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Structures of three dialkyl tartrates, namely, dimethyl tartrate, diethyl tartrate, and diisopropyl tartrate, in
CCl4, dimethyl sulfoxide (DMSO)/DMSO-d6, and H2O/D2O solvents have been investigated using vibrational
absorption (VA), vibrational circular dichroism (VCD), and optical rotatory dispersion (ORD). VA, VCD,
and ORD spectra are found to be dependent on the solvent used. Density functional theory (DFT) calculations
are used to interpret the experimental data in CCl4 and DMSO. Thetrans-COOR conformer with hydrogen
bonding between the OH group and the CdO group attached to the same chiral carbon is dominant for
dialkyl tartrates both in vacuum and in CCl4. The experimental VA, VCD, and ORD data of dialkyl-D-
tartrates in CCl4 correlated well with those predicted for dimethyl-(S,S)-tartrate molecule as both isolated and
solvated in CCl4. In DMSO solvent, dialkyl tartrate molecules favor formation of intermolecular hydrogen
bonding with DMSO molecules. Clusters of dimethyl-(S,S)-tartrate, with one molecule of dimethyl-(S,S)-
tartrate hydrogen bonded to two DMSO molecules, are used for the DFT calculations. Atrans-COOR cluster
and atrans-H cluster are needed to obtain a reasonable agreement between the predicted and experimental
data of dimethyl tartrate in DMSO solvent. VA, VCD, and optical rotations are also measured for dialkyl
tartrate-cyclodextrin complexes. It is noted that these properties are barely affected by complexation of
dialkyl tartrates with cyclodextrins, indicating weak interaction between tartrates and cyclodextrin. Binding
constants ofR-CD andâ-CD with diethyl L-tartrate in both H2O and DMSO have been determined using
isothermal titration calorimetry technique. The smaller binding constants (less than 100) confirmed the weak
interaction between tartrates and cyclodextrin in the solution state.

Introduction

Tartaric acid and its derivatives play an important role in
organic and pharmaceutical chemistry.1 Dialkyl tartrates are a
category of tartaric acid derivatives which have wide applica-
tions in both academic laboratories and chemical industries.
They can be used as good catalysts for asymmetric synthesis,
and they are also chiral intermediates for several pharmaceuticals
and agrochemicals.2 Several different conformations are possible
for dialkyl tartrates, and the interaction with solvent may alter
the predominant conformations. Thus, it is important to know
the dominant conformations of dialkyl tartrates in different
solvents.

The utility of vibrational circular dichroism (VCD) for
structural elucidation of chiral molecules is facilitated by two
advances: (a) improvements in VCD instrumentation have made
it possible to obtain the VCD spectra with enhanced signal-to-
noise ratio and (b) development of reliable quantum mechanical
theory3 and its applications using density functional theory
(DFT)4 and quantum mechanical software5 facilitates interpreta-
tion of the experimental data. VCD spectroscopy has been
successfully used6 for determining the structures of numerous
chiral molecules in the solution phase. Recently VCD spec-
troscopy was also used to study host-guest interactions in
cyclodextrin-guest complexes.7

Polarimetry is an age-old technique that has experienced a
renaissance in the past few years, following the first prediction8

of specific rotation using quantum mechanical methods. Recent
implementation of DFT for predicting specific rotation has led
to reliable predictions of specific rotation.9 The specific rotations

measured in the gas phase10 are ideal for comparison with
predictions on isolated molecules; however, such measurements
require special instrumentation and are not routine. Because the
condensed-phase experimental specific rotations (often reported
for neat liquids or in some convenient solvent at some
convenient concentration) can be influenced by solute-solute
interactions, a quantitative comparison of predicted specific
rotations for isolated molecules with condensed-phase experi-
mental specific rotations may not be appropriate. To eliminate
the influence of solute-solute interactions we advocated the
measurement of intrinsic rotation (specific rotation in the limit
of zero concentration).11 Comparison of experimental intrinsic
rotation with predicted specific rotation at a given wavelength
for a given conformation is one approach to study the
conformations of chiral molecules in solutions. Instead of
investigating the rotation at one wavelength, optical rotation as
a function of wavelength or optical rotatory dispersion (ORD)
provides12 a more reliable approach for the conformational
analysis of chiral molecules.

Dialkyl tartrates have been studied by VA and VCD
techniques before. Using VCD associated with the O-H
stretching vibrations of dimethyl-L-tartrate in CCl4 solution and
its temperature dependence, Keiderling et al.13 noted very little
conformational mobility for this molecule in dilute CCl4

solution. They also measured VCD associated with the CdO
stretching vibrations in CCl4. VCD spectra of dimethyl tartrate,
diethyl tartrate, and diisopropyl tartrate were also measured14

in the 1600-900 cm-1 region in different solvents (CCl4,
DMSO, and CS2) and different concentrations. It was found
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that VCD associated with the C-O stretching vibrations, at
about 1140 and 1090 cm-1, is similar for all molecules in all
three solvents. However, in the CdO stretching region, absorp-
tion spectra showed14 differences in CCl4 and DMSO solvents.
Absorption spectra in the CdO stretching region (1850-1600
cm-1) indicated14 two absorption bands in DMSO as opposed
to one in CCl4. Intermolecular hydrogen bonding with DMSO
was thought to be responsible for this difference, but there was
no further investigation of this issue.

In this article we report further investigations of VA and VCD
spectra in the mid-infrared region in three different solvents
(CCl4, DMSO-d6, and D2O) for three dialkyl (namely, dimethyl,
diethyl, and diisopropyl) tartrates. DMSO-d6 and D2O are used
instead of DMSO and H2O to avoid solvent absorption interfer-
ence in the mid-infrared region. We also measured the intrinsic
rotations and ORD spectra of dimethyl-D-tartrate in different
solvents (CCl4, DMSO, and H2O). The DFT calculations for
dimethyl-(S,S)-tartrate have been performed in the isolated state
and in CCl4 and DMSO solvents to study the solvent-dependent
conformational changes of this molecule. Furthermore, dialkyl
tartrate-cyclodextrin complexes have been prepared and their
binding constants measured for the first time. VA and VCD
spectra in the mid-infrared region and intrinsic rotations of these
complexes have been measured to investigate the host-guest
interactions in these complexes.

Experimental Section

Dimethyl-D-tartrate, dimethyl-L-tartrate, diethyl-D-tartrate, di-
ethyl-L-tartrate, diisopropyl-D-tartrate, and diisopropyl-L-tartrate
were all purchased from Aldrich Chemicals;R- and â-cyclo-
dextrins were purchased from Sigma Chemicals.

