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Synthesis, resolution, and absolute configuration of two
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Abstract—Three racemic esters based on the 1,5-diarylpyrrole structure, which proved to be highly selective COX-2 inhibitors endowed
with an appreciable anti-inflammatory activity in some animal models, were subjected to chiral resolution. Their absolute configurations
were assigned by comparison of the CD spectrum measured on-line with a HPLC–CD detector, with that calculated by means of a
TDDFT method.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Commercially available nonsteroidal anti-inflammatory
drugs (NSAIDs) (e.g., aspirin, indometacin, and diclofe-
nac) are generally effective and widely used for the treat-
ment of inflammatory conditions.1–3 However, the
disruption of beneficial prostaglandin (PG) production by
all the currently used NSAIDs results in a mechanism-
based toxicity mainly in the gastrointestinal (GI) tract
and in the kidney,4–6 thus limiting their therapeutic useful-
ness, especially when long-term treatment is involved.

More than a decade ago, an inducible cyclooxygenase
(COX) isozyme, now commonly known as COX-2, was dis-
covered and found to be expressed primarily in inflamed
tissues.7–10

As a result, substantial effort has been undertaken in the
pharmaceutical industry to identify selective and orally
active COX-2 inhibitors11,12 able to provide the desired
anti-inflammatory and analgesic profiles, without the dele-
0957-4166/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2006.12.019

* Corresponding authors. Tel.: +39 050 2219203; fax: +39 050 2219409
(P.S.); tel.: +39 0577 234173; fax: +39 0577 234333 (M.A.); e-mail
addresses: psalva@dcci.unipi.it; anzini@unisi.it
terious side effects commonly associated with the existing
NSAIDs.

Several distinct classes of selective COX-2 inhibitors have
been reported in the literature.13 Most of these selective
COX-2 inhibitors belong to the diaryl heterocyclic class,
also known as the ‘coxibs’, and have demonstrated potent
anti-inflammatory activity in the rat adjuvant-induced
arthritis model along with exceptional safety profiles in
comparison with the current NSAIDs. Amongst these
compounds, celecoxib14 (SC58635, Celebrex�, 1) and
rofecoxib15 (MK-966, Vioxx�, 2) constitute the most
representative and widely marketed drugs (Chart 1).

As part of our research program aimed at discovering
new pyrrole-containing anti-inflammatory agents, we have
successfully identified a novel series of 1,5-diarylpyrrole-
3-acetic acids and esters 3 as new, potent, and selective
COX-2 inhibitors,16 in which the pyrroleacetic and vicinal
diaryl heterocyclic moieties are reminiscent both of
indometacin 4 and of the above-cited ‘coxib’ family,
respectively.

In order to increase our knowledge on the COX-2 inhibi-
tory activity of 1,5-diarypyrroles functionalized at the
3-position of the pyrrole moiety, we synthesized racemic
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esters 5, resolved them by HPLC and assigned their abso-
lute configuration.

Efficient racemate separation conditions could be found for
compounds 5a and 5b, and their CD spectra measured on-
line using a HPLC–CD detector.17 The absolute configura-
tions were then assigned by comparison with CD spectra18

computed using the TDDFT method.19 The input struc-
tures were obtained by DFT geometry optimizations
following a thorough conformational study with computa-
tional (DFT, AM1) and spectroscopic techniques (1H
NOESY, variable temperature NMR).
2. Results and discussion

2.1. Synthesis of compounds 5a–c

The synthesis of racemic esters 5, as shown in Scheme 1,
was accomplished starting from the suitable 3-unsubsti-
tuted 1,5-diarylpyrrole 6 prepared, as previously re-
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ported,16 via a regioselective acylation with methyl
pyruvate in the presence of TiCl4 to give the expected deriv-
atives 5 in satisfactory yield. In order to assign the absolute
configuration of compounds 5a–c, we first considered the
possibility of acylating the hydroxyl group to obtain suit-
able bi-chromophoric derivatives for application of the
exciton chirality method.20 The pre-existing 2-arylpyrrole
chromophore absorbs in the 300–350 nm region (emax =
16,700 at kmax = 329 nm for 5a in acetonitrile); therefore,
we looked at 4-methoxy cinnamate (kmax = 310 nm) as
the most appropriate candidate for an efficient exciton
coupling.20 Unfortunately, in the present case, various
reported derivatization procedures21 were unsuccessful,
probably due to the high steric hindrance caused by the
different substituents at the asymmetric carbon, which
made the tertiary alcohol completely unreactive. In order
to overcome this obstacle, we resolved to proceed directly
to the chiral separation of racemic esters 5a–c by means
of enantioselective HPLC.

