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Using a Multi-Chiroptical Approach
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01-224 Warsaw, Poland, E-mail: marcin.gorecki @icho.edu.pl

ABSTRACT

To better understand structure-activity relationship (SAR) results, closely related to the
structural features of (—)-Oseltamivir, four chiroptical methods, i.e. electronic circular
dichroism (ECD), optical rotatory dispersion (ORD), vibrational circular dichroism (VCD),
and Raman optical activity (ROA), utilizing different solvents, were employed in an effort to
discover a set of the most probable conformations. Such multi-chiroptical approach supported
by the quantum chemical calculations pointed out that different conformers are stable in
chloroform, acetonitrile and water solutions of (—)-Oseltamivir. This way, the most probable
structures responsible for reported SAR results were established for the first time. It turned
out that one of the predominant conformers in a solution is in excellent agreement with the X-

ray analysis derived solid-state structure determined for (—)-Oseltamivir Phosphate.

INTRODUCTION

Chirality plays a key role in any interaction of living matter with the environment. One
of the most immediate and essential consequences of chirality is seen in pharmaceutical
sciences. Most receptors in human body are chiral and as a result, may interact in a different
manner with the enantiomers of a chiral drug, causing distinct biological and pharmacological
effects for each of them. Consequently, the pharmaceutical regulatory authorities recognized
the essential role played by stereochemistry. Applicants are now prompted to identify the
absolute stereostructure of new drugs, and to separate and determine the bioactivity of all

. . 13 . . . . .
possible stereoisomers. ~ The influence of stereochemistry on the behaviour of bioactive
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compounds cannot be overestimated. It has a significant impact on a number of molecular
properties such as chemical reactivity, catalytic, and biological activities. Clearly, the chiral
analysis is crucial in this combination and provides the key contribution to the better
understanding of biorecognition processes including the binding of drugs to their targets and
the modulation of their function. Such information is essential for the rational design of new
potent and selective drugs, as well as the subsequent optimization of their pharmacokinetic
profiles.z’3 Since many active pharmaceutical ingredients (APIs) possess chiral motifs, a
determination of the absolute structure (configuration and conformation) continues to be an
important challenge in the organic and medicinal chemistry.

The significantly expanded assortment of commercially available instruments, relying
on electronic (ECD, ORD) and vibrational (VCD, ROA) transitions, for measuring different
chiroptical phenomena opens new pathways to study conformation and interactions with the

13,14 that

environment of chiral molecules in the solution phase.*'* Polavarapu pointed out
simultaneous use of different chiroptical techniques increases the confidence level of the
stereochemical analysis of chiroptical data. Nevertheless, chiroptical techniques can be
sensitive to environmental perturbations and their level of sensitivity may vary.

According to the report of Global Industry Analysts, Inc., approximately 95% of
pharmaceutical drugs will be chiral by the year 2020. Since it is not often possible to get
suitable crystals for the X-ray analysis, there is a strong necessity to develop methods for
direct and fast analysis of chiral compounds in solution. In addition to the absolute
configuration(s), the knowledge about the relevant conformers in solution plays a critical role
in SAR and molecular docking studies. One of the best choices, to carry out such research, is
the complementary approach utilizing experimental chiroptical methods in combination with
corresponding quantum chemical calculations. It is nowadays more than reasonable and
legitimate for APIs to undertake such a comprehensive conformational analysis based on the
theoretical computations and experiment.

Interestingly, there are no literature reports indicating that such a study ever took place

for (—)-Oseltamivir, also known as the Tamiflu®, which is presently one of the most active

drugs for the treatment of influenza A and B viruses, including avian flu (Fig. 1).
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Fig. 1. Structure of (3R,4R,55)-(—)-Oseltamivir. Chemical name: (3R,4R,5S5)-4-acetylamino-5-
amino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylic acid ethyl ester.

(-)-Oseltamivir is a second-generation oral neuraminidase inhibitor, and it is currently
considered the only effective drug for avian flu."” As a consequence, many organic chemists
have studied its effective synthesis and published a large number of synthetic methods.'®"” In
2013 for the first time, after an incredible effort, the solid-phase crystallographic structure of
(-)-Oseltamivir Phosphate was obtained by means of a single crystal X-ray diffraction with
synchrotron radiation.'®" However, the conformation of (-)-Oseltamivir in solution phase
was not addressed. In order to fill this gap, the present study reports the chiroptical
spectroscopic investigations. The emphasis is focused on particular information that can be
extracted from the results obtained using multiple methods, concerning conformational

equilibrium in chloroform, acetonitrile, and water solution.

RESULTS AND DISCUSSION

A fundamental prerequisite for the successful computational calculations of any
chiroptical response is the knowledge of all relevant conformational species of the
investigated molecule, since all conformers present in the thermodynamic equilibrium
contribute to the net spectrum.20 Therefore, the results of a thorough conformational analysis
are presented first, followed by the verification of these conclusions by combined results from
four available chiroptical methods, along with extensive theoretical simulations of their
spectra in solution. Finally, a comparison of molecular arrangement of atoms for one of the
lowest energy conformation in solution with that found in a solid phase (based on the X-ray

data) is made.
Conformational Analysis

Due to the high flexibility of the side chains in (—)-Oseltamivir, resulting from the
large number of rotatable bonds, a determination of the most relevant group of conformers is
not a trivial task. To resolve this problem, the following search strategy was used. In the first
step, the conformational search at the molecular mechanics level was carried out within 10
kcal/mol energy window using CONFLEX 7' software with MMFF94s force field (static
variant of MMFF94). As a result, a total of 1150 conformations were identified. Next these
geometries were optimized in the framework of the density functional theory (DFT) using

