at 1241, 1212, 1156, 1090, and 1063 cm™1, respectively.
Presumably, for a complete averaging, the VCD signal
from the benzoyl C=0 groups (calculated around 1728
cm~1) would disappear completely, while the lactone ring
C=0 group stretching provides a net positive VCD signal,
observed in the experimental spectrum in this region. The
averaged VCD spectrum is less intense than the indi-
vidual components (see the vertical scale in Figure 10),
which reflects well-known difficulties with the measure-
ment of flexible compounds.

Conclusions

The chiral Corey lactone chromophore could be recog-
nized in the VCD and absorption spectra of the deriva-
tives. However, it forms their minor component. The
lactone side groups influence the VCD signal signifi-
cantly, depending on the conformational flexibility and
the ability to form inter- and intramolecular hydrogen
bonds, which can be used backward in order to obtain
structural information from the spectra. The diol A
interacts strongly with the solvent, but a preferred
conformation exists. The alcohols B and C adopt confor-
mations stabilized by an internal hydrogen bond, while
the bisbenzoate D exhibits a free movement of the
functional groups. This different flexibility is consistent
with the interpretation of the experimental spectra based
on ab initio calculation, providing a good agreement of
signs, relative intensities, and transitional frequencies.

Experimental Section

We studied four compounds: (1R,5S,6S,7S)-(+)-7-hydroxy-
6-hydroxymethyl-2-oxabicyclo[3.3.0]octan-3-one (or as known
by its trivial name “(+)-Corey lactone diol”, A); (1R,5S,6S,7S)-
(+)-7-(phenyl-4-oxycarbonyl)-6-hydroxymethyl-2-oxabicyclo-
[3.3.0]octan-3-one (“(+)-Corey lactone benzoate alcohol”, B);
(1R,5S,6S,7S)-(+)-7-(1,1'-biphenyl-4-oxycarbonyl)-6-hydroxy-
methyl-2-oxabicyclo[3.3.0]octan-3-one (“(+)-Corey lactone p-
phenylbenzoate alcohol”, C); (1R,5S,6S,7S)-(—)-7-benzoyloxy-
6-benzoyloxymethyl-2-oxabicyclo[3.3.0]octan-3-one (“(—)-Corey
lactone bisbenzoate”, D). See Figure 1 for the structures. For
A, B, and D, optical antipodes were also available, which could
be used for determining and eliminating artifacts from their
VCD spectra.?’ Thus, their experimental spectra were obtained
as half of the difference spectrum of the (+) and (—) enant-
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iomers. For C, the VCD spectrum of the racemate was
subtracted from the VCD of the (+) form. All chemicals were
of 98% purity or higher. The VCD and infrared absorption
spectra were recorded simultaneously with a spectral resolu-
tion of 4 cm™ on a IFS 66/S FTIR spectrometer. A low-pass
filter (<1800 cm™1), BaF; polarizer, ZnSe modulator operating
at 50 kHz, and MCT detector were used. The experimental
setup and instrument performance have been described in
detail elsewhere.?* Sample A was dissolved in D,0O (99.9%) at
a concentration of 0.6 mol L%, and samples B—D in CDCl3
(>99%) were dissolved at concentrations in the interval of
0.15—0.37 mol L. Demountable KBr and CaF; cells were used
with 50 and 25 um Teflon spacers for CDCl; and D,0 solutions,
respectively. The VCD spectra were obtained as an average
of three blocks of 3380 scans.

Calculations

Starting geometries for the ensemble of conformers for all
of the four derivatives were generated using the Hyperchem??
and Spartan® software packages via a systematic change of
torsion angles of the freely rotating bonds. Low-energy con-
formers were preselected on the basis of the MM and PM3%*
methods and then optimized at the BPW91/6-31G** DFT
level?® using the Gaussian 982 software. For equilibrium
geometries, harmonic frequencies and rotational and dipolar
strengths were calculated, and IR and VCD spectral intensities
were simulated using Lorentzian bands of a bandwidth of 5
cm™L.
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