2.2. Enantioselective HPLC of compounds 5a and 5b

In order to obtain a fast, direct method for the resolution
of racemates 5a–c, we attempted several procedures of chi-
ral liquid chromatography. Preliminary baseline separation
of 5a was successfully performed by HPLC with an amy-
lose carbamate CSP (Chiralcel AD�), on an analytical scale
of the racemate, by first eluting with an i-PrOH/
n-hexane (70:30 v/v) mixture at a flow rate of 0.30 mL/
min; in a second attempt to improve the enantioselectivity
of the column, the amount of i-PrOH was lowered from
70% to 60%. Under these conditions, the enantiomers of
compound 5a were separated showing a retention time of
16.7 and 18.4 min, respectively.

Unfortunately, the chiral separation of racemate of 5c was
unsuccessful, while the racemates of compounds 5a and 5b
were definitively separated by enantioselective HPLC with
CD detection on-line, under the above-cited conditions.
Figure 1a displays the elution profile obtained for 5a upon
setting the detection wavelength (for both the absorption
and the CD detectors) to 330 nm, corresponding to the
absorption maximum observed in the UV spectrum mea-
sured on a racemic sample of 5a. The first eluted enantio-
mers of 5a and 5b showed a positive CD signal at
330 nm, while the second eluted ones showed a negative
CD (Fig. 1a; data for 5b not shown). The CD spectra mea-
sured on-line,17 in correspondence with the two elution
peaks of 5a, are almost perfect mirror-images (Fig. 1b);
the anisotropy g-value DA/A for the most intense CD
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Figure 1. (a) Chromatogram of the enantioselective separation of 5a.
Conditions: Chiralpak� AD column, eluent hexane/2-propanol 60:40, flux
0.3 mL/min, detector (Abs and CD) wavelength 330 nm. (b) CD and
absorption spectra measured on-line in correspondence with elution
peaks.
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signal of compounds 5a–b is of the order of 10�4, intense
enough to obtain an acceptable CD signal-to-noise ratio.
The first eluted enantiomer of 5a displays a broad positive
CD band at 280–370 nm, with the maximum at 335 nm and
a shoulder on the short wavelength side (more clearly seen
for the second eluted compound), plus a negative peak cen-
tered around 245 nm.
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2.3. Conformational study of compound 5a

The knowledge of the solution conformation is a funda-
mental prerequisite for interpreting the CD spectra for
the determination of absolute configuration. In what fol-
lows, we focus on compound 5a; our results can easily be
extended to 5b. Upon inspection of the molecular struc-
ture, several degrees of freedom may be expected to concur
to the overall conformation adopted by 5a (see bold bonds
in Chart 2): the C3–C2 0, the C2 0–OH, and C1 0–C2 0 torsions
in the proximity of the chiral center; the N1-phenyl and the
C5-aryl torsions on the opposite side of the molecule; and
finally, the aryl-S(@O) torsion. The problem may be sim-
plified by taking into account the three sets of torsions
independently of each other, which ends up in examining
the three model compounds A, B, and C.

The 1H NMR spectrum of 5a in CDCl3 or CD3CN consists
of a single set of peaks. Selective 1D-NOESY spectra
showed, among others, a diagnostic NOE correlation
between H4 and C3 0 methyl protons, with comparable
intensity in the two solvents employed; no Overhauser
enhancement was detected between the C2-attached and
C3 0 methyls (Scheme 2). The chemical shift for the hydr-
oxyl proton varied somewhat downfield upon heating the
sample, moving from 3.663 ppm at 280 K to 3.518 ppm
at 323 K in CDCl3, and from 4.105 to 3.887 ppm in
CD3CN. A linear d (ppm) vs. T (K) relationship was
observed (linear correlation R > 0.9998) with a slope DdOH/
DT = 3.4 ppb/deg in CDCl3. Such a relatively small value
for the temperature coefficient indicates a reduced mobility
of the hydroxyl proton consistent with an intramolecular
hydrogen bond; the commonly accepted threshold for diag-
nosing an intramolecular hydrogen bond is in fact 4.6 ppb/
deg.22 In CD3CN, a solvent with stronger hydrogen bond
acceptor capacity, which would mimic the eluent mixture
used for HPLC,23 the temperature coefficient amounts to
DdOH/DT = 5.0 ppb/deg (R > 0.9997), only slightly above
the threshold. Interestingly, the hydrogen bond is pre-
served in the solid state: the IR stretching frequency for
the ester bond was observed at 1728 cm�1 (KBr disk), a va-
lue expected for ester groups involved as hydrogen bond
acceptors.24 In conclusion in the case of 5a, the experimen-
tal data support the structure sketched in Scheme 2.
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Molecular modelling of compound A started with a double
torsional AM1 energy scan relative to C3–C2 0 and C1 0–C2 0