VA and VCD Measurements.The VA and VCD spectra
were recorded on a commercial Fourier transform VCD
spectrometer, Chiralir (Bomem-BioTools, Canada), modified15

to include double-polarization modulation. The transmission
properties of the optical filter used in the instrument and BaF2

substrates used for the liquid cell restrict the range of measure-
ments to 2000-900 cm-1. The VCD spectra were recorded at
4 cm-1 resolution. In CCl4 solvent, spectra were measured for
saturated solutions of dimethyl-D-tartrate and dimethyl-L-tartrate
using a path length of 635µm and data collection time of 1 h,
for diethyl-D-tartrate and diethyl-L-tartrate at 0.020 M using a
path length of 275µm and 3 h data collection time, and for
diisopropyl-D-tartrate and diisopropyl-L-tartrate at 0.017 M using
a path length of 365µm and 3 h data collection time. A variable
path length cell with BaF2 windows was used for the measure-
ments. In DMSO-d6 solvent spectra were also measured for both
enantiomers of dimethyl tartrate (0.046 M), diethyl tartrate (0.04
M), and diisopropyl tartrate (0.035 M) with a data collection
time of 3 h for each enantiomer. Spectra were also measured
for â-CD complexes of diethyl-D-tartrate, diethyl-L-tartrate,
diisopropyl-D-tartrate, and diisopropyl-L-tartrate at concentra-
tions of 0.040 M in DMSO-d6 with a data collection time of 3
h. For these measurements the samples were held in a demount-
able path length cell (200µm) with BaF2 windows. In D2O
solvent, spectra were measured for dimethyl-D-tartrate, diethyl-
D-tartrate, andR-CD complex of diethyl-L-tartrate at concentra-
tions of 0.048, 0.041, and 0.044 M, respectively, in a demount-
able path length cell (100µm) with BaF2 windows and a 3 h
data collection time. In the presented VA spectra, the solvent
absorption was subtracted out. For VCD spectra of dialkyl
tartrates in CCl4 and DMSO-d6, the presented VCD spectra of
the D-enantiomers were obtained by subtracting the VCD of
L-enantiomers from their corresponding VCD of theD-enanti-
omers and then multiplying by 0.5.

Intrinsic Rotation Measurements.An Autopol IV polarim-
eter with a resolution of 0.001° (reproducibility of 0.002°) and
analytical balances with accuracy of 0.00001 g were used to
measure the optical rotations at 589 nm. Each time the solution
was transferred to a 0.5 or 1.0 dm cell, and optical rotation was
measured three different times to check for consistency. The
averages of these measurements were used to calculate specific
rotation. This procedure ensured that no unusual data scatter
was present in the measurements. Optical rotations of dimethyl-
D-tartrate at 589 nm were measured in the concentration ranges
of 0.0028-0.0010 M in CCl4, 0.0570-0.013 M in DMSO, and
0.0590-0.0037 M in H2O. Optical rotations of diethyl-D-tartrate,
diethyl-L-tartrate, diisopropyl-D-tartrate, diisopropyl-L-tartrate,
R-CD, andâ-CD were also measured in H2O at 589 nm in the
concentration ranges of 0.0439-0.0027, 0.0614-0.0038, 0.0521-
0.0016, 0.0408-0.0026, 0.0083-0.0003, and 0.0077-0.0002
M, respectively. Optical rotations of theR-CD complex of
diethyl-L-tartrate were measured in H2O at 589 nm in the
concentration range of 0.0031-0.0001 M. For theâ-CD
complexes of diethyl-L-tartrate, diethyl-D-tartrate, diisopropyl-
L-tartrate, and diisopropyl-D-tartrate optical rotations were also
measured in H2O at 589 nm in the concentration ranges of
0.0058-0.0002, 0.0058-0.0002, 0.0031-0.00008, and 0.0031-
0.00008 M, respectively. For dimethyl-D-tartrate in DMSO,
optical rotations were also measured at 365 nm in the concen-
tration range of 0.027-0.008 M. For the optical rotation
measurements of theR-CD, â-CD, and â-CD complexes of
diethyl-L-tartrate and diethyl-D-tartrate, a 0.5 dm cell was used.
In all other cases, a 1.0 dm cell was used. The optical rotation
versus concentration data are provided in the Supporting
Information. The intrinsic rotation ([R]c)0 or {R}) was deter-
mined by extrapolating the observed rotations to zero concentra-
tion.

Optical Rotatory Dispersion (ORD) Measurements.Opti-
cal rotations of dimethyl-D-tartrate were also measured at 0.0014
M in CCl4, at 0.0064 M in DMSO, and at 0.0064 M in H2O at
wavelengths of 633, 589, 546, 436, 405, and 365 nm to obtain
the ORD spectra.

Preparation of Dialkyl Tartrate -Cyclodextrin Complexes.
These complexes were prepared using the coprecipation method,16

as described here for diethyl-D-tartrate-â-CD complex as an
example. The mixture ofâ-CD (1 mmol) and diethyl-D-tartrate
(10 mmol) was dissolved in hot H2O (5 mL) at 90°C. Then
the solution was allowed to cool slowly, and crystals were
obtained after filtration. TheR-CD complex of diethyl-L-tartrate
and â-CD complexes of diethyl-D-tartrate, diethyl-L-tartrate,
diisopropyl-D-tartrate, and diisopropyl-L-tartrate were prepared
using the same procedure. All complexes were characterized
by 1H NMR. The NMR data are provided in the Supporting
Information.

Determination of Binding Constants of Dialkyl Tartrate -
Cyclodextrin Complexes.The binding constants of diethyl-L-
tartrate complexes ofR-CD andâ-CD were determined in both
H2O and DMSO solvents by isothermal titration calorimetry
(ITC).17 An isothermal calorimeter (Microcal Inc., MA) was
used for all microcalorimetric experiments. For these experi-
ments in H2O 20 injections of 5µL of diethyl-L-tartrate in H2O
(100 mM) were added at an interval of 5 min intoR-CD or
â-CD solution in H2O (2 mM) in the reaction cell (cell volume
) 1.4 mL) while stirring at 300 rpm at 298 K. The duration
time of each injection is 20 s. For microcalorimetric experiments
in DMSO, 20 injections of 10µL of diethyl-L-tartrate in DMSO
were added at an interval of 5 min intoR-CD or â-CD solution
in DMSO (20 mM) in the cell with a stirring speed of 550 rpm
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at 298 K. The concentration of diethyl-L-tartrate was 150 mM
for titration with â-CD and 450 mM for titration withR-CD.
For each injection the duration time was 7.1 s. The data for
identical injections of diethyl-L-tartrate solution into the pure
solvent were subtracted from the data for titration ofR-CD/â-
CD with diethyl-L-tartrate to produce the final binding curve.
The ORIGIN software (Microcal) used for the calculation of
K, ∆H, and ∆S from the titration curve gave the relevant
standard deviations based on the scatter of the data points in a
single titration curve.

DFT Calculations. The geometry optimization, vibrational
frequencies, absorption, VCD intensities, and specific rotation
calculations for isolated dimethyl-(S,S)-tartrate were obtained
using the Gaussian 98 or 03 program.5 For isolated molecule,

the calculations used the B3LYP functional18 and both 6-31G*
and aug-cc-pVDZ basis sets.19 The CCl4 solvent influence was
investigated with a polarizable continuum model (PCM) at the
B3LYP/6-31G* level. The DMSO solvent influence was
investigated using clusters of dimethyl-(S,S)-tartrate-(DMSO)2
at the B3LYP/6-31G* level. Some of these clusters were also
investigated at the B3LYP/aug-cc-pVDZ level. The theoretical
absorption and VCD spectra were simulated with Lorentzian
band shapes and 5 cm-1 full width at half-height. Since the
predicted band positions with the 6-31G* basis set are higher
than the experimental values, the predicted frequencies have
been scaled20 with 0.96.