Gaussian09** at the B3LYP/6-31(d) level in order to reduce their number as well as to remove
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conformers not fitting the narrower 5 kcal/mol energy range, which, by definition, would not
make a significant contribution to the overall population. Then, the remaining 24 conformers
were re-optimized using higher levels of approximation. The exact knowledge of a population
of different conformers is critical for the accurate computational prediction of chiroptical
properties.25 Therefore, in order to exclude the possibility that the population of identified
conformers depends on the level of theory used in computation, all 24 structures were
optimized under the following levels of theory: B3ALYP/TZVP, B3LYP/6-311++G(2d,2p),
B3LYP/aug-cc-pVDZ, and CAM-B3LYP/aug-cc-pVDZ, in combination with the implicit
polarizable continuum model (PCM)*, to reflect solvent effects using the dielectric constant
of chloroform (&= 4.71), acetonitrile (= 35.69), and water (¢= 78.36). The solvents were
chosen according to the expected conditions during the experimental measurements of
chiroptical data and the requirement for transparency in UV and IR regions. On the other
hand, different dielectric constants of a solvent provide an approximate degree of the
solvent’s polarity,27 therefore the solvent-dependency of the title molecule is provided. What
is more, it is well known that solvent has an effect on the population of conformers because of
different physical intermolecular solute—solvent interaction forces (e.g. ion-dipole, dipole-
dipole, dipole-induced dipole, aggregation, hydrogen bonding, etc.).” Consequently, the
presence of such groups as amino and acetylamino in (—)-Oseltamivir molecule opens up
possibilities for creating hydrogen bonds in solution of acetonitrile or water. The implicit
solvent model (PCM) is not efficient in evaluating intramolecular interactions, however such
a study is beyond the scope of the current work.

The relative thermal free energy values (AG) of stable conformers found in the range
of 5 kcal/mol led to similar results, irrespectively of the level of theory used. Therefore, only
the geometries obtained from B3LYP/aug-cc-pVDZ/PCM(CHCI;) and B3LYP/aug-cc-
pVDZ/PCM(CH;CN) level were taken into account and used for predicting ECD, ORD, and
VCD spectra. Since ROA experiments were conducted exclusively in water solution, the
geometries of the relevant conformers from the B3LYP/aug-cc-pVDZ/PCM(H,0) theory
level were also included. The summary of the conformational search for the (-)-Oseltamivir
with relative Gibbs free energies (AG) and populations are shown in Table 1. For clarity,
conformers with estimated population of less than 1% in equilibrium were excluded. Thus,
according to Boltzmann distribution, among 24 possible conformers, 20 are significant in
chloroform and they cover ca. 97% of all the found structures (Table 1), while there are 13

such conformers in acetonitrile and water. The remaining conformers (ca. 3%) are shown in
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Table S1 in the Supporting Information. Four of the most abundant conformers are depicted in

Fig. 2, while others are shown in Fig. S1 in the Supporting Information.

Table 1. An overview of the conformational search for (—)-Oseltamivir. Conformer
populations were calculated using the Gibbs free energy AG (kcal/mol) at the B3LYP/aug-cc-
pVDZ level of theory using PCM model for chloroform, acetonitrile and water. Boltzmann
weights are based on the AG at 298 K. The accuracy of molar fractions of particular
conformers is far less than the number of decimal places given in the table. This accuracy,
however, is kept to show the relative trend of the conformational composition.

B3LYP/aug-cc-pVDZ

in CHCL; (£=4.71)

in CH;CN (= 35.69)

in H,O (¢=78.36)

AG P(%) AG P(%) AG P(%)
Conf. 1 0.00 9.98 Conf. 5 0.00 16.98 Conf. 5 0.00 16.65
Conf. 2 0.01 9.74 Conf. 4 0.14 13.45 Conf. 4 0.10 14.12
Conf. 3 0.08 8.67 Conf. 10 0.27 10.72 Conf. 10 0.24 11.01
Conf. 4 0.22 6.90 Conf. 12 0.30 10.21 Conf. 12 0.28 10.46
Conf. 5 0.24 6.66 Conf. 9 0.37 9.15 Conf.9 0.29 10.25
Conf. 6 0.28 6.22 Conf. 1 041 8.46 Conf. 1 0.49 7.34
Conf. 7 0.28 6.18 Conf. 14 0.47 7.64 Conf. 14 0.49 7.27
Conf. 8 0.30 6.05 Conf. 8 0.54 6.86 Conf. 8 0.61 5.94
Conf. 9 0.33 5.68 Conf. 17 0.83 4.17 Conf. 17 0.82 4.14
Conf. 10 0.48 4.42 Conf. 13 0.89 3.76 Conf. 13 0.85 3.95
Conf. 11 0.48 441 Conf. 7 1.37 1.68 Conf. 20 1.10 2.60
Conf. 12 0.54 4.01 Conf. 2 1.54 1.25 Conf. 22 1.59 1.13
Conf. 13 0.69 3.12 Conf. 3 1.56 1.21 Conf.7 1.65 1.02
Conf. 14 0.74 2.84
Conf. 15 0.75 2.83
Conf. 16 0.80 2.57
Conf. 17 0.81 2.55
Conf. 18 1.12 1.50
Conf. 19 1.12 1.51
Conf. 20 1.13 1.47

CHCI;

, L oX .4 X
Thart e TS S
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Conf. 1 Conf. 2 Conf. 3 Conf. 4

CH3CN (and HzO)
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Fig. 2. Most abundant conformers of (—)-Oseltamivir calculated at the B3LYP/aug-cc-pVDZ

level using PCM model for chloroform, and acetonitrile or water.

