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ABSTRACT: Two chiroptical spectroscopic techniques,
namely, electronic and vibrational circular dichroism (ECD
and VCD), as well as NMR spectroscopy have been utilized to
determine the absolute configurations and geometries of two
Frater—Seebach alkylation reaction products with long hydro-
carbon chains. The experimental studies have been com-
plemented with density functional theory calculations. Strong
characteristic bisignate VCD signatures in the carbonyl
stretching region have been observed for both compounds in
film state. Truncated models, i.e., without the long CH, chains,

Monomer

have been utilized to examine different hydrogen-bonding topologies between two monomeric moieties and to simulate the
corresponding IR and VCD spectra of the dimers. In addition, the exciton coupling model has also been applied to the —C=0
groups of the two monomeric moieties, which can be coupled through intermolecular hydrogen-bonding. On the basis of these
simplified approaches, the absolute configurations of the compounds have been unambiguously assigned using VCD and ECD
spectroscopy. Spectral simulations in the IR and UV—vis regions have also been carried out with the full dimers to validate the
fitness of the truncated model. The study shows that the combination of the film VCD and ECD techniques is a relatively
straightforward method to determine the absolution configurations of such synthetic compounds.

B INTRODUCTION

The Frater—Seebach alkylation" reaction is an efficient means
for the diastereoselective introduction of a-substituents to
chiral f-hydroxy esters using superbases such as lithium
diisopropylamide (LDA) or lithium bis(trimethylsilyl)amide
(LHMDS). In such reactions, both hydrocarbon groups, which
are connected to the two stereogenic carbon centers of the -
hydroxy ester product (Figure 1), can be engineered as

OH (0] OH 0}
2 2*
3TN OCH; 3N OCH3
14 = 5 :
1 2

Figure 1. Chemical structure of 1 and 2. The stereogenic centers are
indicated with *.

needed.’ In the current study, two chiral f-hydroxy esters with
different lengths of a-hydrocarbon chain substituents (1 and 2,
Figure 1) have been synthesized by using the Frater—Seebach
alkylation reaction. Each product contains two stereogenic
carbon centers where one is connected to an —OH group and
the other one to an ester (—CO,Me) group. In addition, a long
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hydrocarbon chain is attached to each stereogenic carbon
center. The synthesis of 1 was reported before,”> whereas that
of 2 is reported here for the first time.

These compounds are synthetic analogs of mycolic acids,
lipids that are found in the cell wall of a number of
actinomycete bacteria.® In particular, they are important
constituents of cell wall arabinogalactan in the human
pathogens Mycobacterium tuberculosis and Mycobacterium leprae,
the causative agents of tuberculosis and leprosy, respectively.”
The two compounds have been synthesized for use in the
preparation of a library of glycolipids that will be used to probe
the host immune response that occurs upon infection by
mycobacteria.

One of the most important properties for further biological
and other applications is the absolute configuration of the
products. The three-dimensional spatial arrangement of a chiral
molecular system can be determined by using different
spectroscopic tools such as NMR spectroscopy, X-ray
crystallography, electronic circular dichroism (ECD) spectros-
copy, and vibrational CD (VCD) spectroscopy. Each method
has its own pros and cons and also level of confidence in the
absolute configuration assignment. While X-ray crystallography
has been used extensively for this purpose, it is often tedious if
not impossible to obtain the necessary single crystals for many
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synthetic products. VCD spectroscopy has been utilized
successfully in recent years to determine absolute config-
urations and characterize chiroptical properties of synthetic
compounds® and natural products.” In this study, we have
applied both VCD and ECD spectroscopies, complemented
with density functional theory (DFT) calculations, to
determine the absolute configuration (AC) of these products
and to characterize the associated hydrogen (H)-bonding
interactions under film conditions. We have further discussed
the benefits of using two complementary chiroptical spectro-
scopic tools to enhance the level of confidence in the AC
assignments.'® For comparison, the absolute configuration of
the stereogenic carbinol carbon, ie., 3* in Figure 1, has also
been established by using an approach similar to the Mosher
ester method'' and complemented with the DFT calculations
of NMR chemical shifts.

