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ABSTRACT

A chiral chromatographic analysis using HPLC coupled in series with circular dichroism and optical rotation detectors (HPLC-CD-OR) was applied to
racemic frans-stilbene oxide, allowing the on-line measurement of the CD spectra and [a],,, values for both enantiomers in the sample. These measurements
used the Gaussian peak model to estimate the concentration of each isomer in the CD and OR cells. Moreover, time-dependent density functional theory (TD-
DEFT) calculations at the B3LYP/TZVP//B3LYP/VDZ(P) and B3LYP/aug-cc-pVDZ//B3LYP/VDZ(P) levels of theory for CD and OR, respectively, permitted the
prediction of both chiroptical properties for each isomer, which in turn could be compared with the corresponding experimental data. In this case, the calculations

were consistent in predicting the correct combination of experimental CD bands and [a]

s70 Sign and therefore facilitated the absolute configuration (AC) assignment

of the optical isomers. The AC proposed using this methodology was in agreement with independent AC assignments in the literature.

1. INTRODUCTION

The absolute configuration (AC) of chiral organic compounds is among
the most difficult molecular properties to ascertain, and yet its importance is
critical when studying biologically active substances of potential medicinal
use.! Conventional methods often involve complex procedures or require
milligrams of high-purity samples, as is the case for chemical correlation,
single-crystal X-ray diffraction,? or electronic/vibrational circular dichroism
spectroscopies.’ Methods based on chiroptical phenomena® can clearly be more
useful when coupled to chromatographic techniques, such as HPLC, enabling
measurement of these properties in smaller and more complex samples and
therefore extending their applicability.

Accordingly, HPLC techniques coupled with chiroptical detectors, mostly
based in electronic circular dichroism (HPLC-CD) and optical rotation (HPLC-
OR), have been used in several applications, especially since commercial
instrumentation has become available.* Such applications include evaluation
of novel chiral stationary phases,’ determination of enantiomeric excess
using non-chiral chromatography,® and determination of the AC.”* HPLC-CD
combined with theoretical calculations is preferred for AC assignments and
has been applied to a wide range of compounds, especially natural products, in
which the combined use of NMR and MS fully elucidated the structures of new
substances without the need for conventional isolation.” To our knowledge,
no chromatographic measurements of specific optical rotation have been used
in the stereochemical assignments of compounds of unknown AC to date.
However, the sign of optical rotation measured in a wide wavelength range
was recently used for this purpose.’

While advances in the calculation of chiroptical properties have furthered
their applications in the AC determination of many systems, the potential risks
in using a single chiroptical technique for these stereochemical assignments are
significant, and the simultaneous use of at least two of these methods is strongly
recommended to assign to a more reliable AC.!%"> An HPLC-CD-OR array
permits the on-line measurement of two chiroptical properties simultaneously
and, in conjunction with the corresponding quantum-chemical calculations,
assigns the AC of the studied substance more confidently. This improvement
in reliability is due to the potential agreement between both chiroptical
properties, which can predict the same (or not) absolute configuration. The
second measurement adds confidence to the initial assignment, particularly
when CD measurements are obtained online using a dedicated detector with
limited performance compared to a stand-alone CD spectrophotometer (i.e.,
shorter wavelength range and lower resolution).

While most of these applications assign the AC of single enantiomers,
the use of this methodology along with chiral stationary phases (CSP) can
determine the AC of chiral compounds even when part of a racemic or partially
enriched mixture. Such capability is needed in many applications, including
the non-asymmetric chemical synthesis of chiral compounds, in which the AC
of racemic products and intermediaries could be assigned without the need of
enantioselective isolation. Additionally, the complementary use of CD and OR
detection will be useful when applied to libraries of racemic building blocks
that, although commercially available, often lack information about their ACs.

We recently reported the use of this approach in the study of the chiroptical
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properties of a racemic flavanone that agreed with VCD observations and
literature data.'*

In this work, we further the use of chiral HPLC-CD-OR analysis and
time-dependent density functional theory (TD-DFT) calculations for the AC
assignment of racemic mixtures by applying it to racemic trans-stilbene oxide
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Fig. 1. Structure of trans-stilbene oxide (1). Only one enantiomer is shown.