According to the calculations of conformational species performed in three
representative solvents, i.e. chloroform, acetonitrile, and water, there are apparent differences
between chloroform and acetonitrile/water. In polar aprotic and protic solvents (acetonitrile
and water) there is almost the same composition of conformers. Small differences are
occurring only between conformers with distribution lower than 3%, but should not have any
noticeable influence on the averaged spectra. To simplify the discussion, one may assume that
the same group of conformers is present in both of these solvents. In contrast, the PCM model
indicates the presence of a different group of conformers in chloroform, indicating ipso facto
the influence of solvent on conformer populations. The quantitative comparison between the
found conformers is summarized in Table 2. One can notice that the most abundant
conformers (Conf. 1 and Conf. 5) have identical orientation of acetylamino and pentyl ether
groups in both solvents, and that they differ only in orientation of ethyl group in ester moiety.
Despite this, not surprisingly, all structures have the same half-chair conformation of
cyclohexene ring, since it is the most stable conformation (Fig. S1) which cyclohexene ring
can adopt.3 % For this reason, the various conformers of (-)-Oseltamivir are determined by the
flexible substituents located at equatorial C4 (acetylamino group), equatorial C3 (pentyl ether
group), and C1 (ester group) positions. All conformers have a positive torsion angle (ca. +53
°) between equatorial amine (C5) and amide (C4) groups, thereby indicating a presence of the
gauche conformer in which the steric interactions between these groups are minimized.

Comprehensive analysis of the identified conformers led to the conclusion that they
can be divided into two families, depending on the sign of diagnostic torsion angle that
includes amide substituent i.e. C5-C4-N12-C15. The numbering of atoms is given in the top
of Table 2. In the first family this torsion angle is negative, while in the second it is positive.
The results, divided into apolar and polar solvents are collected in Table 2. For better
understanding of the complex conformational equilibrium in solution, the graphical bars

visualization is present for all conformers found in the range of 5 kcal/mol.
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Table 2. Overview of the conformational search for the (—)-Oseltamivir with four
representative torsion angles [°]. Conformer populations were calculated using the Gibbs free
energy AG (kcal/mol) at the B3LYP/aug-cc-pVDZ using PCM for chloroform and
acetonitrile. The results from application of PCM model for water solution are not listed,
since they are almost consistent with acetonitrile (see Table 1). The length of bars is

corresponding to computed values of torsional angles.
1
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Conf. 24 189 e 3 B 7 | Conf. 20 1450 [T 124 4 B s7 |

The key structural difference among the conformers found in chloroform and
acetonitrile/water solutions relates to the rotation of amide substituent at C4 position. Thus, in
chloroform there are 54% of species with negative C5-C4-N12-C15 torsion angle (ca. -120 °),
while in acetonitrile there are 93% of such species. The percentage amount of conformers,
separated by the almost planar torsion angle C2-C1-C7-O11, does not depend on the solvent
type, so equal population amounting to 56% exists both in chloroform and acetonitrile. It is
also worth noting that among the found conformers, besides their categorization in
appropriate families, the torsion angle C7-O8-C9-C10, which includes ester group, has the
value of either ca. £180 ° or ca. £80 °, however the torsion angle which characterises the
orientation of substituent at C3, i.e. O13-C18-C19-C20, amounts to either ca. -170 ° or ca. -
64 °.

Seeing that the obtained conformers adopted conformation with the least steric
hindrance, the results of conformational search seem to be reasonable. Moreover, the slight

difference in the number of conformers in chloroform and acetonitrile/water (20 vs. 16 within
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2 kcal/mol, respectively) indicates little effect of solvent on conformers’ geometries in
equilibrium. However, the smaller number of conformers in acetonitrile/water can be
attributed to the reduced conformational mobility in these solvents due to the hydrogen

bonding.

Analysis of ECD spectra

The UV and ECD spectra were recorded in hexane, chloroform, acetonitrile and water
solutions, respectively (Table 3, Fig. 3). Due to the UV cut-off point of chloroform at ca. 230
nm, and, as a result, a lack of ability to register spectrum in range below the cut-off, hexane
was chosen as another apolar solvent, and two additional ECD bands were recorded in its

spectrum.

Table 3. UV and ECD data of (—)-Oseltamivir recorded in hexane, acetonitrile, and water.
UV and ECD values are given as € (Ayax/nm) and Ag (Ana/nm), respectively.

Solvent UV, ¢/ dm’molcm™! ECD, Ac/ dm’mol'cm™
Hex 11200 (192.6) 7750 (215.8)# +2.6 (196.6) -7.9(219.2) | +2.3(255.4)
CHCl, ® * ® ® +3.0 (255.0)
CH,CN 13700 (193.4) 9300 (216.6)" +4.9 (191.8) | -8.8 (224.4) | +2.9 (256.2)
H,0 13500 (192.2) 8750 (219.4)" | +5.8(191.2) | -9.8 (224.4) | +2.6(252.6)
# shoulder, * not recorded due to the cut-off point
Hex
81 -CHCI,
——CHCN
I
'._E 0 i -
:_g
5 5
4
-104
15000 T T T T T T T
—— Hex
CHCI,
——CH.CN
10000 —HO
g
£
S 5000
0 T T T T T T T T T
180 200 220 240 260 280 300 320 340

Al nm
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Fig. 3. Experimental ECD (top) and UV (bottom) spectra of (—)-Oseltamivir recorded in
hexane, chloroform, acetonitrile, and water. Note that the experimental spectrum in
chloroform due to cut-off point can be recorded to ca. 230 nm.