The VCD and ECD measurements have been carried out by
using a cast film in the current study. There are a number of
advantages associated with the cast film technique. One is that
the resulting spectra have no contribution from the solvent
molecules and no interference from the solvent molecules
through H-bonding interactions or other intermolecular
interactions. The latter greatly simplifies the necessary
theoretical modeling for spectral interpretation. The other
point is that the film measurements generally require less
amount of sample compared to the solution measurements."”
For example, Polavarapu and co-workers found that for r-
phenylalanine and r-tryptophan, which have low solubility in
water, the cast film technique is the method of choice."® Not
only strong water interference could be eliminated to uncover
amide I bands,'* but also the signal-to-noise ratio of film-VCD
spectra was enhanced noticeably compared to that obtained in
solution.'> More recently, the reversal of helical chirality of
fibrils in dried film under different pH conditions was studied
by Nafie and co-workers using VCD spectroscopy.'® One
known drawback of the cast film VCD technique is the possible
formation of microcrystalline assemblies during film prepara-
tion, thus preventing artifact-free VCD spectra to be obtained.
This, however, depends on specific solute and solvent
properties and can be avoided by choosing an appropriate
solvent or using the matrix-assisted film-VCD technique
reported previously.'” Experimental aspects of solid state
VCD measurements were reviewed by Abbate and co-
workers.'® Furthermore, procedures for verifying if the system
is free of such artifacts and for correcting such artifacts were
reported before'” and have utilized in the current study.

B RESULTS AND DISCUSSION

1. Experimental IR and VCD Spectra in Film and in
Solution. Figure 2 shows the experimental IR spectra of 1 in
film and in CDCI; solvent. Clearly, the main IR features are
similar in film and in solution, except the noticeable baseline
elevation and band overlapping in the region below 1450 cm™
in the solution measurement due to solvent interference. The
film IR spectrum also shows two closely spaced bands at ~1720
cm™" separated by ~12 cm™’, while the corresponding feature
in solution shows only one broad band at roughly the same
position. The raw solution IR spectrum and the corresponding
solvent IR spectrum are provided in Figure S1, Supporting
Information. The corresponding VCD spectrum in solution, on
the other hand, shows a poor signal-to-noise ratio, possibly a
result of intermolecular interactions with CDCI,.*° Because of
the limited amount of the synthetic sample, no further testing
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Figure 2. Experimental IR spectra of 1 in film (solid) and in CDCl,
solution (dashed). The corresponding experimental VCD spectrum in
film is shown at the bottom.

with other solvents was carried out. Rather, we focus on the
experimental data obtained with the film method.

The observation of the two closely spaced IR bands in the —
C=O0 stretching region in film may indicate the formation of a
dimer. This is because the monomer of 1 features essentially
only one type of intramolecular H-bond with the hydroxyl H
atom pointing to the carbonyl O atom (Section 3).
Furthermore, differences in the orientation of the hydrocarbon
chains typically result in much smaller separation in the
carbonyl region than that observed (Section 3). The clear
evidence for the formation of a dimer comes from the greatly
enhanced +/— bisignated VCD couplet in the same region,
going from low to high wavenumber. Such noticeably enhanced
VCD signatures are common for two strongly coupled —C=
O oscillators.”’ ™ On the other hand, one would generally
expect low VCD intensity in the carbonyl stretching region if
the two oscillators are not coupled, for example, from
conformers due to different hydrocarbon chain orientations
(see Section 3).

2. NMR Spectroscopic and DFT Determination of
Chirality at the Carbinol C Atom. There are two stereogenic
centers in these two products: one is at the carbinol C atom
whose chirality was set by an enantioselective reduction of a
ketone using a chiral catalyst and the other during the
alkylation reaction (see Experimental Section). In this section,
we utilized an approach analogous to the Mosher ester
analysis'' for the determination of the absolute configuration
of the stereogenic carbinol carbon atom. Since a-methoxy-a-
trifluoromethylphenylacetic acid (MTPA—OH), also known as
Mosher’s acid, is rather expensive, we chose a cheaper chiral
acid, ie., (S)-(+)-O-acetylmandelic acid, as our NMR shift
agent. Briefly, 3, the product of the above enantioselective
reduction of a ketone and a precursor for 1, was reacted with
(8)-(+)-O-acetylmandelic acid, as shown in Scheme 1. Since 3
was produced with 93% ee, we expected to obtain two
diastereomeric esters with (2R,5S) and (2S,5S) absolute
configurations. The resulting ester '"H NMR spectroscopic
experiments show two well resolved peaks at 3.64 and 3.37
ppm with the latter having much less intensity, arising from the
methyl group of the methyl ester. Generally speaking, because
of the different orientation of the phenyl group in these two
diastereomeric esters shown in Figure 3, one may speculate that
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Scheme 1. Production of a Mosher Ester Analogue for the
NMR Spectroscopic Determination of the Absolute
Configuration at the Carbinol C of 3
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Figure 3. Optimized geometries of the two diastereomeric esters
(35,5S) and (3R,SS) and the corresponding NMR shifts of the methyl
protons predicted at the 6-311++G(d,p)//6-31+G(d) level. The first
and second chiral labels refer to the chirality of the carbinol carbon and
the acid used, respectively. Note that in (35,5S), the methyl protons
are better shielded by the aromatic group than in (3R/SS), as
highlighted with dotted lines.

the methyl protons in the (25,5S) ester are more shielded and
therefore move upfield in its NMR spectrum. To validate this
assumption, the corresponding DFT calculations at the 6-311+
+G(d,p)//6-31+G(d) was carried out. The (Sxg — 8g5) NMR
shift value was predicted to be +0.18 ppm, in good agreement
with the experimental +0.27 nm. In calculating these NMR
shifts, we have adopted the linear scaling model reported by
Rablen et al** From this combined experimental and
theoretical approach, we deduced that the chirality at the
carbinol C of the 1 and 2 is R for the major product.

