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ABSTRACT: Enantiomeric purity of drugs is essential for
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their biological activity. In the present study, we investigate the M/UUW\/\/K ) Li,)i\'ra v
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performance of Raman optical activity (ROA) spectroscopy in | experiment %]
distinguishing four possible stereoisomers of the synthetic %\(’/
precursor used for the production of taxol from baccatin IIL R 4S)ctality i o }\
Taxol is one of the best-selling medicaments used in the :
treatment of ovarian, lung, and breast cancers and Kaposi’s

. . . EITEEEE
sarcoma. In a low yield, it may be isolated from the bark of the Paciitaxel:
Pacific yew tree (Taxus brevifolia); however, its industrial ine
production is largely dependent on the precursor. It is shown :
that for reliable comparison of the experimental and computed =
Raman and ROA intensities a large number of conformers had
to be averaged, to properly account for molecular flexibility in
solution. In addition, if combined with the density functional theory computations, ROA spectra provide convenient and
economic means of absolute configuration determination.

B INTRODUCTION effort to obtain this molecule synthetically. Total synthesis of
paclitaxel was first reported in 1994.°~"" However, commercial
production in this manner is not economical and semi-synthetic
approaches based on chemical modifications of natural taxoids
have been pursued instead.

Some of them'” are based on the chemical functionalization of
baccatin III (Figure 2), which could be isolated from the leaves of
a common European yew tree, Taxus baccata (1 g/kg). Removal
of the leaves from the tree has no effect on its health, and the
leaves are quickly replaced by the plant. Baccatin III differs from
paclitaxel in the presence of an OH group at C13 instead of the
Taxol side chain.

Therefore, baccatin III is functionalized by 1-t-butyloxycar-
bonyl-3-triethylsilyloxy-4-phenyl-2-azetidinone (1-BOC-3-TES-
microtubule polymer, which prevents the metaphase spindle 4-Ph-azetidin-2-one, I in Figure 3), possessing two chiral centers.

configuration in chromosomes and eventually leads to cell Among the four possible stereoisomers of I, just one of them,
apoptosis.>° (3R/4S)-I, can be used. Therefore, there is a need for
Chemically, paclitaxel is classified as a taxane diterpenoid or unambiguous and rellati.vely easy differentiation among thgm.
taxoid.* Such diterpenoids comprise over 200 compounds and Standard ways of assigning the absolute configuration comprise
possess a skeleton of 20 carbon atoms, forming four isoprene X-ray crystallography and NMR. However, they are quite
laborious, for example, requiring either crystallization or

units. They share the [9.3.1.0] pentadecene system,” forming ' b exdl i ! AN
three rings (A, B, and C; Figure 1). Paclitaxel is an ester having an chemical derivatization. \llgf l1;nvest1gate the reliability of Raman
optical activity (ROA) “~'° spectroscopy in assigning the

N-benzoylphenyl-isoserine group attached at C13 and an extra ) g
oxetane D ring attached at C4 and CS. There are 11 stereocenters absolute configuration. ROA spectroscopy together with vibra-

Paclitaxel, also known as Taxol, is one of the most powerful
natural anticancer agents. It is one of the best-selling medica-
ments used in the treatment of ovarian, lung, and breast cancers
as well as Kaposi’s sarcoma.’ It was discovered in the bark of
western yew, Taxus brevifolia, at the Research Triangle Institute
in North Carolina in 1967; its chemical structure was first
published in 1971” (see Figure 1, left). It was promptly found
that paclitaxel acts as a mitotic inhibitor of cell division; its unique
mechanism of action was discovered in 1979.” Paclitaxel also
targets tubuline, causing defects in mitotic spindle assembly and
chromosome segregation. Unlike other antimitotic agents, which
prevent the polymerization of tubulin into microtubules
(colchicine, vinca alcaloids, etc.),* paclitaxel stabilizes the

in the molecule; the natural one is displayed in Figure 12 tional circular dichroism (VCD) s.pectroscopyl(’_18 explores the
Paclitaxel may be isolated from the bark of the Pacific yew tree
(T. brevifolia), but the tree is rather rare and the content of the Received: December 7, 2016
compound is low (0.1 g/kg).” Once the bark is removed, the tree Revised:  January 20, 2017
dies. The demand for paclitaxel brought about a tremendous Published: January 22, 2017
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Figure 1. Structure of paclitaxel, with labeled rings and the numbering scheme of the [9.3.1.0] pentadecene system (left). Chiral centers of a

pharmaceutically active stereoisomer of paclitaxel (right).