The ECD curves measured in solvents with different polarity show no significant
differences in positions of Cotton effects (CEs) and their intensity (Table 3, Fig. 3). The
experimental data exhibits two positive CEs at ~255 nm and at ~190 nm, and one negative at
~220 nm in all of the solvents. In the same spectral region in UV spectrum, there is a band at
~193 nm and one shoulder at ~220 nm. One can notice that in the hexane solution the second
CE at ~219 nm is blue-shifted by 5 nm in comparison to other solvents, in contrast to the CE
at ~197 nm, which is slightly red-shifted by the same value. The magnitude of observed CEs
is roughly similar, however in the range of 180-240 nm two bands have a higher intensity in
water and lower in hexane. Such a dependency indicates the existence of solvent-solute
interaction. On the other hand, a similar shape of UV/ECD curves in four solvents with
substantially different polarity points to either the restricted mobility or no-mobility of the
cyclohexene ring. In order to investigate the dynamic effects on the equilibrium in solution of
(-)-Oseltamivir with a greater detail, and to seek confirmation of earlier conclusion, the low-
temperature ECD measurements in a non-polar solvent mixture MI;; (methylcyclohexane :
isopentane, 1:3, v/v) at temperatures from +25 °C to -180 °C were done between 210-400 nm
(see Fig. S2). As a result, almost no changes in the ECD spectra are observed (Figure S2),
indicating a substantial conformational stability.’’ As temperature was lowered, the small
decrease of intensity within the lowest energy CE occurs. These changes can be explained by
a shift toward the most stable set of conformers. On the other hand, one may claim that ECD
spectra of individual conformers do not exhibit features enabling their differentiating in net
spectrum.

To validate the experimental observations and to elucidate the contributions of
possible conformers in the solution phase, the relevant ECD calculations for the first 50
electronic states were performed using 24 structures found during conformational search and
subsequent DFT optimization. The simulations of ECD spectra were conducted by TDDFT
method and applied the PCM model to reflect solvent influence. The ECD spectra of all
conformers were calculated with TZVP, 6-311++G(2d,2p), and aug-cc-pVDZ basis set with
two different commonly used functionals for this purpose, i.e. BALYP and CAM-B3LYP. The
Boltzmann weighted ECD spectrum reproduced very well the experimental ECD features
with all listed combinations of levels of theory. However, CAM-B3LYP/aug-cc-pVDZ with
PCM for CH3CN gave the best agreement (Fig. 4). The lowest energy band at ~255 nm is
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corresponding to the transition, having the character of a double bond and ester n(O)—mn*
transitions. The second strong negative band centred at ~220 nm is an admixture of transitions
linked with n(O)—7* and n(N)—=* transitions, while the highest energy band at ~190 nm is
assigned to the m—n* transitions of the ester and amide moiety. An overview of calculated
excited-state properties and molecular orbitals involved in the key transitions for Conf. 5 are
placed in the Supporting Information (Table S2 and Fig. S4).

The calculated ECD spectra using PCM model for various solvents are very similar.
Therefore, it is clear that there is no discernible solvent effect dependency on ECD curves,

independently confirming conclusions from the experimental spectra (Table 3 and Fig. 4).

10 2
exp. CH,CN
—— TDDFT simulation
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» —~
5 o
g 0 o 35
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Fig. 4. Computed ECD (top) and UV (bottom) spectra using 50 electronic states obtained as a
population weighted sum of the calculated spectra of individual conformers of (—)-
Oseltamivir compared to experimental spectra recorded in CH3CN. The UV spectrum
simulated using the same bandwidth as ECD (0.4 eV).

To investigate whether more hints about the molecular structure of (—)-Oseltamivir
can be derived from ECD spectra, a set of four representative conformers from both families,
were selected for more thorough analysis. The first pair of conformers, Conf. 5 and Conf. 4,
differing in energy by 0.14 kcal/mol, is most abundant and populated at ca. 30% in the
equilibrium at 298 K. Both conformers belong to the first family of conformers with a
negative C5-C4-N12-C15 torsion angles. The main structural difference between them is

related to the orientation of ester substituent, showing both different sign and value of the C2-
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C1-C7-011 torsion angle (Table 2, Fig. 2). As representatives of the second family, less
populated in the conformational equilibrium, Conf. 3 and Conf. 2 were selected. They both
have a positive C5-C4-N12-C15 torsion angle. The difference between them occurs again in
the sign of the C2-C1-C7-0O11 torsion angle. The predicted ECD spectra show that there are
two sets of conformers in the solution, which exhibit the same signs of CEs (directly matching
to experimental bands), but with substantially different levels of intensities, especially at ~240
nm and at ~215 nm (Fig. S3). Based on this result, one can anticipate that quantitative
analysis of experimental and calculated ECD spectra may give some clues about predominant
set of conformers. ECD spectrum recorded in water and acetonitrile shows higher magnitude
of CEs, in relation to hexane solution. Consequently, conformers with higher intensity of CEs
are favoured in polar solvents, while in non-polar hexane — the dominant set of conformers is
that with smaller intensity. Furthermore, a variable temperature ECD spectra (Figure S2)
show only a slight decrease of the lowest energy CE intensity, suggesting a stabilisation of

conformers with less intense CEs.
Analysis of ORD spectra

To find more evidence about conformational equilibrium in a solution of (-)-
Oseltamivir, investigation of ORD data was carried out. The experimental ORD spectra were
recorded in Vis region (400-700 nm) using three different solvents, i.e. CHCI3;, CH3CN, and
H,O. The results are given in Table 4 and Fig. 5 for six different wavelengths (633, 589, 574,
546, 436, and 405 nm).