Results and Discussion

(1) Dialkyl Tartrates in CCl 4. Because of the interference
from CCl4 absorption, VCD spectra of dialkyl tartrates can only
be obtained in the regions of 2000-1600 and 1500-900 cm-1

in CCl4. The vibrational absorption and VCD spectra of
dimethyl-D-tartrate, diethyl-D-tartrate, and diisiopropyl-D-tartrate,
measured in CCl4 solvent are shown in Figure 1. The absorption
and VCD spectra of dimethyl-L-tartrate in the mid-infrared
region in CCl4 have been reported by Buffeteau et al.21 before.
As the alkyl group in dialkyl tartrates changes the spectra in
the mid-infrared region, in the same solvent system they remain
similar except for the region of 1500-1400 cm-1, where the
absorption bands of the alkyl group vibrations are expected to
appear. In the CdO stretching region (1850-1600 cm-1) one
absorption band and bisignate VCD signals (negative at higher
wavenumber and positive at lower wavenumber forD-enanti-
omer) are found in CCl4 for the tartrates studied. In the 1500-
900 cm-1 region three positive couplets (positive at lower
frequency and negative at higher frequency for theD-enanti-
omer) are observed in the 1400-1240, 1240-1150, and 1150-
1050 cm-1 regions in the VCD spectra in CCl4. These VCD
features are the same as those reported before except that the
weak couplet in the 1240-1150 cm-1 region was not clearly
seen14,21 before for dimethyl-D-tartrate.

The experimental intrinsic rotation,{R}D, for dimethyl-D-
tartrate is+43.0 in CCl4. The experimental ORD of dimethyl-
D-tartrate in CCl4 (Figure 2) is monosignate and positive.

On the basis of previous VCD and NMR studies, thetrans-
COOR conformer (shown in Figure 3) was suggested to be the
favored structure for dialkyl tartrates.14,21 Rychlewska et al.22

analyzed the conformations of isolated dimethyl-(R,R)-tartrate
using ab initio calculations at the HF/6-31G* and MP2/6-31G*
levels and proposed five lowest energy conformers. Among
them, twotrans-COOR conformers labeled by Rychlewska et
al.22 as T(ss) and T(as) are the lowest energy forms.22 Recently

Figure 1. Vibrational absorption (bottom) and VCD (top) spectra in
CCl4 solutions: (a) dimethyl-D-tartrate (saturated solution), (b) diethyl-
D-tartrate (0.020 M), and (c) diisopropyl-D-tartrate (0.017 M).

Figure 2. Comparison of experimental specific rotations of dimethyl-
D-tartrate in CCl4 and predicted specific rotations for isolated dimethyl-
(S,S)-tartrate as a function of wavelength. The predicted specific
rotations were obtained as population-weighted data from the two lowest
energy conformers of isolated dimethyl-(S,S)-tartrate, namely,trans-
COOCH3-1 andtrans-COOCH3-2, at the B3LYP/aug-cc-pVDZ level.
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Buffeteau et al.21 reported predicted VA and VCD spectra using
DFT theory for several conformers of dimethyl-(R,R)-tartrate
in the isolated state and CCl4. The B3LYP/6-31G* method was
used for their calculations. It was found21 that the experimental
spectra in CCl4 corresponded well with the predicted spectra
for the T(s,s) conformer, which is same as the T(ss) conformer
in the notation of Rychlewska et al.22

In the present study, DFT calculations were undertaken for
isolated dimethyl-(S,S)-tartrate with a much larger aug-cc-pVDZ
basis set than reported before. Twenty-two geometries for the
isolated dimethyl-(S,S)-tartrate molecule were first optimized
with the B3LYP/6-31G* method. These geometries and their
electronic energies are given in Table S1 of the Supporting
Information. The five lowest energy conformations (see Figure
4) were then reoptimized with a larger aug-cc-pVDZ basis set,
and all of these conformations were found to have potential-
energy minima (i.e., all vibrational frequencies are real). Four
among these five conformers correspond to the lowest energy
conformers identified by Rychlewska et al.22 The most stable
conformer noted in all previous studies corresponds totrans-
COOCH3-1 with two internal hydrogen bonds between the

hydrogen atoms of OH groups and their nearest CdO groups.
trans-COOCH3-1 in the present notation corresponds to T(ss)
in the notation of Rychlewska et al.22 and T(s,s) in the notation
of Buffeteau et al.21 The second lowest energy conformer in
the present study,trans-COOCH3-2, has one internal hydrogen
bond between the hydrogen atom of OH group and its nearest
CdO; the hydrogen atom of the second OH group is ap-
proximately between the oxygen atom of first OH group and
the nearest ester oxygen atom. The second lowest energy
conformer identified by Rychlewska et al.22 is T(as) with two
internal hydrogen bonds: one between the hydrogen atom of
one OH group and its nearest CdO and the other between the
hydrogen atom of the other OH group and its nearest ester
oxygen. We also considered the geometry of T(as), which in
the present notation (Table S1 in Supporting Information) is
trans-COOCH3-9, but it was converted into the geometry of
trans-COOCH3-2 during geometry optimization. Thetrans-
COOCH3-2 conformer is also the second lowest energy con-
former reported by Buffeteau et al.,21 which in their notation is
T(a,s).

The Gibbs energies, relative populations, and specific rota-
tions predicted for the five lowest energy conformers of the
isolated molecule using 6-31G* and aug-cc-pVDZ basis sets
are listed in Table 1.trans-COOCH3-1 is the predominant
conformer for isolated dimethyl-(S,S)-tartrate. The absorption
and VCD intensities were calculated for all five conformations
at both the B3LYP/6-31G* and B3LYP/aug-cc-pVDZ levels.
The absorption and VCD spectra at the B3LYP/aug-cc-pVDZ
level for these five individual conformers of the isolated
molecule and population-weighted sum of the absorption and

Figure 3. Three principle conformations of dialkyl-(R,R)-tartrate
around the C*-C* bond.

Figure 4. Five lowest energy conformers of isolated dimethyl-(S,S)-tartrate identified with B3LYP/6-31G* and B3LYP/aug-cc-pVDZ methods.
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VCD spectra of individual conformers are shown in Figure 5.
The calculated frequencies (νi), dipole strengths (Di), and
rotational strengths (Ri) of five conformers of isolated dimethyl-
(S,S)-tartrate at the B3LYP/aug-cc-pVDZ level are listed in
Table 2. The predicted absorption and VCD spectra for the
isolated dimethyl-(S,S)-tartrate (population-weighted sum of
conformer spectra) at both the B3LYP/6-31G* and the B3LYP/
aug-cc-pVDZ levels are compared with the experimental spectra
of dimethyl-D-tartrate in CCl4 in Figure 6. Experimental
absorption and VCD band positions of dimethyl-D-tartrate in
CCl4 and their corresponding B3LYP-predicted values of
isolated dimethyl-(S,S)-tartrate are listed in Table 3. The
predicted absorption and VCD spectra at the B3LYP/6-31G*
level are identical to those obtained at the B3LYP/aug-cc-pVDZ
level except that frequencies of absorption and VCD bands in
the predicted spectra at the B3LYP/aug-cc-pVDZ level are
higher by about 10 cm-1 than those of the corresponding bands
predicted at the B3LYP/6-31G* level. Overall, these predicted
absorption and VCD spectra have good correspondence with
the experimental spectra of dialkyl tartrates in CCl4 in band
positions and relative peak intensities. One notable disagreement
in the VCD spectra is that a weak negative-positive doublet
seen in the 1450-1350 cm-1 region in the predicted VCD
spectrum does not have a corresponding couplet in the experi-
mental spectrum.