3. Absolute Configuration of 1 and 2 from Chiroptical
Spectroscopy with Simplified Models. Truncated Models.
For both 1 and 2, the —OH and —CO,Me groups can in
principle adopt two H-bonding topologies, i.e., —OH---O=C
or —OH--OMe intramolecular H-bonds. It is well docu-
mented that the —OH---O=C H-bonding topology is strongly
preferred.”>*® The more subtle conformations related to the
long hydrocarbon chains will be addressed in Section 4.

In order to determine the absolute configurations of the 1
and 2 from chiroptical measurements in film, we need to
consider the H-bonded dimers alluded to in Section 1. First, the
experimental IR and VCD spectra of both 1 and 2 with
different alkyl chains show somewhat similar features in the
fingerprint region (vide infra). Second, the most prominent
VCD features observed are in the carbonyl stretching region,
whereas the vibrational modes of the alkyl chains in the
fingerprint region are generally below 1500 cm ™. We therefore
decided to first utilize the truncated models where the long
alkyl chains are replaced with the methyl groups to reduce
computational cost. Such simplified approach was reported
before for complex systems with a long hydrocarbon chain or
formed H-bonded dimers.”’

Two intermolecular H-bonding models are proposed in
Figure 4. In Model I, the two O==C groups act as the proton
acceptors and the —OH groups as the H-donors. In Model_II,
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Figure 4. Calculated VA and VCD spectra (left) in the carbonyl stretching region and ECD spectra (right) of the truncated dimers. The truncated
models used are provided in the middle. For clarity, only experimental VA and VCD data (dotted line) of 1 and ECD data of 2 are shown for

comparison. The vertical units are those of the calculated ones.
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Figure S. Illustration of the exciton coupling phenomenon of the two chromophoric carbonyl moieties in Model_I.

one hydroxyl group is inserted into the existing intramolecular
H-bond of the other molecule and acts both as the H-donor
and acceptor. The simulated IR and VCD spectra of Model I
and II of the truncated (2R,3R) and (2S,3R) products in the
1800 to 1700 cm™' region. The corresponding results of
(25,3S) and (2R,3S) are not shown since (25,3S) and (2R,3S)
give the same IR and the mirror-imaged VCD spectra as
(2R,3R) and (2S,3R), respectively. In Model I where the two
—C==0 groups are involved in the intermolecular H-bonded
ring, the calculated VCD features exhibit greatly enhanced
intensity with the +/— bisignate couplet from low to high
wavenumber for both (R,R) and (R,S) isomers. For Model II,
since one —C=0 group is not involved in the intermolecular
H-bonding interaction, its IR band appears blue-shifted relative
to the one which is involved in the intermolecular H-bond. The
said IR band is also blue-shifted with respective the IR bands of
the two —C=0 groups in Model_I, which are both involved
in the H-bonds. Furthermore, in Model II, the two —C=0
groups are not coupled oscillators. Their motions clearly appear
to be independent of each other in GaussView.”® As a result,
the VCD features in this region change from the intense +/—
bisignate pattern in Model I to two weak negative bands,
which are well separated in wavenumber in Model II

It is interesting to note that both the (2R,3R) and (2S,3R)
isomers in Model I generate similar VCD features in the
carbonyl stretching region. This is somewhat unexpected since
the carbinol C is further away from the —C=O group than
the second chiral C atom which is directly connected to the
—CO,Me group. One may intuitively expect that the chirality of
C connected to the ester group would have a greater influence
on the VCD features at the carbonyl stretching region than the
carbinol chirality. In this case, such a “common-sense”
prediction has not worked. A closer examination of the related
diastereomeric structures reveal that the carbonyl groups in the
(2S,3R) isomer need to twist differently compared to those in
the (2R,3R) isomer in order to form the intermolecular H-
bonds. Indeed, researchers in the chiroptical field have become
increasingly aware of the effects of conformational or structural
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twists on chiroptical spectral features, in addition to the
permanent chirality of the system.””*° In this particular case
one can picture a structural arrangement that generates a
positive twist for the two coupled —C=O groups using the
exciton coupling model discussed below. Clearly, Model I with
the (2R,3R) and (2S,3R) isomers are both consistent with the
experimental VCD data, while the carbonyl VCD features of
Model II deviate noticeably from the experiment. Therefore,
the VCD study indicates that chirality at the carbinol C atom is
R, consistent with the NMR spectroscopic result. However, one
cannot tell if the compound is of (2R,3R) or (2S,3R) with only
the experimental carbonyl VCD features.