Figure 2. Structure of baccatin III.

Figure 3. Structure of (3R,4S)-1, with labeled numbering of the azetidine
ring. Chiral carbon atoms are marked by asterisks.

natural vibrational optical activity'” of molecules. These
techniques are very sensitive to stereochemistry and conforma-
tion and were thus advertised as ideal techniques for determining
the absolute configuration®’ and enantiomeric purity. They can
also identifzr the conformation of biological molecules in solution
'=2% proteins,”*"** nucleic acids,””*° carbohy-
viruses,”* etc.).

Because of the limited spectral range of the VCD technique,
we focus on spectroscopic differentiation among individual
stereoisomers of I using the ROA method, combining the
experimental data with density functional theory (DFT)
simulations.
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B METHODS

Experimental Section. Two samples (marked as A and B)
with different, but unknown, absolute configurations of I were
provided by Teva Pharmaceuticals CZ, s.r.o. and dissolved in

MetOH to a concentration S0 mg/ ml. Each solution was putinto

(R-rMx10*

sample A
sample B
—— AAB

——— MetOH (x 0.05)

R+

200

600 800 1000 1200

Wavenumber (cm™)

1400 1600 1800

Figure 4. Experimental Raman and ROA experimental spectra of
samples A and B of I Differences, AABgay = (Aray — Bran)/2 and
AABros = (Aroa + Broa)/2, and solvent (MetOH) spectra are also
plotted.

a quartz cell (~60 ul, 4 X 3 mm; Starna Scientific Ltd.) and
measured at room temperature (20 °C). Before signal
accumulation, the samples were left in the laser beam for 30
min to quench the fluorescence from residual impurities. Raman
and ROA spectra were recorded using a p-ChiralRaman-2X
instrument (BioTools, Inc.) within a spectral range of 100—2455
cm™, with a 532 nm excitation wavelength, 1.029 s accumulation
time, and 8 cm™ resolution and for 10 min per frame (480
accumulations). The total acquisition time of each sample was
~80 h. The wavenumber scale was calibrated using the Raman
spectrum of toluene. The Raman spectrum of the MetOH
solvent was accumulated for 20 min and subtracted as a baseline;
the final spectra were also smoothed to eliminate instrumental
noise. The ROA spectra required only minor polynomial baseline
adjustment. Spectral intensities were corrected for the instru-
ment response function.™

Quantum Mechanical Calculations. Structure optimiza-
tion was done using the Gaussian09 (Revision BO1) program,36
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Figure S. Definition of the dihedral angles in the (3R,4S)-I conformer (top) and corresponding calculated potential energy profiles (bottom). Multiple

minima are labeled.

using the B3LYP hybrid functional,*”® 6-311++G** basis set,>’
and implicit solvent model COSMO***! to mimic the MetOH
environment. The starting conformations were generated by
scanning (10° step) four dihedral angles (see Figure S for their
definitions) using a smaller basis set (6-31G).

Raman and ROA intensities for individual conformers were
obtained within the harmonic approximation at the same level of
theory (DFT/B3LYP/6-311++G**/COSMO(MetOH)); back-
scattered spectral profiles were generated by convolution of the
intensities with a Lorentzian function of 10 cm™" full width at
half-height and a Boltzmann factor corresponding to 298 K.
Spectra of each diastereomer were acquired as a Boltzmann
average corresponding to DFT energies. We used various
weightings based on the electronic energy (AE), zero-point
vibrational energy (AE,), enthalpy (AH), and Gibbs energy
(AG).