Table 4. ORD data of (—)-Oseltamivir recorded in chloroform (¢ 0.37), acetonitrile (¢ 0.35),
and water (c 0.41) at 20 °C.

[a] / deg cm’ g'1
Solvent
633 nm 589 nm 574 nm 546 nm 436 nm 405 nm
CHCL; -57 -64 -67 -76 -157 -209
CH;CN -38 -44 -47 -54 -88 -105
H,O -22 -26 -28 -32 -59 -74
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Fig. 5. ORD spectra for (—)-Oseltamivir recorded in chloroform, acetonitrile, and water at 20

°C.

These ORD spectra show very similar profiles, but they are of quite different
magnitude. The specific rotations depend on the polarity of a solvent. Consequently, in
chloroform the magnitude is significantly higher than in water solution. It suggests that the
conformation of substituents at C1, C3 and C4 is in some way different, what is reflected in a
certain influence on the ORD curves. In order to better understand the experimental results,
the TDDFT calculations were performed at the same levels of theory as for ECD, using the
identical set of conformers, i.e. CAM-B3LYP/aug-cc-pVDZ and B3LYP/aug-cc-pVDZ, with
PCM model both for CH3CN and CHCl;. A comparison between the experimental data and

calculated results is reported in Table S3 and Fig. 6.

50

50

o 0 o o0
Ng e
§ -100 § -100 4
- 3
8D —=—exp. CH,CN 50 —e— exp. CHCI,
—v— B3LYP/aug-cc-pVDZ/PCM(CH,CN) —v— B3LYP/aug-cc-pVDZ/PCM(CHCI,)
—&— CAM-B3LYP/aug-cc-pVDZ/PCM(CH,CN) —— CAM-B3LYP/aug-cc-pVDZ/PCM(CHCI,)

T T T T -200 T
400 450 500 550 600 650 400 450

-200

T T T T T T
500 550 600 650

Al nm Alnm

Fig. 6. Computed ORD spectra obtained as a population weighted sum of the calculated
spectra of individual conformers of (—)-Oseltamivir compared to experimental spectra
recorded in CH;CN (left) and CHCl; (right).

Theoretical ORD spectra show the same sign and trend as the experimental data of
(—)-Oseltamivir. In both cases, regardless of the functionals used (B3LYP and CAM-B3LYP),

there is a good consistency between the experimental and calculated spectra. An important
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point to be noted here is that conformational species in chloroform are different than those in
acetonitrile, what can be derived by comparing both experimental and simulated ORD
spectra. Moreover, one may conclude that in the chloroform solution, the hydrogen bonds
with the solute are not present, in contrast to the acetonitrile solution. Thus, chloroform barely
interacts with the solute, having almost negligible effect on the equilibrium in solution.
Notwithstanding this and the fact that conformational sensitivity of ORD curves is higher for
(-)-Oseltamivir than for ECD, ORD do not reveal the particular details of conformation

changes in solution.

Analysis of VCD spectra

In comparison with ECD, the range of applications of VCD for studying 3D
environment of chiral molecules is much greater. A number of possible vibrational transitions
lead to a more rigorous definition of molecular structure.®'"*?* Therefore, this method was
chosen for the next step of conformational study of (—)-Oseltamivir. Experimental IR and

VCD spectra were measured in two solvents, CD3CN and CDCl; (Fig. 7).
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Fig. 7. Experimental VCD (top) and IR (bottom) spectra of (—)-Oseltamivir recorded in
CDsCN and CDCls.
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The measurement range can be divided into two sub-regions: (a) the 1900—1600 cm™,
showing intense absorption bands originating from the C=0 stretching vibration from amide
and ester groups and C=C bond; (b) the 1600-900 cm™', where the so-called fingerprint
vibrations occur. These transitions represent mainly bending vibrations related to amide, ester
and 3-pentyl moieties and cyclohexene ring. The analysis of the main bands by Veda
software® were summarized in Table S4 in the Supporting Information.

Direct comparison of IR and VCD spectra recorded in two solvents, having
significantly different characters, demonstrated no essential differences in the spectral pattern,
suggesting that the conformational landscape is similar in the two solvents. However, closer
inspection led to the conclusion that some differences can be found in the intensity of the
VCD bands in the 1900-1600 cm™ range, as well as in the 1300-1200 cm™ range.
Furthermore, in IR spectrum the band located at ~1300 cmlin CDCl; occurs as a shoulder,
while in CD;CN it is well resolved. The next band centred at ~1250 cmlin CDCl; splits into
two, and exists in CD3;CN as a distinctive feature. In the whole spectrum range a red-shift
(from 1 to 21 cm'l) of the bands is also observed when going from CDCl; to CD3;CN. It is
useful to point out that -NH; bending vibration (labelled as #15) observed as a broad and
weak band in IR spectrum at ~1593 cm’, is not observed in the experimental VCD spectrum
recorded in CD;CN, while it can be easily seen in CDCl; (see Fig. 7). Based on the above-
mentioned observations, it is clear that the change of solvent induces conformational
fluctuations in a solution of (—)-Oseltamivir.