To complement the VCD study, we have also carried out
ECD spectral simulations of the two aforementioned models
and the related diastereomers. The resulting calculated ECD
spectra are also summarized in Figure 4. Experimentally, ECD
spectra of both 1 and 2 consist of a broad and shallow negative,
a positive, and a strong negative band, going from long to short
wavelengths. For simplicity, only the ECD spectrum of 2 is
shown in Figure 4, while that of 1 is provided in the next
section. As one can see, the experimental ECD data are again
well-captured by Model I with the (2R3R) isomer. Fur-
thermore, the simulated ECD features of Model I with the
(2S,3R) isomer are considerably different that those of the
(2R,3R) isomer. Therefore, ECD spectral features also allow
one to identify the chirality at both stereogenic carbons. The
combined ECD and VCD approach is desirable. The VCD
features provide a clear indication of the formation of the H-
bonded dimer and the preferred H-bonding model utilized,
thus greatly reducing the amount of structural search needed,
while the ECD features provide a clear discrimination among
the diastereomers proposed. Therefore, the combined ECD
and VCD spectroscopic approach enables one to determine the
chirality of the stereogenic centers of these two synthetic
compounds independently of the NMR spectroscopic data.

Exciton Coupling Model. The exciton coupling model has
been used broadly and successfully to interpret ECD spectral
features since its development by Harada and Nakanishi.>' One
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attractive feature is that it is easy to use, with little
computational demand. More recently, Monde et al. explored
the application of this method for interpreting VCD spectral
features.”> The —C=0 stretching modes are well-suited for
the VCD exciton coupling approach because they are well-
localized and often well separated from other modes, and their
related electric transition moments are essentially parallel to the
C=0 bond. We have therefore tested the validity of such a
simple and useful approach on these two synthetic compounds
here.

Both 1 and 2 show a bisignate VCD signal at ~1720 cm™".
Such spectral features imply the presence of two electric
transition moments, which can interact through space, thus
causing the split-type bisignate VCD signals. The absorbing
chromophores can either be identical or not. More importantly,
they do not necessarily need to exist in the same molecule to
start with. Rather, in the current case, dimerization through
intermolecular H-bonding interaction is enough to bring the
two chromophores close enough to couple and to cause the
bisignate VCD signatures.” If the two chromophoric sites are
oriented in a positive twist with respect to each other, ie,,
clockwise rotation, looking down from the closest electric
transition moment to the one further away, it produces +/—
couplet signals from low to high wavenumber (see Figure S).
The opposite coupling features are generated if the two
transition moments are in a negative twist arrangement, i.e,,
counterclockwise rotation. As can be seen in Figure 5, the two
—C=0 bonds are in a positive twist in Model I with the
(2R3R) monomers and therefore capture the experimental
signatures correctly, while the two are in a negative twist with
the (25,3S) monomers. Furthermore, the dimer with the
(25,3R) monomers also provides a positive twist, consistent
with the truncated models discussed before.

While the exciton VCD method works well for the two —
C=0 bonds in Model I where both are involved in the same
intermolecular H-bonded ring, its application to the two —C=
O bonds in Model_II is less obvious. Although geometrically
these two —C=0 chromophores are in a negative twist in
Model_II with the (RR) isomer (see Figure S2, Supporting
Information), the corresponding VCD signatures in the —C=
O stretching region emerge as two weak negative bands rather
than an intense bisignate couplet. It appears that these two
chromospheres do not have any strong coupling with each
other. This was already alluded to in the discussion of the
truncated Model II (Figure S). In Model II, the stretching
motions of the two —C=O groups show essentially no
synchronization at all, ie., no symmetric and antisymmetric
characters. Rather, they are independent of each other and
therefore exciton coupling does not apply here.

4. Spectral Simulations with Full 1 and 2 Monomers
and Dimers. The simplified models such as the truncated
model and exciton coupling method work well to provide the
absolute configuration assignments from the experimental
spectra. However, we thought it important to extend the
calculations to include full geometries of both monomers and
dimers of 1 and 2 to test the validity of the truncated model
and to examine what additional information can be extracted
from the experimental data. For the monomer of 1, our
preliminary molecular mechanics simulation shows a large
number of conformers with bends at different positions of the
long hydrocarbon chains. The most stable conformers sampled
are provided in Figure S3, Supporting Information, together
with their corresponding IR and VCD spectra. There is only
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one dominant conformer that has the —OH---O(=C) H-bond
and all CH, groups in the trans arrangement, i.e., both alkyl
groups extended. The latter finding is consistent with previous
experimental and theoretical studies, which showed that the all
trans conformation is by far the dominant one for the shorter
chains such as those considered here.**