The predicted specific rotations at 589 nm, obtained as the
population-weighted sum of specific rotations of different
conformers, are 50.4 at the 6-31G* basis and 38.8 at the aug-
cc-pVDZ basis (Tables 1 and 4). These two predicted values,
especially that predicted with the aug-cc-pVDZ basis set, are
close to the experimentally observed intrinsic rotation of 43.0
in CCl4. The predicted ORD for dimethyl-(S,S)-tartrate with the

aug-cc-pVDZ basis set, as population-weighted values of the
two lowest energy conformers of isolated dimethyl-(S,S)-tartrate
(trans-COOCH3-1 andtrans-COOCH3-2), compares well (Fig-
ure 2) with experimental ORD of dimethyl-D-tartrate in CCl4.

Using the PCM model that was implemented in the Gaussian
03 program, optimization of the five lowest energy geometries
of dimethyl tartrate obtained for the isolated molecule was also
performed in CCl4 solvent at the B3LYP/6-31G* level. The
geometry of trans-OH-2 is found to be unstable in CCl4.
Buffeteau et al.21 also reported that this conformer is not stable
in the presence of CCl4 solvent. The specific rotations and
absorption and VCD intensities for the remaining four conform-
ers were calculated at the B3LYP/6-31G* level with the PCM
model.

The Gibbs energies, relative populations, and specific rota-
tions predicted for the four conformers of the dimethyl tartrate
in CCl4 using the 6-31G* basis set are listed in Table 5.trans-
COOCH3-1 is still the predominant conformer for dimethyl-
(S,S)-tartrate when CCl4 solvent is represented by PCM.

From the calculated vibrational frequencies for dimethyl
tartrate in CCl4, all four conformers were found to have
potential-energy minima. The population-weighted-predicted
absorption and VCD spectra for dimethyl-(S,S)-tartrate in CCl4
are shown in Figure 6. Experimental absorption and VCD band
positions of dimethyl-D-tartrate in CCl4 and their corresponding
B3LYP-predicted values of dimethyl-(S,S)-tartrate in CCl4 are
listed in Table 3. The predicted absorption and VCD spectra of
dimethyl-(S,S)-tartrate in CCl4 do not differ significantly from
those for the isolated molecule and correspond well with the
experimental spectra of dialkyl tartrates in CCl4. A weak
negative-positive couplet in the 1450-1350 cm-1 region is

TABLE 1: B3LYP-Calculated Gibbs Energies, Populations, and Specific Rotations of the Five Lowest Energy Conformers of
Isolated Dimethyl-(S,S)-tartrate

trans-COOCH3-1 trans-COOCH3-2 trans-OH-1 trans-OH-2 trans-OH-3

Gibbs energy (in Hartrees)
6-31G* -685.86466 -685.86270 -685.86158 -685.86160 -685.86066
aug-cc-pVDZ -685.98342 -685.98113 -685.97953 -685.97774 -685.97799

population(%)
6-31G* 82.1 10.4 3.1 3.2 1.2
aug-cc-pVD Z 90.2 7.9 1.4 0.2 0.3

specific rotation, [R]D

6-31G* 65.2 -109.7 222.9 53.5 102.9
aug-cc-pVDZ 47.9 -120.8 209.9 42.2 103.4

Figure 5. Simulated absorption (left) and VCD (right) spectra obtained for individual conformers of isolated dimethyl-(S,S)-tartrate at the B3LYP/
aug-cc-pVDZ level. The population-weighted sum of conformer spectra is obtained with populations determined from the Gibbs energies (Table 1).
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still present in the predicted VCD spectra, which does not have
a counterpart in the experimental spectrum.

Only a small difference (less than 10%) is found for the
specific rotation of each conformer in CCl4 compared to that
for isolated molecule. The population-weighted-predicted spe-
cific rotation is 53.2 at the 6-31G* basis. This predicted value
in CCl4 is close to the predicted value for the isolated molecule
(see Table 4) and also to the experimental intrinsic rotation of
dimethyl-D-tartrate in CCl4.

(2) Dialkyl Tartrates in Dimethyl Sulfoxide. The vibrational
absorption and VCD spectra of dialkyl tartrates in DMSO-d6

solvent, in the 1850-1700 and 1600-1100 cm-1 regions, are

shown in Figure 7. For a given tartrate, the absorption and VCD
signals are affected significantly when the solvent is changed
from CCl4 to DMSO-d6. In the CdO stretching region (1850-
1600 cm-1) two absorption bands and three VCD bands
(negative-positive-negative triplet forD-enantiomers) are seen
in DMSO-d6 (while one absorption band and bisignate VCD
signal, negative-positive forD-enantiomer, are found in CCl4;
Figure 1). In the∼1200-1100 cm-1 region a weak negative
VCD band at∼1224 cm-1 and a negative couplet (positive at
higher frequency and negative at lower frequency forD-
enantiomers) are seen in DMSO-d6. Another positive VCD
signal and associated absorption band at∼1090 cm-1, also seen

TABLE 2: Calculated Frequencies (νi), Dipole Strengths (Di), and Rotational Strengths (Ri) of the Five Lowest Energy
Conformers of Isolated Dimethyl-(S,S)-tartrate at the B3LYP/aug-cc-pVDZ Levela

trans-COOCH3-1 trans-COOCH3-2 trans-OH-1 trans-OH-2 trans-OH-3

νi Di Ri νi Di Ri νi Di Ri νi Di Ri νi Di Ri

1781 659.5 -332.6 1778 413.9 41.4 1762 167.4-338.7 1738 24.2 137.7 1779 522.3-292.8
1778 373.6 362.9 1770 596.9 -64.4 1761 835.7 450.3 1737 906.1-195.8 1770 453.5 394.6
1431 31.7 -57.8 1413 165.6 56.4 1458 78.0 79.1 1437 41.5-92.2 1374 259.4 -174.8
1410 60.6 167.3 1298 106.6 157.6 1431 52.0 53.9 1423 390.4 68.6 1312 248.3-71.8
1299 403.1 -551.4 1278 1431.0 -75.0 1342 338.0 -326.7 1359 272.6 44.3 1278 107.3 89.6
1271 2063.6 456.2 1254 887.7 -114.1 1309 241.6 309.1 1318 392.6-296.0 1238 467.6 -0.5
1242 208.4 -10.7 1223 39.7 -40.7 1263 1057.9 -540.5 1290 94.6 106.2 1237 414.6 170.9
1212 105.4 42.9 1135 476.8 -223.1 1253 237.3 170.5 1265 1456.5 156.2 1216 913.6-148.8
1138 554.6 -411.7 1093 430.4 125.5 1235 642.9 1.0 1117 573.5 32.5 1190 219.8-32.8
1113 607.9 192.2 1038 183.5 1.8 1123 266.7 198.3 1012 235.1-93.6 1087 453.9 -5.1
995 176.9 35.3 1003 142.7 -3.3 1113 662.2 -124.8 927 162.0 -49.8 1071 114.2 -91.0

a Frequencies are in cm-1, dipole strengths are in 10-40 esu2 cm2, and rotational strengths are in 10-44 esu2 cm2.