To validate the experimental results the DFT calculations of VCD and IR spectra were
run at the same level of approximation, as was done during the geometry optimization, using
the identical set of conformers. The PCM model was applied for both CH3CN and CHCl;
solvents. The resulted Boltzmann averaged VCD and IR spectra, weighted on the basis of
Gibbs free energies, were almost identical (Fig. S5 in the Supporting Information).
Apparently, the PCM model does not reflect the subtle experimental differences between
these two solvents. Therefore, only the comparison between the experimental and the
calculated data from CH3CN is taken into consideration (Fig. 8). The Arabic numerals are

used to label the corresponding features in the experimental and DFT spectra.
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Fig. 8. Experimental VCD (top) and IR (bottom) spectra recorded in CD3;CN compared to
simulated spectra at the B3LYP/aug-cc-pVDZ/PCM(CH3CN) level of theory, obtained as a
population-weighted sum of the calculated spectra of individual conformers of (—)-
Oseltamivir. Note that no scaling factor was applied.

As can be seen in Fig. 8, the population-weighted sum spectra are in close agreement
with the experimental data. There are only a few features that are not reproduced well by the
calculations, and some bands are shifted in comparison with the experimental data. The
reason for these discrepancies is most likely related to an underestimation of the dipole and
rotatory strengths at the applied level of theory and the fact that the scaling factor was not
used over the whole IR and VCD spectrum.

To quantitatively evaluate the agreement between the experimental and theoretical
VCD/IR spectra and, in particular, to avoid human bias, a numerical analysis using the
CompareVOA44 software was carried out. The best scaling factor in the measurement range
amounts to 0.990, giving the similarity index for IR=86.3% and for VCD=66%. The
enantiomer similarity index, calculated as a difference between the similarities for the correct
enantiomer (in this case 70%) and the opposite enantiomer (12%) was equal to 58%.

To further increase the reliability of the calculated VCD bands, the robustness

analysis, introduced originally by Nicu et al.,”®*” was performed. The robustness analysis of
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(—)-Oseltamivir carried out on Conf. 5, showed that all VCD bands, except for one at 1535
cm™ (#14), have a ¢ ratio higher than 10 ppm (Table S4). Consequently, these bands are
robust and can therefore bring reliable structural information. Furthermore, g-factor for band
#14 equals 1 x 10” and from experimental point of view VCD signal may be highly
permutated by noise and experimental parameters.™®

When considering molecules with group(s) which can form intermolecular H-bond(s)
with the solvent (in this case CH;CONH- and —NH; groups with CH3CN) one may expect
some additional interactions that could affect the conformational equilibrium. Nevertheless,
the correct shape of VCD and IR spectra was captured quite accurately, so further discussion
of problems with application of explicit solvent model approach extends beyond the
framework of this study. On the other hand, vibrational spectra of (—)-Oseltamivir do not
provide definitive proof for the set of the predominate conformers in these two solvents. It
should not be surprising since the most abundant conformers in chloroform and acetonitrile,
i.e. Conf. 1 and Conf. 5 respectively, are very similar and differ only in orientation of ethyl
group in ester moiety (Fig. 2 and Table 2), and therefore their VCD spectra are very similar
(Fig. S6). Additionally, such a flexible molecule possess no conformation(s) with apparently

leading weight, what is manifested in experimental vibrational optical activity data.

Analysis of ROA spectra

Raman optical activity (ROA) is currently recognized as an excellent tool for
structural studies of various bioorganic systems.”** The advantage of applying ROA in
structural studies, instead of VCD, stems from the fact that ROA enables a direct examination
of biomolecules in their natural/aqueous environment over a broad spectral range, thereby
offering a rich information content.

With this background in mind, the Raman and ROA spectra were measured in aqueous
solution with excitation at 532 nm in the range of 2000-100 cm™. The comparison of
experimental data with the simulated spectra of the most abundant conformers found during
the conformational analysis at B3LYP/aug-cc-pVDZ/PCM(H,0) level is presented in Fig. 9.
Based on the available literature reports, many authors™** have valued this level of
approximation as being fairly effective, although PCM model is far from being a perfect tool
for the simulation of the influence of an aqueous environment on solute.* The most intense
bands in Raman spectrum were found in the region of 1800-1600 cm™ and they are related to

the C=O0 stretching vibrations of amide and ester groups, overlapped with vibration from the
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C=C bond. In contrast, the ROA spectrum in this region is not characteristic and informative,
and only three very weak bands can be observed. The most intense ROA region (1500-1250
cm’™) is associated mostly with the bending vibrations of amide, ester groups and cyclohexene

ring.

ROA Intensity

—— DFT simulation

exp. H,0

T W T T T N T E T T T

—— DFT simulation
exp. H,0

oMo

Raman Intensity

T T T T T T
1800 1600 1400 1200 1000 800 600

v/cm’
Fig. 9. Experimental ROA (top) and Raman (bottom) spectra recorded in H,O compared to
simulated spectra at the B3LYP/aug-cc-pVDZ/PCM(H,0O) level of theory, obtained as a
population-weighted sum of the calculated spectra of individual conformers of (—)-
Oseltamivir. Note that no scaling factor was applied. The range 1600-600 cm’! multiplies by
3.

In the Boltzmann-averaged spectra the highest inconsistency is present only in ROA
spectrum in the range of 1800-1600 cm™, in contrast to the Raman spectrum, where all
features are well reproduced. Generally, ROA calculations are notoriously difficult from the
purely theoretical and the computational point of view.”* However, this observation
indicates that H-bonds formation between (—)-Oseltamivir and solvent molecules exist, what
is not so clearly visible while using other chiroptical spectra.