For the full dimer geometry, we utilized the dominant all
trans monomeric conformer and the intermolecular H-bonding
topology of Model I. Dimers containing bended hydrocarbon
chains are much less stable than that with all trans hydrocarbon
chains. So are those with Model II binding topology.
Therefore, these much less stable conformers are not
considered further here. The dominant monomeric and dimeric
geometries are summarized in Figure 6 for both 1 and 2. We
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Figure 6. Dominant monomeric and dimeric structures of 1 and 2.

have also tested the inclusion of dispersion correction in our
calculation. This resulted in a geometry in which the
hydrocarbon chains are bunched together rather than extended
(see Figure S4, Supporting Information). This is likely due to
an overcorrection of the dispersion interaction.”> The resulting
IR and VCD spectra of the dimer of 1 (bunched) are compared
with the corresponding experimental data in Figure S5,
Supporting Information. The agreement achieved with the
dispersion correction is somewhat worse compared to the
standard DFT calculation, and we therefore left out the
dispersion correction in the remainder of the paper.

Figure 7 shows the comparison of the experimental and
theoretical VA and VCD spectra of the monomer and dimer of
1. As can be seen, the simulated IR spectrum of the 1 dimer
(clipper) captures essentially all the important IR bands
observed in this region, although the relative intensities of
some IR bands are not reproduced precisely. For example, the
triplet IR bands observed in the 1500—1400 cm ™' region were
observed with higher relative intensity than predicted. The
agreement between the simulated IR spectrum of the 1
monomer and the experimental data is considerably worse. For
the corresponding VCD spectra, the prominent +/— couplet
from low to high wavenumber observed in the carbonyl
stretching region is well reproduced by the dimer, but not at all
by the monomer. This is consistent with the truncated model
and exciton coupling model presented above. The +/—/+
triplet features observed experimentally in the 1500—1400 cm ™
region are also reproduced theoretically, although the predicted
intensity is lower than the experimental one, as in the case of
the corresponding IR bands. Making detailed assignments in
the low wavenumber region is challenging because the
vibrational modes associated with the hydrocarbon chains
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Figure 7. Comparison of the experimental IR (left) and VCD (right) spectra with the corresponding simulated spectra of the dominant monomer

and dimer of 1 at the B3LYP/cc-pVTZ level of theory.

such as scissoring, wagging, twisting motions of CH, groups,
bending motions of —CH, groups (both terminal methyl of the
hydrocarbon chains and the —CO,Me groups), and bending
modes of —C,H and —OH groups overlap severely. Overall,
1_dimer (clipper) provides satisfactory agreement with the
experiment, while its monomer does not.

For the sake of completeness, simulations of the UV—vis and
ECD spectra of both monomer and dimer of 1 were carried
out. Figure 8 shows the comparison of the experimental and
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Figure 8. Experimental (dotted-line) UV—vis (left) and ECD (right)
spectra are compared with the corresponding simulated (color solid-
line) spectra of the dominant monomer and dimer of 1 at the B3LYP/
6-31G(d,p) level of theory. The vertical units used are for the
calculated ones. The experimental and the corresponding calculated
ECD features of the dimer are marked with Arabic numbers 1—4 and
1'—4’, respectively.

theoretical ECD spectra of the monomer and dimer of 1, as
well as the corresponding UV—vis spectra. In the calculated
spectra, the monomer exhibits two bands centered at ~170 and
205 nm, while the dimer shows an intense broad UV—vis peak
at ~210 nm and a low-intensity one at ~275 nm, which are
bathochromic shifted from those of the monomer due to
intermolecular H-bonding interactions. The experimental UV—
vis spectrum consists of a very broad band. As a result, one
cannot differentiate between the monomer or dimer preference
using the UV—vis spectrum. The experimental ECD spectrum
consists of several Cotton bands with the —/+/+/— trend from
long to short wavelengths. These unique spectral features are
well reproduced by the simulated ECD spectrum of the dimer.
To guide the eye, the experimental bands are labeled with
numbers 1 to 4, while the corresponding calculated bands are
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labeled with 1 to 4'. It is also clear that the monomer does not
reproduce the experimental ECD data.

The same calculation procedure has also been repeated for
the monomer and dimer of 2. Figure 9 shows the comparison
of the experimental and theoretical VA and VCD spectra of 2.
The positions of almost all the observed IR bands are well
reproduced by the simulated IR spectrum of the dimer of 2,
including the two closely spaced bands in the carbonyl
stretching region. The intensity of some IR bands are not as
well captured as their positions. For example, the triplet at the
1500—1400 cm ™" region was predicted to be less intense than
observed, similar to the case of 1. As can be seen from Figure 9,
the corresponding observed VCD spectral features can be
satisfactorily assigned based on the predicted VCD spectrum of
the dimer of 2. Not only the intense bisignate carbonyl VCD
stretching bands due to the dimer are correctly captured, but
also most of the VCD features in the lower wavenumber region.
For example, the +/—/+ VCD features mentioned above are
well reproduced by using the dimer but not by the monomer of
2. Also, the +/+/—/— features from low to high cm ™! in the
1125—-1100 cm™' region are consistent with the dimeric
structure of 2.