Figure 6. Comparison of the experimental absorption (left) and VCD (right) spectra of dimethyl-D-tartrate in CCl4 with predicted absorption
spectra for dimethyl-(S,S)-tartrate as isolated and solvated (CCl4 represented by PCM).

TABLE 3: Experimental Absorption and VCD Band Positionsa of Dimethyl-D-tartrate in CCl 4 and Their Correlation to
B3LYP-Predicted Values of Dimethyl-(S,S)-tartrate in Vacuum and CCl 4

experimental predicted

6-31G* for isolated moleculeb aug-cc-pVDZ for isolated molecule 6-31G* with PCM model for CCl4
b

no. absorption VCD absorption VCD absorption VCD absorption VCD

1,2 1752 1758 (-)c 1749 1750 (-) 1780 1781 (-) 1739 1740 (-)
1748 (+)c 1748 (+) 1778 (+) 1737 (+)

3 1288 1288 (-) 1276 1276 (-) 1299 1299 (-) 1266 1266 (-)
4 1254 1254 (+) 1251 1251 (+) 1271 1271 (+) 1242 1242 (+)
5 1232 1232 (-) 1225 1225 (-) 1242 1222 1222 (-)
6 1206 1206 (+) 1200 1200 (+) 1212 1212 (+) 1185 1185 (+)
7 1125 1125 (-) 1107 1107 (-) 1138 1138 (-) 1099 1099 (-)
8 1096 1096 (+) 1083 1083 (+) 1113 1113 (+) 1075 1075 (+)
9 982 d 974 974 (+) 995 995 (+) 968 968 (+)

a Band positions are in cm-1. b Predicted band positions at the B3LYP/6-31G* level were scaled with 0.96.c (+) refers to the positive sign of
the VCD band, and (-) refers to the negative sign of the VCD band.d Corresponding VCD band is not found.
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in DMSO,14 are partially shown in Figure 7 as solvent
interference occurs in this region.

The experimental intrinsic rotation,{R}D, of dimethyl-D-
tartrate in DMSO solvent is-3.1 at 589 nm, which is very

close to zero. For obtaining larger magnitudes optical rotation
needs to be measured at shorter wavelengths. Therefore, the
intrinsic rotation of dimethyl-D-tartrate was also measured at
365 nm in DMSO, where it is found to be+42.7. These two
values at 589 and 365 nm indicate that specific rotation of
dimethyl-D-tartrate changes from negative to positive as the
wavelength decreases, suggesting bisignate ORD12a,bin DMSO.
This observation is confirmed by measuring the ORD of
dimethyl-D-tartrate at a concentration of 0.0064 M in DMSO
(see Figure 8), which indicated that ORD is indeed bisignate
with weak negative values at longer wavelengths and a change
of sign near 546 nm.

The DFT predictions of VCD (Figure 5) and optical rotation
for isolated dimethyl tartrate molecule are not in agreement with
the corresponding experimental data in DMSO (Figure 7). Thus,
DMSO solvent influence needs to be incorporated into the
calculations. For this purpose, attempts were made to use the
PCM model, but geometry optimization in DMSO solvent with
the PCM model could not be completed even after several weeks
of computing time on a desktop computer. Therefore, clusters
of dimethyl-(S,S)-tartrate and solvent molecules were considered
to perform the calculation. Proniewicz et al.23 reported a
structural study of several hydroxamic acids in DMSO solutions
based on the DFT calculations of NMR spectra. In their study
they used clusters of hydroxamic acids with DMSO molecules,
and the computed chemical shifts of these clusters were reported
to be in good agreement with the experimental data.

Dimethyl-(S,S)-tartrate molecule has two-OH groups which
are capable of forming hydrogen bonds with DMSO molecules.
Therefore, a cluster with one dimethyl tartrate molecule interact-
ing with two DMSO molecules is constructed. Two geometries
for the trans-COOCH3 cluster were considered first. Their
structures are shown in Figure 9. Intrans-COOCH3-(DMSO)2-0
cluster there are two intramolecular hydrogen bonds (between
the OH group and CdO group, which are connected to the same

TABLE 4: B3LYP-Predicted Specific Rotation, [r]D, of Dimethyl-(S,S)-tartrate, and Experimental Intrinsic Rotation, {r}D, of
Dimethyl-D-tartrate

predicted specific rotation [R]D

isolated molecule in CCl4 experimental intrinsic rotation{R}D

6-31G* +50.4 +53.2 +43.0( 1.6
aug-cc-pVDZ +38.8

TABLE 5: B3LYP/6-31G*-Calculated Gibbs Energies, Populations, and Specific Rotations of Four Stable Conformers of
Dimethyl-(S,S)-tartrate in CCl 4

trans-COOCH3-1 trans-COOCH3-2 trans-OH-1 trans-OH-3

Gibbs energy (in Hartrees) -685.87308 -685.87104 -685.86890 -685.86066
Population (%) 88.4 10.1 1.1 0.4
specific rotation, [R]D 70.0 -111.5 241.1 91.2

Figure 7. Vibrational absorption (bottom) and VCD (top) spectra in
DMSO-d6 solution: (a) dimethyl-D-tartrate (0.046 M), (b) diethyl-D-
tartrate (0.040 M), and (c) diisopropyl-D-tartrate (0.035 M).