B RESULTS AND DISCUSSION

Experimental Raman and ROA Spectra. The experimen-
tal spectra are shown in Figure 4. The Raman spectra of both
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enantiomers look almost identical, indicating a high purity of the
samples. The largest difference in the Raman spectra, AABg,y,,
can be seen around 1030 and 1460 cm™, where intense MetOH
solvent bands occur and the baseline is difficult to subtract. Note
that the intensity ratio of the solvent-to-solute signal was ~15—
30:1. The “identical” Raman spectra also indicate that samples A
and B have the same or opposite (enantiomeric) configurations,
that is, they are not diastereomers. This is obviously confirmed by
the ROA spectra, exhibiting a “mirror-image” symmetry. From
the ROA spectra, we can also tell that the enantiomeric excess is
comparable, most probably close to 100%.

Conformer Analysis. The azetidine ring in I is quite rigid;
however, the orientation of the lateral groups (BOC, TES, and
Ph), dependent on dihedral angles a, 3, 7, and &, can vary. One-
dimensional scans that allow us to better estimate the molecular
flexibility are plotted in Figure 5.

For the Ph group, there is only one favored orientation, at & ~
—30°. The BOC group prefers two different orientations, with f’s
of —5° and 175° (cis and trans). There is also considerable
freedom in the conformations of the TES ethyl groups, with

DOI: 10.1021/acs.jpcb.6b12318
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Figure 6. Relative energies of (3R,4S)-I conformers, and the most favored conformations of the TES group.
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Figure 7. Raman and ROA spectra of (3R,4S)-I. Spectra based on AH
Boltzmann weighting are plotted in red. Averaging schemes based on the
AE, AE,, and AG energies provided very similar spectral profiles;
therefore, we plot only their differences with respect to the AH curve,
marked as “AE — AH” (blue), “AE, — AH” (green), and “AG — AH”
(yellow).

three stable orientations, L (§ ~ —60°), R (§ ~ 60°), and U (6 ~
180°), which lead to 27 different conformations for the whole
TES group. Thus, in total, 54 conformers were considered. Their
calculated relative energies are shown in Figure 6 for (3R,4S)-1.
We can see that the orientations of the BOC and TES groups
contribute almost independently, as the curves specific to each
conformation of the BOC group (cis or trans) are similar. The
trans conformation is slightly preferred over the cis conformation
(by about ~0.07 kcal.mol™) due to steric reasons, that is, the
proximity of the Ph group. Rotation of the ethyl groups causes
energy changes up to 2.2 kcal/mol. The lowest-energy
conformations with respect to the TES group ethyls are LLL,
RRR, URL, LUL, and RUR (Figure 6).

As the relative energy differences are close to the Boltzmann
quantum (kT ~ 0.6 kcal/mol at 20 °C) all 54 conformers can, in
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Table 1. Calculated Boltzmann Weights (Based on AH) of the
(3R, 4S)-1 Conformers at 300 K

conformation (3RA4S)1 conformation (3R4S)-1
BOC TES n (%) BOC TES n (%)
A URL 5.5¢ B URL 5.3
LUR 2.6 LUR 3.0
RLU 2.8 RLU 2.5
LLL 2.7 LLL 24
RRR 2.1 RRR 2.1
ULL 2.5 ULL 24
LUL 6.0 LUL 5.4
LLU 24 LLU 2.1
URR 2.3 URR 24
RUR 1.9 RUR 1.9
RRU 4.7 RRU 3.6
UUL 1.9 UUL 1.7
ULU 0.9 ULU 0.8
LUU 15 LUU 14
UUR 0.7 UUR 0.7
URU 2.0 URU 19
RUU 13 RUU 1.1
LLR 0.2 LLR 0.3
LRL 14 LRL 12
RLL 0.8 RLL 0.7
RRL 1.4 RRL 12
RLR 0.2 RLR 0.2
LRR 0.9 LRR 0.8
LRU 1S LRU 1.5
RUL 14 RUL 1.2
ULR 0.2 ULR 0.2
UuuuU 0.2 Uuu 0.2

“The bold values correspond to the 10 most abundant conformers.

principle, contribute to the spectra, and we average the results for
all of them.