2. EXPERIMENTAL

2.1 Reagents and chemicals

(+)-trans-Stilbene oxide (98%) was acquired from Aldrich (Sigma-Aldrich
Quimica Ltda., Chile). HPLC-grade solvents n-hexane and 2-propanol were
acquired from Merck (Merck S.A., Chile). All chemicals and solvents were
used directly without further purification.

2.2 HPLC instrumentation and analyses

Chromatographic analyses were performed on a Shimadzu HPLC
chromatograph equipped with LC-20AT and LC-10ADvp pumps, a SIL-
10Avp autosampler, and a CTO-10ACvp column oven. Coupled in series to
this array, a JASCO CD-2095plus UV-CD detector with a 220 — 420 nm range
and equipped with a 25-mm path length and 44-uL internal volume flow cell
was used for CD measurements. The latter was followed in-line by a PDR-
Chemical LLR advanced laser polarimeter detector equipped with a 670-nm
diode laser and a 25-mm path length (18-xL internal volume flow cell), which
was used for OR measurements. UV, CD and OR signals from both chiroptical
detectors were acquired with JASCO ChromPass software version 1.7.403.1.

Chiral separations were then performed on a ChiralPak AD-H column (250
mm, 4.5 mm, 5 um, Daicel Inc.) with a mixture of n-hexane and 2-propanol 9:1
as the mobile phase keeping the chiral column at 25.0 °C during the analyses.

UV and CD spectra were acquired simultaneously for both enantiomers
in each racemic mixture using the stop-flow technique'® and the mobile phase
as the baseline. Additionally, five consecutive measurements were made for
each eluted peak, which substantially decreased the noise of the UV and CD
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spectra. Identical UV spectra and antipodic CD spectra were obtained for
each enantiomeric pair, discarding the presence of bands produced by low
transmission, particularly at shorter wavelengths. Solutions of 1 with appropriate
concentrations (between 1 and 10 ug/ul) were prepared by dissolving in the
corresponding mobile phase in 5-mL volumetric flasks, and samples of these
solutions were filtered and analysed using 1- to 20-4L injections.

[a],, values were extracted by measuring the height and half-height width
of each OR peak and then applying the Gaussian peak model.'® Likewise, the
concentration of each stereoisomer in the flow cell during CD measurements
was estimated using the same approach. This permitted the conversion of
experimental CD intensity into molar CD units.

2.3 Computational calculations

Conformational searches were performed using the molecular mechanics
force field (MMFF), as implemented in the Spartan’14 software (Wavefunction
Inc, Irvine, CA 92612, USA). All conformations found in the first 10 kcal/
mol were submitted to geometry optimization and vibrational calculations at
the B3LYP/VDZ(P) level of theory. To assess the influence of solvent in the
conformational distribution and molecular geometry, the same procedure was
performed separately using the conductor-like screening model (COSMO)!”
with a dielectric constant equivalent to that of the mobile phase. Using the free
energy values obtained from these calculations on a Boltzmann distribution
produced relative abundances for each conformation, and only those found to
be relevant were considered for CD and OR calculations. Calculated CD spectra
for each individual conformation were obtained from the rotational strengths
of the first 10 single excited states calculated at the TD-DFT B3LYP/TZVP
level of theory, which were then plotted as Gaussian bands with half-widths
of 15 nm using the SpecDis software package.'® In addition, a global shift of
the calculated spectra to shorter wavelengths was needed to compensate for
the tendency of TD-DFT to underestimate excitation energies.!” This shift was
determined visually using the UV and CD spectra. The average optical rotation
tensor S was calculated for each considered conformation at the B3LYP/aug-
cc-pVDZ level of theory and then converted to [a],, values as previously
described.” Finally, single weighted CD spectra and [a],,, values were obtained
by considering the relative abundances of the corresponding Boltzmann
distribution. Geometry optimizations and free energy calculations were carried
out using the ORCA software package,’’ while TD-DFT calculations were
carried out using the NWChem software package.?? Although many different
combinations of functional and basis sets have been used successfully for the
calculation of these chiroptical properties, the popular B3LYP functional along
with DGauss double-{ plus polarization (geometries), DGauss triple-( plus
polarization (CD) and double-{ augmented Dunning’s correlation consistent
(OR) basis sets are common choices in the literature.** They offer a good
balance between accuracy and computational cost and are readily available in
many computational chemistry software packages.