Figure 8. Comparison of experimental specific rotations of dimethyl-
D-tartrate in DMSO and predicted specific rotations for dimethyl-(S,S)-
tartrate in DMSO as a function of wavelength. The predicted specific
rotations were obtained at the B3LYP/6-31G* and B3LYP/aug-cc-
pVDZ levels as population-adjusted data from the two clusters,trans-
COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2.
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chiral carbon) and solvent molecules remain as spectators; on
the other hand, intrans-COOCH3-(DMSO)2-1 cluster the two
hydrogen bonds are between the OH groups of dimethyl tartrate
and SdO groups of solvent molecules. On the basis of their
energies at optimized geometries with the B3LYP/6-31G*
method (Figure 9), thetrans-COOCH3-(DMSO)2-1 cluster is
much more stable than thetrans-COOCH3-(DMSO)2-0 cluster.
Thus, it appears that in DMSO, dimethyl-(S,S)-tartrate prefers
to form intermolecular hydrogen bonds with solvent molecules
as opposed to forming intramolecular hydrogen bonds. Thus,
thetrans-COOCH3, trans-OH, andtrans-H clusters of dimethyl-
(S,S)-tartrate with intermolecular hydrogen bonds to two DMSO
molecules were investigated. Since OH groups of dimethyl
tartrate are fixed in orientation to hydrogen bond to the SdO
group of DMSO, only two conformers remain for each of the
trans-COOCH3, trans-OH, andtrans-H clusters. The difference
between these two conformers is in the orientation of the ester
groups and CdO groups of dimethyl-(S,S)-tartrate (Figure 10).
Thus, a total of six clusters was considered. The electronic
energies and Gibbs energies were calculated for the six clusters
of dimethyl-(S,S)-tartrate at the B3LYP/6-31G* level. The
results are summarized in Table 6. Of these six clusters,trans-
COOCH3-(DMSO)2-2 is found to have imaginary vibrational
frequencies. The absorption, VCD, and optical rotation for the
remaining five conformations with potential-energy minima
were calculated at the B3LYP/6-31G* level. On the basis of
Gibbs energies,trans-OH-(DMSO)2-1 appeared to be the
dominant conformer. However, the population-weighted-
predicted absorption and VCD spectra (see Figure 11) and the
predicted optical rotation (150.1 at 589 nm) are far from
agreement with the corresponding experimental data. This
disagreement indicated that the relative Gibbs energies of
clusters may not have been predicted correctly.

Therefore, a different approach, based on the experimental
intrinsic rotations and experimental VCD spectra, was used to
suggest the possible dominant conformers and their populations.
Specific rotations of the five clusters predicted at six wave-
lengths between 633 and 365 nm at the B3LYP/6-31G* level
are given in Table 6. Whiletrans-COOCH3-(DMSO)2-1 and
trans-H-(DMSO)2-2 clusters have small positive predicted
specific rotations that are close to the experimental intrinsic
rotations (at 589 and 365 nm), the remaining three conformations
have very large predicted positive specific rotations. Thus, based
on the specific rotation data alone, it appears thattrans-
COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2 conformers are
likely to be preferred in DMSO. This observation is further
confirmed by reoptimizing the geometries oftrans-COOCH3

andtrans-H clusters at B3LYP/aug-cc-pVDZ level and calculat-
ing the specific rotations oftrans-COOCH3 andtrans-H clusters

at the B3LYP/aug-cc-pVDZ level (see Table 6). When the
predicted absorption spectra of these two clusters are combined,
two absorption bands can be clearly seen in the CdO stretching
region (Figure 12) which correspond well with the experimental
absorption bands in this region for dialkyl tartrates in DMSO-
d6. When the predicted VCD spectra of these two clusters are
combined, a negative-positive-negative triplet resulted in the
CdO stretching region, which also has a good agreement with
the experimental VCD bands for dialkyl-D-tartrates in this
region. The observation that the intensities of two negative VCD
bands of this triplet are nearly the same in the experimental
VCD spectra of dialkyl tartrates is used to estimate the
populations of these two clusters. It is found that with the
populations oftrans-COOCH3-(DMSO)2-1 andtrans-H-(DM-
SO)2-2 clusters as 62.5% and 37.5%, respectively, the two
negative VCD bands in the predicted VCD spectrum of
dimethyl-(S,S)-tartrate also have nearly the same peak intensities.
These adjusted populations are therefore used to predict the
absorption and VCD spectra of dimethyl-(S,S)-tartrate, and the
resulting spectra are compared to the experimental spectra of
dimethyl-D-tartrate in DMSO-d6 (Figure 12). Experimental
absorption and VCD band positions of dimethyl-D-tartrate in
DMSO-d6 and their corresponding values in the predicted spectra
with adjusted populations are shown in Table 7. A good
agreement is seen for the major absorption bands in the
experimental and predicted spectra. Overall the bands in the
experimental absorption spectrum are broader than those in the
predicted spectrum and several small bands which appear in
the 1300-1180 cm-1 region in the predicted spectrum have not
been observed in the experimental spectrum. For the VCD
spectra, there is a good agreement in the CdO stretching region
(1850-1600 cm-1) and also in the lower frequency region
(1250-1100 cm-1) for the VCD bands in predicted and
experimental spectra. Two couplets with relatively low intensi-
ties are observed in the 1500-1400 cm-1 region in the predicted
VCD spectrum, but these VCD bands are not present in the
experimental spectrum. A similar discrepancy was also seen
for the spectra in CCl4 (Figure 6). The predicted specific
rotations (with populations oftrans-COOCH3-(DMSO)2-1 and
trans-H-(DMSO)2-2 clusters as 62.5% and 37.5%, respectively)
are listed in Table 8 at both B3LYP/6-31G* and B3LYP/aug-
cc-pVDZ levels. The B3LYP/6-31G*-predicted specific rotation
(17.7) at 589 nm for dimethyl-(S,S)-tartrate differs in sign from
that observed (-3.1) for dimethyl-D-tartrate. At 365 nm,
however, the B3LYP/6-31G*-predicted specific rotation and
experimental intrinsic rotation match in sign and magnitude and
are not too far apart. The predicted specific rotations at B3LYP/
aug-cc-pVDZ level for dimethyl-(S,S)-tartrate (-6.9 at 589 nm
and 61.6 at 365 nm) match those observed for dimethyl-D-

Figure 9. Structures and electronic energies obtained with the B3LYP/6-31G* method fortrans-COOCH3-(DMSO)2-0 andtrans-COOCH3-(DMSO)2-1
clusters.
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tartrate (-3.1 at 589 nm and 42.7 at 365 nm) at both 589 and
365 nm. The predicted ORD for dimethyl-(S,S)-tartrate in
DMSO, at both B3lYP/6-31G* and B3LYP/aug-cc-pVDZ
levels, obtained as population-weighted specific rotations of
trans-COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2 clusters,
is compared with experimental ORD of dimethyl-D-tartrate in
DMSO in Figure 8. The sign reversal seen in the experimental
ORD data at about 546 nm is nicely reproduced in the B3LYP/
aug-cc-pVDZ calculations but not in the B3LYP/6-31G*
calculations. Even though the magnitudes of optical rotation at
longer wavelengths are quite small, the magnitudes predicted

at the B3LYP/aug-cc-pVDZ level are in very good agreement
with those observed. It should be noted that for some molecules
higher levels of theory were needed24 for successfully predicting
small magnitudes.

Thus, from VA, VCD, and ORD data it appears that atrans-
COOCH3 conformer, namely,trans-COOCH3-(DMSO)2-1, is
still the dominant one in DMSO, but some amount oftrans-
H-(DMSO)2-2 cluster is needed to explain the observed data in
DMSO solvent.