Figure 10 compares the experimental UV—vis and ECD
spectra with the corresponding simulated spectra of the
monomer and dimer of 2. As one can see, the simulated
UV—vis and ECD spectra of the 2 dimeric clipper structure
agree well with the corresponding experimental ones. For
example, the —/+/— ECD features from long to short
wavelength are well reproduced by the calculation. Overall,
the dimeric clipper structure fulfills the experimental observa-
tion, allowing one to assign confidently the absolute
configuration and dimeric clipper structure to the sample. The
better agreement for 2 compared to 1 may perhaps be due to
the fact that 2 contains one noticeably shorter hydrocarbon
chain and thus less severe overlaps in the low wavenumber
region.

Finally, we compared the simulated spectra using the full
dimer geometries for these two compounds with the truncated
Model 1. The experimental UV—vis spectra observed for both
1 and 2 are very broad, with no noticeable difference. The main
experimental ECD features observed are also quite similar for
both compounds, although the two positive ECD bands are
better resolved for 1 than 2. The simulated UV—vis and ECD
spectra also appear similar for the 1_dimer (clipper) versus the
2_dimer (clipper). Furthermore, it is satisfying to note that the
ECD simulations also capture the subtle differences in the
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dimer structures of 2 at the B3LYP/6-31G(d,p) level of theory.

experimental ECD features of the 1 and 2 samples due to the
length of the hydrocarbon side chains, although the length
generally does not affect the electronic transitions and the
corresponding ECD features significantly. This is essentially the
reason for the success of the simplified truncated model. Since
the IR and VCD spectra have a much narrower bandwidth and
contain some vibrational modes directly related to the
hydrocarbon chains in the fingerprint region, we compared
the simulated IR and VCD spectra of 1_dimer (clipper) and
2 dimer (clipper) with those of the truncated Model I in
Figure S6, Supporting Information. In this fingerprint region,
the IR spectra of all three systems look very much the same,
while there are some obvious differences for the corresponding
VCD spectra in the region below 1500 cm™. In particular,
Model I exhibits much different VCD features in the region
below 1400 cm™ from those of 1_dimer (clipper) and 2_dimer
(clipper). This potentially means that some details about the
hydrocarbon chains may be extracted from the VCD features in
this region. Unfortunately, because of the severe overlapping of
the bands in this region, it is currently very challenging to
capture the VCD features exactly right in order to extract
detailed structural information related to the hydrocarbon

chains.
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B CONCLUSIONS

We have applied ECD and VCD spectroscopy, together with
DFT calculations, to determine the absolute configurations and
geometries of two Frater—Seebach alkylation reaction products
with long hydrocarbon chains to be (2R,3R) with extended all
trans hydrocarbon chains. The strongly enhanced carbonyl
stretching VCD features indicate that the compounds in the
film state exist predominantly as H-bonded dimers. Two
simplified models, ie., the truncated model and the exciton
coupling model, have also been utilized and tested against the
calculations performed for the full dimers. It appears that these
simplified models are sufficient to allow extraction of chirality
information on the systems and to identify the main H-bonding
interaction. We have also carried out an NMR spectroscopic
study, complemented with DFT calculations, to determine the
chirality of the carbinol carbon. Consistent results have been
obtained with NMR spectroscopy and chiroptical spectroscopy.
Opverall, the study shows that the combination of the film VCD
and ECD techniques is a relatively straightforward method to
determine the absolution configurations of such synthetic
compounds in film.

B EXPERIMENTAL SECTION

IR and VCD Measurements. Compounds 1 and 2 were dissolved
either in chloroform or acetone and a few drops of the resulting
solution were placed on an CaF, window and let to dry at room
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temperature. IR and VCD spectra were recorded using a Fourier
transform IR spectrometer equipped with a VCD module. The
concentration and film thickness were optimized so that the
absorption coefficients of the IR bands of interest are in the range
of 0.2—0.9. The spectral ranges of 1800—1100 cm™" were selected for
the purpose of this paper. All IR and VCD spectra were obtained with
a resolution of 4 cm™" and with a total measurement time of 3 h (3 X 1
h). The final reported VCD spectra were baseline corrected using the
background spectra subtraction. A sample holder which can be rotated
freely from 0° to 360° was constructed. The cast film CaF, window
was mounted on the rotatable holder. The VCD spectra were found to
be essentially the same with angles at 0°, 45° and 90°, confirming that
the samples have no noticeable anisotropy.