3. RESULTS AND DISCUSSION

Compound 1 is a chiral pro-estrogen used to induce liver drug-metabolizing
enzymes and, more recently, has been shown to induce the expression of genes
involved in metabolism and transport in the mouse liver.** It is also a standard
compound for testing CSP under normal phase conditions and is frequently
encountered in catalogues and test chromatograms for commercially available
chiral HPLC columns.? Accordingly, chromatographic resolution (Rs = 10.6)
was easily achieved using an amylose-derived CSP, and peak elution was
monitored by UV, CD and OR detections. The first peak to elute (5.5 min)
corresponded to (+)-1, and the second (10.4 min) was (-)-1 (Fig. 2).

This also permitted the extraction of [a],, values from the OR
chromatographic peaks using the Gaussian peak approach (207.0 and -200.9 for
the first and second eluted peaks, respectively), revealing a high optical activity
characteristic of molecules bearing inherently dissymmetric chromophores?,
even in the absence of formal conjugation.”’ In a second run, the CD spectra
of each isomer was measured in the 220-420 nm range using the stop-flow
technique, which now produced a positive Cotton effect only for the first eluted
peak and the corresponding antipodal response for the second (Fig. 3).
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Fig. 2. OR chromatogram of the enantioselective separation of (+)-1:
detection at 670 nm.
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Fig. 3. Experimental (continuous), calculated in the gas phase (dashed)
and calculated in solution (dotted) CD spectra of (-)-(1S5,25)-1 (flow cell
concentration of 1.5 x 10° M). The CD spectrum was calculated at the B3LYP/
TZVP//B3LYP/VDZ(P) level of theory and shifted 20 nm towards shorter
wavelengths for better comparison with the experimental data.

On the other hand, a systematic conformational search showed only one
low-energy conformation, in which the plane of each phenyl group is oriented

almost parallel to the C-O oxirane bond (O-C-Cipso-Corto dihedral angles of
-10.7°) and thus forming a -57.5° angle between both aromatic rings (Fig. 4).
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Fig. 4. Geometry optimized conformation and Gibbs free enthalpy (G) of
(15,28)-1 at the B3LYP/VDZ(P) level of theory.



Consideration of solvent effects using a dielectric constant equivalent
to that of the given mobile phase, led to a very similar conformation with
small changes in these angles (-12.6° and -61.0° respectively). Using both
conformations, calculated CD spectra and [a], values for each enantiomer
were obtained and compared with the corresponding experimental data. As
shown in Fig. 3, the CD spectra calculated for the (1S,2S5) isomer agreed with
the experimental spectrum of (-)-1 (the second eluted peak). The calculated
[a],, value of -212.9 for the (1S5,25) isomer showed an excellent correlation
with the measured value, both in sign and magnitude, and therefore confirmed
the CD results by predicting this isomer to be levorotatory. Consideration of
solvent effects did not lead to better agreement with experimental values in
this case (-184.3 for the (15,2S) isomer), but the differences observed between
properties calculated in the gas and solution states are noteworthy. Very small
differences between these low energy conformers produced noticeable changes
in CD and OR intensities (although not in their signs), suggesting that solvent
consideration might be of importance in more complex cases.

From these comparisons, the AC of 1 is (+)-(1R,2R)-1 and (-)-(1S5,25)-1,
which is in agreement with previous studies based on chemical correlation and
application of the exciton chirality rule.?*®

4. CONCLUSIONS

The use of chiral HPLC with CD and OR detection (HPLC-CD-OR),
along with TD-DFT computational calculations, is well suited to assign the
absolute configuration of both enantiomers in racemic trans-stilbene oxide (1).
Excellent chromatographic resolution, high optical activity and a single low-
energy conformation were obtained for 1, and calculation and comparison of
both chiroptical properties gave an AC of (+)-(1R,2R)-1 and (-)-(15,2S5)-1.
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