(3) Dialkyl Tartrates in D 2O. Because of the interference
from D2O absorption, VCD spectra of dialkyl tartrates can only

Figure 10. Structures of six clusters of dimethyl-(S,S)-tartrate with hydrogen bonds between OH groups of tartrate molecule and SdO groups of
two DMSO molecules.
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be obtained in the region of 2000-1250 cm-1 in D2O. The
vibrational absorption and VCD spectra of dimethyl and diethyl
tartrates, measured in D2O solvent in the mid-infrared region,
are shown in Figure 13. For a given tartrate, the absorption and
VCD signals are affected significantly when the solvent is
changed from CCl4 to DMSO-d6 to D2O. In the CdO stretching
region (1850-1600 cm-1) one broader absorption band and no
VCD signals are found in D2O, while one absorption band and

negative-positive VCD for theD-enantiomer are seen in CCl4

(Figure 1), and two absorption bands and negative-positive-
negative VCD triplet for theD-enantiomers are seen in DMSO-
d6 (Figure 7). The intrinsic rotation{R}D for dimethyl-D-tartrate
in H2O solvent is-20.3. Thus, the intrinsic rotation of dimethyl-
D-tartrate is also significantly affected when the solvent is
changed from CCl4 to DMSO to H2O. The experimental ORD
of dimethyl-D-tartrate in H2O12a(not shown here) is monosignate

TABLE 6: B3LYP-Calculated Gibbs Energies and Specific Rotations of Dimethyl-(S,S)-tartrate-(DMSO) 2 Clustersa

specific rotation, [R]

conformer basis set

electronic
energy

(in Hartrees)

gibbs
energy

(in Hartrees)
percent

population 633 nm 589 nm 546 nm 436 nm 405 nm 365 nm

trans-COOCH3-(DMSO)2-1 631G* -1792.3966 -1792.1258 20.7 14.1 18.0 23.8 59.1 81.5 135.2
aug-cc-pVDZb -1792.5950 -15.6 -16.3 -16.3 -2.6 13.0 59.8

trans-OH-(DMSO)2-1 631G* -1792.3999 -1792.1269 66.2 154.2 181.2 215.3 369.3 446.1 591.2
trans-OH-(DMSO)2-2 631G* -1792.3957 -1792.1243 4.2 126.2 148.8 177.5 309.8 377.4 508.0
trans-H-(DMSO)2-1 631G* -1792.3977 -1792.1250 8.8 194.1 229.0 273.5 479.7 586.0 793.4

aug-cc-pVDZb -1792.5941 150.3 177.5 212.4 375.4 460.3 627.0
trans-H-(DMSO)2-2 631G* -1792.3935 -1792.1207 0.1 13.8 17.2 22.0 49.0 65.8 103.7

aug-cc-pVDZb -1792.5901 8.62 10.7 13.6 30.3 40.7 64.5
experimentalc -4 -1(-3) 0 4 14 39(43)

a Specific rotations oftrans-COOCH3-(DMSO)2-2 cluster (Figure 10) are not calculated as they has imaginary vibrational frequencies.b Obtained
using aug-cc-pVDZ basis set at the corresponding optimized energy.c Experimental specific rotations at a concentration of 5 mg/mL; values in
parentheses are intrinsic rotations.

Figure 11. Simulated absorption (left) and VCD (right) spectra of dimethyl-(S,S)-tartrate clusters, and the population-weighted sum of cluster
spectra at the B3LYP/6-31G* level.

Figure 12. Comparison of the experimental absorption (left) and VCD (right) spectra of dimethyl-D-tartrate in DMSO-d6 with the simulated
spectra oftrans-COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2 clusters. The population-adjusted spectra of dimethyl-(S,S)-tartrate were obtained
with populations oftrans-COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2 clusters as 62.5% and 37.5%, respectively.
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and negative, which is opposite to that in CCl4 and different
from that in DMSO.

Attempts to predict VA, VCD, and ORD for dimethyl-(S,S)-
tartrate in H2O posed several problems. The PCM model is not
expected to capture all of the hydrogen-bonding effects in water
completely. There are six oxygen atoms in dimethyl tartrate
which can serve as hydrogen-bond acceptors and two hydroxyl
groups which can serve as hydrogen-bond donors. Furthermore,

H2O molecules are both hydrogen-bond donors and acceptors
(while DMSO molecules are just hydrogen-bond acceptors).
Thus, it is difficult to determine the number of H2O molecules
needed to construct a realistic dimethyl tartrate cluster with water
molecules. As a consequence, further investigations are needed
to explain the observed VCD and ORD data in D2O/H2O
solvent.

(4) Dialkyl Tartrate -Cyclodextrin Complexes. Dialkyl
tartrate-cyclodextrin complexes were prepared using the co-
precipitation method and characterized by1H NMR. From
integration of the peaks in the NMR spectra, the complexation
ratios for these complexes are confirmed to be 1:1.

The vibrational absorption and VCD spectra of dialkyl
tartrate-cyclodextrin complexes were measured in D2O and
DMSO-d6 solvents (see Figures 14 and 15). The absorption and
VCD bands in the region below 1600 cm-1 originate from
vibrational modes of both dialkyl tartrate and cyclodextrin
molecules in the complex, while bands in the CdO stretching
region (1850-1600 cm-1) only come from carbonyl groups in
dialkyl tartrates. A comparison between absorption and VCD

Figure 13. Vibrational absorption (bottom) and VCD (top) spectra in the CdO stretching region in D2O solution of (a) dimethyl-D-tartrate (0.048
M) and (b) diethyl-D-tartrate (0.041 M).

TABLE 7: Experimental Absorption and VCD Band
Positionsa of Dimethyl-D-tartrate in DMSO- d6 and Their
Correlation to Predicted Values of Dimethyl-(S,S)-tartrate in
DMSO

experimental predictedb

no. absorption VCD absorption VCD

1 1753 1763 (-)c 1748 1750 (-)
1747(+)c 1745 (+)

2 1736 1736(-) 1737 1737 (-)
3 1457 d 1445 1447 (+)

1437 (-)
4 1437 d 1420 1422 (-)

1410 (+)
5 1324 d 1311 1313 (+)

1306 (-)
6 1273 d 1246 1248 (+)

1234 (-)
7 1207 1224 (-) 1188 1207 (-)

1204 (+) 1186 (+)
8 1146 1146 (-) 1142 1142 (-)

a Band positions are in cm-1. b Predicted band positions at the
B3LYP/6-31G* level from the population-adjusted spectra oftrans-
COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2 clusters.c (+) refers to
the positive sign of the VCD band, and (-) refers to the negative sign
of the VCD band.d No corresponding VCD band is found.

TABLE 8: B3LYP-Predicted Specific Rotation [r] of
Dimethyl-(S,S)-tartrate with Adjusted Populations,a and
Experimental Intrinsic Rotation {r} of Dimethyl-D-tartrate
in DMSO

predicted [R]

wavelength, nm 6-31G* aug-cc-pVDZ experimental{R}
589 17.7 -6.9 -3.1( 0.2
365 123.4 61.6 42.7( 0.4

a Populations oftrans-COOCH3-(DMSO)2-1 andtrans-H-(DMSO)2-2
clusters used were 62.5% and 37.5%, respectively.