Calculated Raman and ROA Spectra. The spectral profiles
were calculated as a Boltzmann average. The AE, AE;, and AH

DOI: 10.1021/acs.jpcb.6b12318
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Figure 8. Calculated Raman and ROA spectra of (3R,4S)-I conformers
and the Boltzmann average (AH; for individual conformer weights, see
Table 1).

energy models provided almost identical results, whereas AG
gave slightly different spectra (Figure 7). Further, we use AH
weighting (see Table 1), as the AG model implemented in
Gaussian for the gas phase might not be applicable to our system

T T T T T T T T T
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Figure 9. ROA spectrum of (3R4S)-I, calculated as the AH-based
Boltzmann average obtained from the full set of 54 conformers
(“N(54)”, red), and differential spectra with respect to the spectra
obtained by averaging only 30, 20, and 10 conformers (“N(54) —
N(30)”, blue; “N(54) — N(20)”, green; and “N(54) — N(10)”, yellow,
respectively).

and because of the numerical instability of AG for low-frequency
vibrations.

Individual conformer intensities are shown in Figure 8. In the
Raman spectra, the averaging results merely in broadening of the
spectral lines. For the ROA spectra, the differences between the
conformers are much larger and averaging is needed for
modeling of the observed intensities. Note, for example, the
cancelation of the signals between 1400 and 1500 cm™’,
formation of the (+—+-)-pattern around 800 cm™, and buildup
of the average signal bellow 400 cm™". Thus, the ROA spectra
seem to be more sensitive to the conformer composition of the
sample at least on a qualitative level.

The effect of the number of conformers used in Boltzmann
averaging on the ROA spectrum is shown in Figure 9. Obviously,
high-energy conformers (N > 20) do not contribute much; the
difference becomes more significant only when N = 10
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Figure 10. Raman and ROA spectra of the A and B conformers of
(3R4S)-1 (top) and (3S4S)-I (bottom), otherwise calculated as a
Boltzmann average (AH) over TES ethyl group orientations. Summary
Raman and ROA spectra are shown in black; marker bands for the cis or
trans conformation of the BOC group are labeled.

conformers are used. Even then, the spectrum is very similar to
the full average.

Although only the average is observable, to obtain a detailed
view of ROA structural sensitivity it is interesting to analyze the
contributions of several prominent conformations. For example,
the cis and trans conformations of the BOC group affect difterent
I diastereomers differently, as shown in Figure 10. The
differences are much more obvious in the ROA spectra than in
the Raman spectra, which is shown on the number of labeled
bands specific to each conformation.

Absolute Configuration Determination. Raman and
ROA spectra of the (3R4S)-I and (3S,4S)-I diastereoisomers
are compared in Figure 11. The calculated spectra seem to exhibit
a sufficient number of differences for reliable assignment of the
absolute configuration when compared with the experimental
spectra. The most important criterion is correspondence of the
signs of the ROA spectral bands. The calculated band positions
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Figure 11. Calculated Raman and ROA spectra of the (3R,4S)-I (black)
and (35,45)-1 (green) diastereomers. Vibrational bands sensitive to the
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Figure 12. Comparison of the experimental (sample B) and simulated
Raman and ROA spectra of (3R,4S)-I and (35,4S)-1.

(wavenumbers) are usually slightly upshifted, mostly due to the
harmonic approximation used in the calculations. However, the
calculated relative band intensities also differ slightly from the
experimental ones, which is caused by neglecting some of the
interactions with the surrounding solvent environment (using
the implicit solvent model) and the use of other approximations
within the simulation; nevertheless, these effects change the
strongest ROA bands only in a minor way.