UV-Vis and ECD Measurements. The UV—vis spectra of the
samples in film were collected using a Spectrophotometer. The
thickness of the cast film was optimized to have the UV-—vis
absorbance in the range of 0.2—0.9. Thereafter, the ECD spectra were
collected using an circular dichroism spectrometer. The final ECD
spectra were background-corrected.

Theoretical Modeling. The Gaussian 09 suite of programs has
been used for all geometry optimization and harmonic vibrational
frequencies calculations, as well as the IR and VCD intensities
predictions. DFT®” calculations were performed with the Becke, three-
parameter, Lee—Yang—Parr (B3LYP)*® hybrid functional and the
augmented correlation-consistent triple-( basis sets, i.e., cc—pVTZ,39
for final conformational calculations and spectral simulations. A factor
of 0.98 was used for the frequency scaling. A Lorentzian line shape
with a half-width at half-height (HWHH) of 4 cm™ was used for the
simulations of IR and VCD spectra.

UV—vis and ECD spectral simulations were carried out using the
time dependent-DFT (TD-DFT) approach and the 6-31G(d,p) basis
set. The basis set employed offers a good compromise between
accuracy and computational expense. We have added an extra
polarization p-function to the double-{ 6-31G(d) basis set which is
considered to be the minimal basis set recommended for optical
spectral simulations.** UV—vis and ECD calculations for 1 were also
done with 6-31+G(d) for comparison (see Figure S7, Supporting
Information). The UV—vis spectra have been simulated with the first
100 electronic excited states. A Gaussian line shape with a half-width at
half-height (HWHH) of 0.33 eV was used for the simulations of UV—
vis and ECD spectra.

For the initial conformational search of 1 and 2, we have employed
the Spartan program.*' About 1000 conformers were predicted by
using either the universal force field (UFF) molecular mechanics
(MM) or semiempirical AM1 method** and the “conformer
distribution” option implemented in the Spartan program. About
100 most stable conformers were kept for further analyses and similar
conformers were identified with the MM and AM1 methods. Four
conformers were deemed relevant at room temperature with their
relative energy within ~20 kJ/mol. These most stable conformers were
reoptimized with the DFT approach described above and only one
dominant structure was identified. See the Results and Discussion
section for more information.

Synthesis. General Methods. All reagents were purchased from
commercial sources and were used without further purification unless
noted. All reactions were carried out under a positive pressure of argon
or nitrogen at room temperature unless specified and were monitored
by TLC on silica gel 60-F,s, (0.25 mm). Visualization of the reaction
components was achieved using UV fluorescence (254 nm) and/or by
charring with acidified anisaldehyde solution in ethanol. Organic
solvents were evaporated under reduced pressure and the products
were purified by column chromatography on silica gel (230—400
mesh). Optical rotations were measured in a microcell (10 cm, 1 mL)
at ambient temperature and are in units of degree-mL/(g-dm). 'H
NMR spectra were recorded at 500 MHz and chemical shifts are
referenced to residual CHCI; (7.26 ppm, CDCl,). *C NMR spectra
were recorded at 125 MHz and chemical shifts are referenced to
CDCl, (77.0 ppm). Reported splitting patterns are abbreviated as s =
singlet, d = doublet, t = triplet, m = multiplet, br = broad, app =
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apparent. ESI-TOF/MS spectra were recorded on samples suspended
in THF or CH;OH and added NaCl.

(2R, 3R)-Methyl-3-hydroxy-2-tetradecyloctadecanoate (1).* A sol-
ution of lithium diisopropylamine (8 mL) prepared from n-BuLi (2.5
M hexane solution, 2.64 mL, 6.6 mmol) and diisopropylamine (0.93
mL, 6.6 mmol) was cooled to —78 °C, and the f-hydroxy ester 3*
(0.691 g, 2.2 mmol) was added as a solution in THF (2 mL). After 1 h
at —45 °C, l-iodododecane (1.43 g, 4.4 mmol) and HMPA (0.76 mL,
4.4 mmol) were added via a syringe. The mixture was stirred at —4S
°C for 3 h then warmed slowly to —20 °C overnight. The mixture was
treated with saturated NH,Cl and extracted with ether. The ether layer
was washed with brine, dried over MgSO, and concentrated. The
crude product was purified by column chromatography (hexane—
EtOAg, 10:1) to give 1 (0.44 g, 40%) as a white solid (Scheme 2): Ry=