Figure 14. Vibrational absorption (bottom) and VCD (top) spectra in
the CdO region in D2O solution of diethyl-L-tartrate-R-CD complex
(0.044 M).
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bands in the CdO region of dialkyl tartrates with those of their
corresponding complexes can reveal the effects of complexation
with cyclodextrin on dialkyl tartrates. The absorption and VCD
signals in the CdO region for these complexes are identical to
those seen in the spectra of dialkyl tatrates: in D2O, one broader
absorption band and no VCD signals are found (Figures 13 and
14); in DMSO-d6 (Figures 7 and 15), there are two absorption
bands and three VCD bands (negative-positive-negative triplet
for D-tartrate complexes). The frequencies of these bands for
complexes in the CdO region are almost the same as those for
dialkyl tartrates.

The intrinsic rotations of dialkyl tartrate-cyclodextrin com-
plexes were measured in H2O. They are compared with those
estimated using van’t Hoff’s principle of optical superposition25

for 1:1 complexes of dialkyl tartrate and cyclodextrin in Table
9. The intrinsic rotations estimated with van’t Hoff’s principle
of optical superposition are given by eq 126

where{R} is intrinsic rotaton,M is molar mass, and the subscript
“guest” represents dialkyl tartrate molecule and “host” represents
cyclodextrin molecule. The observed intrinsic rotations of dialkyl
tartrate-cyclodextrin complexes are close to the estimated
values with differences between them being less than 10% in
all cases.

From the comparison of VA and VCD spectra of dialkyl
tartrate-cyclodextrin complexes with those of dialkyl tartrates

in the CdO stretching region and comparison of intrinsic
rotations of dialkyl tartrate-cyclodextrin complexes with those
of estimated rotations, it becomes apparent that in the solution
of DMSO and H2O the interaction between dialkyl tartrates and
cyclodextrin must be weak or the crystalline dialkyl tartrate-
cyclodextrin complexes may have dissociated upon dissolution
in DMSO or H2O. In order to determine which one of these
possibilities may have actually occurred, one needs to know
the binding constants for dialkyl tartrate-cyclodextrin com-
plexes in solution. The binding constants of dialkyl tartrate-
cyclodextrin complexes are not available in the literature, so
we measured these binding constants for the first time.

First, we attempted the quantitative NMR method27 to
measure the binding constants of dialkyl tartrate-cyclodextrin
complexes in DMSO and H2O, but these data indicated large
errors in the resulting binding constants. Isothermal titration
calorimetry (ITC) is a thermodynamic technique that allows the
study of the interactions of two species.17 When these two
species interact, heat is either generated or absorbed. By
measuring these interaction heats, binding constants (K), reaction
stoichiometry (n), and thermodynamic parameters including
enthalpy (∆H) and entropy (∆S) can be accurately determined.
ITC is a direct, accurate, and highly sensitive method to measure
binding constants and other thermodynamic parameters. ITC
has found widespread applicability in the study of biological
systems28 involving protein-ligand, protein-nucleic acid, and

Figure 15. Vibrational absorption (bottom) and VCD (top) spectra in the CdO stretching region in DMSO-d6 solution of (a) diethyl tartrate-â-CD
complex (0.040 M) and (b) diisopropyl tartrate-â-CD complex (0.040 M). VCD spectra of bothD- and L-tartrate complexes are shown; those
labeled L are forL-tartrate complexes.

TABLE 9: Comparison of Intrinsic Rotations a of Dialkyl Tartate -Cyclodextrin Complexes with Those Estimated with the
van’t Hoff Principle of Optical Superposition

complex experimental intrinsic rotation,{R}D estimated intrinsic rotation,{R}D, of 1:1 complexb

diethyl-L-tartrate+ R-CD 120.9( 0.7 129.5
diethyl-D-tartrate+ â-CD 126.0( 0.9 130.6
diethyl-L-tartrate+ â-CD 128.1( 1.2 138.9
diisopropyl-D-tartrate+ â -CD 125.5( 0.9 126.7
diisopropyl-L-tartrate+ â-CD 132.4( 1.2 136.9

a Intrinsic rotations ofR-CD, â-CD, diethyl-D-tartrate, diethyl-L-tartrate, diisopropyl-D-tartrate, and diisopropyl-L-tartrate in water are, respectively,
151.0( 0.5, 159.1( 0.4,-26.0( 0.2,+28.0( 0.2,-30.0( 0.3, and 29.3( 0.4. b Estimated with the van’t Hoff principle of optical superposition
using eq 1.

{R}complex) {R}guest×
Mguest

Mcomplex
+ {R}host×

Mhost

Mcomplex
(1)
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protein-protein interactions and also in supramolecular
chemistry, most notably for cyclodextrins (CDs)29 and crown
ethers.30

Calorimetric titrations were made forR-CD andâ-CD with
diethyl-L-tartrate in both H2O and DMSO. The calorimetric
titration plots are given in the Supporting Information. The
binding constants of diethyl-L-tartrate complexes withR-CD and
â-CD in H2O and DMSO solvents are listed in Table 10. The
binding constants between diethyl-L-tartrate and cyclodextrin
(R-CD or â-CD) in DMSO are smaller than their corresponding
binding constants in H2O. Generally, these binding constants
are very small (<100 M-1) in both H2O and DMSO. From these
data it can be concluded that dialkyl tartrate-cyclodextrin
complexes do exist in solutions of H2O and DMSO, but the
interaction between diethyl-L-tartrate and cyclodextrin (R-CD
or â-CD) is very weak. This observation can explain why the
absorption, VCD, and optical rotation properties of dialkyl
tartrates are not affected significantly upon complexation with
cyclodextrin in solution.

Conclusions

The VA and VCD spectra in the mid-infrared region, intrinsic
rotations, and ORD spectra of dialkyl tartrates are found to be
solvent dependent. The DFT calculations for dimethyl-(S,S)-
tartrate, a representative compound among these tartrates, were
performed in the isolated state and in two different solvents.
The trans-COOR conformer with hydrogen bonding between
the OH and CdO groups attached to the same chiral carbon is
dominant for isolated dimethyl-(S,S)-tartrate and also for dim-
ethyl-(S,S)-tartrate in CCl4. The population-weighted VA and
VCD spectra, specific rotations, and ORD for isolated dimethyl-
(S,S)-tartrate and for dimethyl-(S,S)-tartrate in CCl4 correspond
well with the experimental data in CCl4. In DMSO, dimethyl-
(S,S)-tartrate molecules favor formation of intermolecular
hydrogen-bonded clusters with DMSO solvent molecules. On
the basis of the experimental and predicted results in DMSO, a
trans-COOR cluster appears to be the dominant conformer along
with some amount oftrans-H cluster. When the predicted VA
and VCD spectra, specific rotations, and ORD of these two
clusters are combined, the resulting data are in reasonable
agreement with the experimental data of dimethyl-D-tartrate in
DMSO solvent. For dialkyl tartrate-cyclodextrin complexes,
cyclodextrin does not influence the VA, VCD, and intrinsic
rotation properties of dialkyl tartrates significantly upon com-
plexation. Binding constants, determined using isothermal
titration calorimetry, for cyclodextrin-dialkyl tartrate com-
plexes have small magnitudes, which confirmed that the
interaction between cyclodextrin and dialkyl tartrates is indeed
very weak.
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