The above discussion leads to the conclusion that the DFT calculations of chiroptical

spectra confirm the strength of the conformational analysis performed for water as a solvent
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and provide further support for conclusion derived from VCD spectroscopy, namely that the
chosen set of the most abundant conformers in solution of acetonitrile and water is
convergent. However, due to the high flexibility of (—)-Oseltamivir and the presence of
groups responsible for hydrogen bonding, a definitive answer cannot be given. In addition,
ROA spectrum, among previously used chiroptical methods, provided additional insight into
solute-solvent interactions (in the range of 1800-1600 cm™). It suggests that conformer
distribution in water solution is disturbed by intermolecular interactions, so the presence of

Conf. 5 as the major component of population cannot be unambiguously proved.

X-Ray structure vs. DFT calculated structures

The solid-state molecular structure derived from the single crystal X-ray diffraction
analysis of (—)-Oseltamivir Phosphate, recently published by Naumov (CCDC 914529),'8"
was compared to the most stable conformation (Conf. 5) in water solution calculated at the
B3LYP/aug-cc-pVTZ/PCM(H,0) level of theory. (—)-Oseltamivir Phosphate crystallizes
without solvent in the chiral P2;2,2 space group, and the asymmetric unit contains two
independent ion pairs slightly differing in geometry, therefore Fig. 10 and Table S5 show the

comparison between these two molecules, namely A and B, and Conf. 5.

a3 =
o

Mol. A + Conf. 5 Mol. B + Conf. 5

Fig. 10. Comparison of the X-ray structure of (-)-Oseltamivir Phosphate'® (green) with the
structure of the lowest energy conformer Conf. 5 (blue) of (—)-Oseltamivir in water calculated
at the B3LYP/aug-cc-pVDZ(H,0) level of theory. Left: overlay of crystallographic structure
of molecule A and the computed structure; Right: overlay of crystallographic structure of
molecule B and the computed structure. Hydrogen atoms as well as phosphate group (H,POy4 )
were dismissed for clarity.

Amongst all 24 structures found during conformational analysis, Conf. 5 which is that
of the lowest energy conformation of (—)-Oseltamivir determined by molecular modeling
performed in acetonitrile and water, is the most similar to the structure obtained from the X-

ray data. Since molecules in the solid-state are linked by the intermolecular interaction, it is
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natural that some small inevitable differences occur due to both the conformational and
vicinal effects. The only noticeable difference is related to the orientation of 3-pentyl group at
C3 position. However, this part of molecule has the highest mobility and it is expected that in
a solution a number of rotamers will be present. It is worth to emphasize that the differences
in torsion angles of cyclohexene ring are very small in comparison to DFT calculations, due

to the high rigidity of (-)-Oseltamivir skeleton.

CONCLUSIONS

To get deeper insight into the solution stereochemistry of (—)-Oseltamivir, the
simultaneous application of various chiroptical methods, i.e. ECD, ORD, VCD, ROA,
assisted by computational calculations has been described in this work. It appears that this is
the first case of such a comprehensive study. Based on the extensive conformational search,
the relevant conformational landscape of (—)-Oseltamivir was determined. Close similarity of
geometry of the lowest energy Conf. 5 and recently published X-ray structure of (—)-
Oseltamivir Phosphatelg’19 leads to conclusion that this conformation may predominate also in
the solution of (—)-Oseltamivir. However, a relatively large number of similar structures
detected in chloroform, acetonitrile and water solutions pose a challenge for selecting the
dominant structure uniquely.

Taking advantage of multi-chiroptical approach utilized within the work the following
findings were noted:

e temperature and solvent-dependent ECD curves indicate the conformational dynamics
combined with electronic structure;

e ORD spectra measured in chloroform, acetonitrile and water show considerable solvent
impact on the conformational equilibrium;

e VCD data further reveal conformational changes and influence of the environment on
solution equilibrium. They are particularly present in the range of 1800-1600cm ™,
where C=0 stretching vibration of amide and ester groups as well as C=C bond appear;

e ROA spectrum shows that solute-solvent interactions resulting mainly from hydrogen
bonding, play a significant role in the water solution of (-)-Oseltamivir.

Considering the above results, it can be concluded that diverse conformers are stable in
chloroform, acetonitrile and water solution. The solvent influence is particularly noticeable

for an aqueous environment. In the light of these results, one may state that knowledge about
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the single crystal X-ray structure of such a flexible molecule may not be sufficient enough to
thoroughly identify the enzyme-bound conformations inhibiting the influenza.

Additionally, the data presented in the present work clearly demonstrate that the
simultaneous application of chiroptical techniques provides more complete structure

inspection of APIs in solutions.

EXPERIMENTAL SECTION

ECD Measurements. The experimental ECD spectra were recorded using Jasco J-815
spectrometer at room temperature in spectroscopic grade hexane, CHCl;, CH;CN, and water.
Solutions with concentration of ~5 x 10™* M were measured in a quartz cell with a path length
of 1-0.1 cm. All spectra were recorded using a scanning speed of 100 nm/min, a step size of
0.2 nm, a bandwidth of 1 nm, a response time of 0.5 s, and an accumulation of 5 scans. The
spectra were background-corrected using spectra of respective solvents recorded under the
same conditions.