torsions varied each in the 0–360� range by 15� steps. This
resulted in 4 low-energy regions within which 8 structures
were found as local AM1-energy minima. They were then
optimized with B3LYP/6-31G(d) and converged in 4 final
structures. Two of them, the lowest energy one and the sec-
ond most stable (+0.034 kcal/mol), showed an arrange-
ment (Fig. 2) clearly compatible with the experimental
data: in particular, the C3 0–C2 0–C3–C4 dihedral attains
such values able to justify the NOESY results, while the
C2 0–OH and C1 0–C2 0 torsions allow for the intramolecular
hydrogen bond. No experimental definite proof was found
for the two remaining DFT structures with much higher
energy (over +1.30 kcal/mol above the absolute minimum);
they were therefore discarded.
Absolute minimum +0.034 kcal/mol 

23 deg 59 deg 

Figure 2. The two lowest energy conformers (and relative C3 0–C2 0–C3–C4
dihedral values) computed by B3LYP/6-31G(d) for model A.

�A structure with no intramolecular hydrogen bond, generated from I-n
upon a 180� flip of both C20–O and C10–C2 0 torsions followed by
The two aryl–aryl torsions relevant for model B are clearly
correlated and will depend on a balance of conjugative and
steric effects (also involving C2-methyl). DFT geometry
optimizations with B3LYP/6-31G(d) showed two enantio-
morphic structures where N1-phenyl and C5-phenyl di-
hedrals were found to be equal to �58/�37� and +58/
+37�. Finally, for methyl phenyl sulfone (C) a single mini-
mum is obtained with B3LYP/6-31G(d) with S–CH3 bond
perpendicular to the aromatic plane.

On the basis of the above-mentioned results, four struc-
tures were constructed and optimized with B3LYP/6-
31G(d) and the four final geometries I-p, II-p, I-n, and II-
n were obtained; they are shown in Figure 3 with their rel-
ative energies and Boltzmann population at 300 K (roman
numbers refer to the arrangement of the C3 substituent,
and n/p to the sign of aryl–aryl dihedrals). It is clear that
as all the four geometries may give a sizeable contribution
to the CD spectrum, they all need to be considered in what
follows; for each geometry, a structural analogue with the
opposite orientation for the sulfone group should be con-
sidered too, but this has small influence on the calculated
CD (vide infra).
geometry optimization with B3LYP/6-31G(d), showed a TDDFT
calculated CD spectrum similar to that of I-n, except for a higher
intensity in the short wavelength region (due to a fourfold more intense
computed rotational strength for transition #6, while other bands had
comparable strengths). This structure was the one with the lowest energy
available with no hydrogen bond and compatible with the NOESY data
in CD3CN.
2.4. CD calculation on compound 5a and configurational
assignment

Figure 4a shows CD spectra computed for the four geo-
metries I-n, II-n, I-p, and II-p with (S)-configuration, and
their Boltzmann-weighted average at 300 K. The main
parameter determining the CD shape is evidently the cou-
ple of aryl–aryl dihedrals. The fact that I-n and II-n have
much more intense CD spectra in the long wavelength re-
gion than I-p and II-p is reassuring because a reasonable
variation in the population of the various conformers
(which may only be predicted by calculations but not
checked experimentally) would not lead to a sign reversal
for the diagnostic bands in the average spectrum. More-
over, the similarity between the spectra computed for I-n
and II-n indicates that the conformation adopted by the
C3-attached chain is not crucial.�

Figure 4b shows computed rotational strengths for I-n,
which represents the major contributor to the average spec-
trum. From the analysis of computed transitions and
Kohn-Sham orbitals, it can be concluded that the first
and most intense CD band is due to a p–p* type
HOMO–LUMO transition (#1 in Fig. 4b); it mainly
involves p orbitals belonging to the pyrrole and to the
C5-attached aryl ring, which are mixed to some extent with
r and n-type orbitals localized on the substituent at C3.
The second apparent CD band results from the overlap be-
tween four transitions (#5 to #8 in Fig. 4b) assigned as fol-
lows: #5, charge-transfer type transition from N1-attached
aryl p to the LUMO p*; #6, HOMO p to ester p* transi-
tion; #7 and #8, further aromatic p–p* transitions localized
on the three rings. Incidentally, a 180� flip of the sulfone
group in I-n had only minor consequences on the computed
CD spectrum. It is also worth saying that the eight transi-
tions contributing to the CD above 240 nm have energies
well below the estimated ionization potential (5.74 eV)
and involve Kohn-Sham orbitals with negative eigenvalues,
two conditions which increase the accuracy of TDDFT
calculations.19