On the basis of the comparison between the calculated ROA
spectra of both diastereoisomers, we can identify several bands
sensitive to the particular chirality on C3 and C4 of the azetidine
ring (see Figure 11). There is obvious disproportion between the
number and intensity of features specific to the chirality on each
atom, strongly in favor of C4 (3*:4* = 6:12). Such an imbalance
could be explained by the conformational flexibility of the groups
attached to both chiral atoms:** (i) the rigid conformation of the
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linkage between the azetidine ring and phenyl group attached at
C4 (see angle « in Figure 5) may cause the presence of narrow
intensive bands connected with a specific C4 chirality and (ii) the
conformational flexibility of the TES group attached to C3 (see
angle & in Figure S) could lead to a decrease in and even the
cancelation of some corresponding spectral features.

The experimental and theoretical spectra are compared in the
Figure 12. It is clear that sample B (in red, middle) is best
represented by the model of the (3R4S) chirality. Indeed, 28
bands (labeled in Figure 12) that were similar in ROA sign and
relative intensity could be found within 150—1850 cm™".

Vibrational Analysis. Detailed vibrational analysis was
performed for the (3R4S)-1 isomer. In total, there are 114
vibrational modes within the inspected spectral region of 200—
1850 cm™". We focus on those used for assignment of the
absolute configuration (labeled from 1 to 28), complemented
with 12 modes pronounced in the Raman spectrum. The results
are shown in Table 2.

The most intense bands, both in the Raman and ROA spectra,
originate for vibrations of the phenyl or amide (both amide I and
III) group. There is also a strong ROA signal due to bending
vibrations of §(C—H) at chiral atoms of the azetidine ring (C3
and C4) and its deformations (6(CCC) and y(CCC)). Bending
vibrations of the methyl and methylene groups in the BOC and
TES residues are visible in the Raman spectrum but less so in the
ROA spectrum. Most probably, vibrational coupling among
different methyls and methylenes produces a number of ROA
bands of similar frequencies but variable signs, which eventually
results in signal cancelation. The ROA signal in the low-
frequency region (<500 cm™') is formed by skeletal
deformations of the whole molecule and rotations of the methyls
of the BOC and TES groups. Therefore, it is very specific for each
configuration of L

From the above analysis (Figure 11 and Table 2), we see that
the chirality at C4 can be determined relatively reliably. On the
other hand, the absolute configuration at C3 is more challenging,
as there are only a limited number of ROA bands connected to it
(modes 8, 14, 20, 24, and 28) and they are weak. Nevertheless,
the correspondence between the experimental and calculated
spectra is good enough to conclude that sample B possesses the

(3R4S) chirality.

B CONCLUSIONS

Our task was to investigate whether ROA spectroscopy can
reliably discriminate between the different diastereoisomers of a
taxol precursor. Indeed, combining the ROA experiment with
theoretical simulations of the spectra, we have been able to assign
absolute configurations of test samples A and B as (35,4R)-I and
(3R/4S)-1, respectively, with a high degree of confidence. Thus,
ROA spectra can be used as a reliable tool for inspection of
chirality during the synthesis of paclitaxel.

The diastereomers can be distinguished as well, although they
are more challenging than mere enantiomers and their ROA
spectra are not related by mere “mirror symmetry”. On the other
hand, diastereoisomeric Raman spectra do differ as well and can
complement the ROA analysis, unlike those for the enantiomers.
We also saw that such analyses are impossible without
investigating molecular flexibility and complete averaging of all
low-energy conformers. Although the ROA spectra were
differently sensitive to the absolute configuration at the two
chiral centers, the simulations were accurate enough to
discriminate the diastereoisomeric species on the basis of
comparison of the simulated and experimental spectra. Still,