ORD Measurements. The experimental ORD spectra were recorded using Jasco J-815
spectropolarimeter equipped with Optical Rotatory Dispersion mode attachment (ORD-
M401) at 20 °C temperature in spectroscopic grade CHCl;, CH3sCN, and H,O in the range of
400-700 nm. Solutions with concentration ~1 x 10> M were measured in a quartz cell with a
1 cm path length placed in Peltier type cell holder. All spectra were recorded using a scanning
speed of 100 nm/min, a step size of 0.5 nm, a bandwidth of 4 nm, a response time of 4 s, and
an accumulation of 3 scans. The spectra were background-corrected using spectra of
respective solvents recorded under the same conditions.

VCD Measurements. The VCD and IR spectra were collected simultaneously using
Chiral/R-2X FT-VCD spectrometer from BioTools Inc. at a resolution of 4 cm™ in the range
of 2000-850 cm™ using CD;CN and CHCl;. The spectrometer was equipped with dual
sources and dual ZnSe photoelastic modulators (PEMs) optimized at 1400 cm™'. A solution
with a concentration of 0.16 M was measured in a BaF, cell with a path length of 102 pum
assembled in a rotating holder. To improve the signal-to-noise ratio, the spectra were
measured for 6 h. Baseline correction was achieved by subtracting the spectrum of a solvent
recorded under the same conditions.

ROA Measurements. The ROA and Raman spectra were collected simultaneously using

ChiralRaman-2X spectrometer from BioTools Inc. at a resolution of ~7 cm™ in the range of
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2000-100 cm™ using an excitation wavelength of 532 nm. An aqueous solution with a
concentration of 0.49 M was measured in a micro fluorescence quartz cell with a path length
of 3 mm. The laser power was set to 600 mW at the source. Spectral acquisition times were
~17 h (59040 scans). The baseline was corrected by subtracting the spectrum obtained for the

solvent recorded under the same conditions.

COMPUTATIONAL METHODS

Conformational Analysis. The initial conformational search was done using CONFLEX 7°!"
> software with the MMFF94s force fields within 10 kcal/mol energy window. Next, all
obtained structures were submitted to the Gaussian09** program for DFT optimisation. First,
the B3LYP/6-31G(d) level of theory was used to reduce the total number of found
conformers, eliminating those that do not have a strong impact on the overall population.
Then the remaining conformers were re-optimized using a set of different levels of theory,
i.e., BBLYP/TZVP, B3LYP/6-311++G(2d,2p), B3ALYP/aug-cc-pVDZ, and CAM-B3LYP/aug-
cc-pVDZ, with the implicit polarizable continuum model (PCM)26 for CHCI;, CH;CN, and
H,0. All conformers were confirmed to contain no imaginary frequencies, so they represent
the real minima. The obtained results were similar for all the applied theory levels. Therefore,
the final 24 structures with geometry obtained at B3LYP/aug-cc-pVDZ/PCM were chosen for
subsequent simulations of ECD, ORD, VCD and ROA spectra. Boltzmann populations were
derived from the relative Gibbs energies (AG) of individual conformers calculated at 298 K.

ECD Simulations. Theoretical ECD and UV spectra were computed at the TDDFT CAM-
B3LYP/aug-cc-pVDZ level using PCM model for CH3CN based on the geometry taken from
the B3LYP/aug-cc-pVDZ/PCM(CH3CN) level. Furthermore, the ECD spectra were calculated
using TZVP and 6-311++G(2d,2p) basis set with B3ALYP and CAM-B3LYP. Calculations
were performed for the first 50 excited electronic states, which cover the spectral range of
150-300 nm. However, it has been noticed that the 15 electronic transitions span the range of
170-300 nm. Rotatory strengths were calculated using both the length and the velocity
formalisms. The differences between these two were less than 5%, and for this reason, only
the velocity representations (Rye) were taken into account. The final spectrum was obtained
by Boltzmann averaging (T = 298 K), according to the population percentages of the
individual conformers. The ECD spectra were simulated by overlapping Gaussian functions

46,47

for each transition (0.4 eV bandwidth) using the SpecDis software.
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ORD Simulations. Optical rotations were calculated at six wavelengths (633, 589, 574, 546,
436, and 405 nm) using the TDDFT CAM-B3LYP and B3LYP functional, as well as aug-cc-
pVDZ basis set with PCM model for CH3CN and CHCI;. The final spectrum was obtained by
Boltzmann averaging (7' = 298 K), according to the population percentages of the individual
conformers.

VCD Simulations. Theoretical VCD and IR spectra were calculated at the B3LYP/aug-cc-
pVDZ level with PCM model for CH3CN and CHCIl;. The final spectrum was obtained by
Boltzmann averaging (T = 298 K), according to the population percentages of the individual
conformers. The Boltzmann-averaged spectrum, was converted to Lorentzian bands with a 6
cm™" half-width at half-peak height. The frequencies were not scaled.

ROA Simulations. Theoretical ROA and Raman spectra were calculated at the B3LYP/aug-
cc-pVDZ level with PCM model for H,O. The final spectrum was obtained by Boltzmann
averaging (T = 298 K), according to the population percentages of the individual conformers.
The Boltzmann-averaged spectrum, was converted to Lorentzian bands with a 10 cm™' half-

width at half-peak height. The frequencies were not scaled.

ASSOCIATED CONTENT

A complete overview of the conformational search for the (-)-Oseltamivir. Low-temperature
ECD measurements. Comparison of computed ECD and VCD spectra of selected
representative conformers. Vibrational analysis for the Conf. 5. Cartesian coordinates of all

calculated conformers.
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