Scheme 2. Synthetic Route for 1
OH O

LDA, HMPA, Cy4H |
3 OCH, 1

14 THF, —45 to —20 °C, 40%
3

0.67 (hexane—EtOAc, 4:1); [a]p +4.8 (¢ 0.7, CHCl,); 'H NMR (500
MHz; CDCl,) 6 3.71 (s, 3H), 3.68—3.62 (m, 1H), 2.43 (dt, 1H, ] =
9.1, 5.3 Hz), 2.39 (d, 1H, J = 8.3 Hz), 1.73—1.25 (m, S4H), 0.88 (4,
6H, ] = 7.0 Hz); ®C NMR (125 MHz; CDCl;) § 1762, 72.3, 51.4,
51.0, 35.7, 31.9, 29.68, 29.67, 29.65, 29.61, 29.58, 29.56, 29.55, 29.53,
29.49, 29.41, 29.35, 27.4, 25.7, 22.7, 14.1; HR ESIMS m/z [M + Na]*
Calcd for C33HgO3Na 533.4903, found 533.4904.
(R)-Methyl-2-((R)-1-hydroxyheptyl)octadecanoate (2). A solution
of lithium diisopropylamine (5 mL) prepared from n-BuLi (1.6 M
hexane solution, 2.5 mL, 4 mmol) and diisopropylamine (0.56 mL, 4
mmol) was cooled to —78 °C, and the f-hydroxy ester 5> (0.37 g 2
mmol, mixture of stereoisomers 50% ee) was added as a solution in
THF (2 mL). After 1 h at —4S °C, 1-iodododecane (1.76 g, 2.5 mmol)
and HMPA (0.52 mL, 1.5 mmol) were added via a syringe. The
mixture was stirred at —45 °C for 5 h then warmed slowly to —20 °C
overnight. The mixture was treated with saturated NH,Cl and
extracted with ether. The ether layer was washed with brine, dried over
MgSO, and concentrated. The crude product was purified by column
chromatography (hexane—EtOAc, 10:1) to give 2 (0.173 g, 21%, 50%
ee) as a white solid (Scheme 3): Ry=0.69 (hexane—EtOAc, 4:1); [a]p

Scheme 3. Synthetic Route for 2

OH O
LDA, HMPA, CygH a3l
3 OCH; =~ 2
5 THF, —45 to —20 °C, 21%
5

+4.3 (¢ 0.6, CHCL,); '"H NMR (500 MHz; CDCl,) § 3.73 (s, 3H),
3.70—3.65 (m, 1H), 2.46 (dt, 1H, ] = 9.2, 5.3 Hz), 2.42 (d, 1H, J = 8.3
Hz), 1.75—1.27 (m, 40H), 0.90 (t, 6H, ] = 6.9 Hz); *C NMR (125
MHz; CDCly) § 176.2, 72.3, S1.5, 51.0, 35.7, 31.94, 31.78, 29.71,
29.70, 29.67, 29.66, 29.64, 29.58, 29.51, 29.44, 29.37, 29.22, 27.4, 25.7,
22.70, 22.61, 14.13, 14.08; HR ESIMS m/z [M + Na]* Calcd for
CysH,05Na 435.3797, found 435.3809.

(S)-(+)-O-Acetylmandelic ester 4. To a stirred solution of f-
hydroxy ester 3* (62.9 mg, 0.2 mmol) and (S)-(+)-O-acetylmandelic
acid (58.3 mg, 0.3 mmol) in CH,Cl, (4 mL) was added EDCI-HCI
(76.7 mg, 0.4 mmol) at 0 °C and the mixture was stirred for 1 min.
Subsequently, DMAP (2.4 mg, 0.02 mmol) was added, and the
mixture was stirred for an additional 30 min at the same temperature.
The resulting mixture was diluted with CH,Cl, (6 mL), and was
washed with brine. The organic layer was dried over anhydrous
Na,SO, and concentrated. Then the resulting crude product was
purified by column chromatography (hexane—EtOAc, 8:1) to give the
4 (93.1 mg, 17.8 mmol, 95%) as a white solid: R; = 04 (hexane—
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EtOAc, 4:1); 'H NMR (400 MHz; CDCl;) 6 7.46—7.44 (m, 2H),
7.39—7.35 (m, 3H), 5.86 (s, 3H), 5.25—5.22 (m, 1H), 3.63 (s, 1H),
2.64 (dd, 1H, J = 15.6, 7.6 Hz), 2.52 (dd, 1H, J = 15.6, 5.6 Hz), 2.17
(s, 1H), 1.50—1.44 (m, 2H), 1.26—0.95 (m, 26H), 0.88 (t, 3H, J =
7.0); C NMR (100 MHz; CDCl;) § 170.0, 169.7, 167.8, 133.5,
128.8, 128.3, 127.2, 742, 71.5, 51.4, 38.7, 33.4, 31.5, 29.3, 29.2, 29.0,
28.9,28.7, 24.1, 22.3, 20.2, 13.7; HR ESIMS m/z [M + Na]* Calcd for
CyyH,s0¢Na: 513.3187, found 513.3177.

B ASSOCIATED CONTENT
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Raw IR spectra of 1 and CDCl; solvent; Exciton coupling of
(R,R) Model II; Conformers of 1 and their IR and VCD
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VCD spectra; IR and VCD spectra of full 1 and 2 dimer and of
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