DOI: 10.1021/acs.jpcb.6b12318
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Table 2. Calculated and Experimental Vibrational Frequencies in (3R, 4S)-I and Mode Assignment"'b’c’d

mode DFT,v(cm™) exp Raman, v (cm™) exp ROA, v (ecm™) serclls]iltriifll'ty
1 1823 1811 m 1808 vw
2 1726 1732, 1711w 1734, 1711 vw 4%
1640 1610 m o 3*
1621 1590 w 1]
1500 1462 m 1473 w
1481 1450 sh 1452 w
1450 1416 w o
1395 1369 w 1371 vw
3 1326 1334 w 1337 w 4%
4 1312 I} 1302 w 4%
1296 1286 w 2]
N 1282 @ 1272 m 4%
6 1264 1256 vw 1258 m 4%
7 1235 1221 m 1221s 4%
8 1213 I} 1197 m 3*
9 1203 1185 w 1178 w 4%
10 1159 1159 w 1154 w 4%
11 1117 1105 w 1103 s
1101 1080 vw 1080 w
12 1058 I} 1043 w 4%
13 1048 1030 m 1030 m 4%
14 1015 1004 s 1005 m 3%
982 975w 1]
15 929 925 m 919 s 4%
16 894 894 vw 890 w
17 859 852 m 855 m
18 815 823 w 821 m
19 788 777 sh 781 m
20 755 751 m 752 m 3*
729 707 w ]
21 677 677 vww 670 w
22 631 620 m 614w
615 2 592 m
592 569 m ]
538 536 m o
23 347 2} 357w 4%
24 330 331w 332 m 3*
25 300 301 vw 304 m, sh
26 231 231w 247 m
27 219 I} 220 m 4%
28 201 202 w 196 m 3*

assignment
v(C=0), AZ
v(C=0), BOC-amide I
v(C=C), Ph, vg,
U(C=C), Ph, vg,
8(C—H,;) asymm., TES
8(C—H;) asymm., BOC
S8(C—H,) sciss., TES
S5(C—H) bend,, AZ + v(C=C), Ph, 1,
Amide 111 + §(C—H) bend., AZ
v(C=C), Ph, v}, + §(C—H) bend., AZ
Amide 111 + §(C—H) bend., AZ
Amide IIT + §(C—H) bend., AZ
Amide 111 + §(C—H) bend., AZ
8(C—H), Ph + 6(C—H) bend. at C4, AZ
S5(C—H) bend. at C3, AZ + §(C—H), Ph, vy,
v(C—(CHj;) ) symm., BOC + 6(C—H) bend. at C4, AZ + 5(C—H), Ph, v,,
v(C—O—tBu) asymm., BOC
8(C—H), Ph, v, + 8(C—H) bend,, 6(N—C), AZ
5(C—H), Ph, vg,
5(C—H;) wag, BOC
5(C—H), Ph, vg,
§(C—H), Ph, vy,
§(C-H,) wag. & twist, (5(C—H3), TES
8(C—H,), BOC + 6(C—H), Ph, vy
y(CCC), AZ + y(C—H), Ph, v,
y(C—H), Ph, v,y + §(CCC), AZ
v(C—(CHj;) 4), BOC + §(CCC), AZ
y(C—H), Ph, vy, + y(COO), BOC
y(C—H), Ph, v, + §(CCC), AZ
7(C—H), Ph, v, + 6(CCC), AZ
8(C—H,) rock, §(C—H,), TES + §(CCC), AZ
8(CCCQC), Ph, vg,
y(CCC), Ph, v,4, + 5(CCC), AZ + v(Si—(C,Hs),), TES
y(CCC), Ph, v,4, + 5(CCC), AZ + v(Si—(C,Hs),), TES
y(CCC), AZ
§(C—(CH;);), BOC
y(CCC), whole molecule
5(Si—(C2H5)3), TES
y(CCC), whole molecule
y(C—H,;), TES
y(C—H,), TES

%, strong (35—100%); m, medium (10—35%); w, weak (3—10%); vw, very weak (1—3%); @, unrecognizable; sh, shoulder. *BOC, +
butyloxycarbonyl group; TES, triethylsilyloxy group; Ph, phenyl group; AZ, azetidinone. “v, stretching; &, in-plane deformation; y, out-of-plane
deformation. “v,,, numbering according to the Wilson benzene ring modes nomenclature.

computational errors stemming from conformer and solvent
modeling should be carefully evaluated and need to be smaller for
molecules with multiple chirality centers than for discriminations
between two enantiomers only.
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