The position and relative intensity of the two visible bands
in the average computed spectrum (Fig. 4a, thick black
line) are in good agreement with the experimental CD
(Fig. 1b). The CD sign predicted for (S)-absolute configu-
ration is positive at longer wavelengths and negative at
shorter wavelengths; therefore, the first eluted enantiomer
for 5a (positive CD at 330 nm) may be assigned the (S)-
absolute configuration. Similarly, the first eluted enantio-
mer for 5b (positive CD at 330 nm) may be assigned the
(S)-absolute configuration, based on the consistency of its
spectral and conformational data (not shown) with those
of 5a. Finally, given the remote para-position of the N1-
attached aromatic substituents with respect to the reaction
site at C3 for the synthesis of products 5 (Scheme 1), we
may infer the same (S)-[CD (+) at 330 nm] configuration
for 5c.
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3. Conclusions

The absolute configuration of novel COX-2 inhibitors 5
has been assigned as (S)-[CD (+) at 330] based on the
comparison between TDDFT calculations and CD mea-
sured on-line during enantioselective HPLC separation.
The present assignment represents the first step toward
investigation of the impact of absolute stereochemistry on
the activity and selectivity of 1,5-diarylpyrrole-based
COX-2 inhibitors.25 In fact, the second step will be the iso-
lation of the enantiomers originating from a semiprepara-
tive chromatographic procedure, in order to recover them
in sufficient quantities to make biological evaluation feasi-
ble so as to assess the possible influence of chirality on the
pharmacological properties of this class of compounds.
4. Experimental

4.1. Chemistry and equipments

All chemicals used were of reagent grade. Yields refer to
purified products and are not optimized. Melting points
were determined in open capillaries on a Gallenkamp appa-
ratus and are uncorrected. Merck silica gel 60 (230–400
mesh) was used for column chromatography. Merck TLC
plates and silica gel 60 F254 were used for TLC. 1H
NMR spectra were recorded with a Bruker AC 200 spec-
trometer in the indicated solvent (TMS as internal stan-
dard). The values of the chemical shifts are expressed in
ppm, and the coupling constants (J) are expressed in Hz.
Additional NMR spectra were recorded with a Varian
INOVA 600 spectrometer operating at 14.1 T. In the
1D-NOESY experiments, protons C2–CH3, C4–H, and
3 0-CH3 were selectively inverted with sech pulses; duration
and B1 values (in ms and Hz) were 35.9/105, 11.3/332, and
42.8/93.7, respectively. Mass spectra were recorded on
either a Varian Saturn 3 or a ThermoFinningan LCQ-deca
spectrometer. IR spectra were recorded as KBr discs with a
Perkin Elmer 1600 FTIR. Enantioselective HPLC separa-
tions were executed on a Daicel Chiralpak AD column
using a Jasco PU-887 pump equipped with a Jasco CD-
1595 detector, under the following conditions: eluent hex-
ane/2-propanol 60:40 (for 5a) or 70:30 (5b); flow 0.3 mL/
min, detector (UV and CD) wavelength 330 nm. CD spec-
tra were measured on-line with the CD detector during the
HPLC separations, as the average of three different scans
acquired in correspondence with each elution peak (wave-
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length range 220–420 nm, total acquisition time 1 min, time
resolution 0.6 s).
4.2. General procedure for the preparation of 5a–c

To a solution of the suitable pyrrole derivative 6a–c
(0.72 mmol) and methyl pyruvate (1.08 mmol) in dry
CH2Cl2 (15 mL), TiCl4 (0.72 mmol) was slowly added at
�60 �C under an argon atmosphere. The mixture was stir-
red at �60 �C for an additional 30 min and after this time,
when the temperature rose to 25 �C, was poured onto
crushed ice and extracted with CH2Cl2. The organic phase
was washed with brine, dried, and evaporated under re-
duced pressure. The residue, purified by flash-chromato-
graphy (EtOAc/hexane 6:4 v/v), afforded the required
product.
4.3. Methyl 2-hydroxy-2-[2-methyl-5-(4-(methylsulfonyl)-
phenyl)-1-phenyl-1H-pyrrol-3-yl]propanoate 5a

White needles from ethyl acetate, mp 142–144 �C (yield
80%). 1H NMR (CDCl3) d ppm: 1.83 (s, 3H), 2.10 (s,
3H), 2.96 (s, 3H), 3.60 (br s, 1H), 3.80 (s, 3H), 6.54 (s,
1H), 7.13 (m, 4H), 7.37 (m, 3H), 7.62 (m, 2H). MS-ESI:
m/z 436 (M+Na+).
4.4. Methyl 2[1-(4-fluorophenyl)-2-methyl-5-(4-(methyl-
sulfonyl)phenyl)-1H-pyrrol-3-yl]-2-hydroxypropanoate 5b

White needles from ethyl acetate, mp 177–179 �C (yield
95%). 1H NMR (CDCl3) d ppm: 1.84 (s, 3H), 2.10 (s,
3H), 2.98 (s, 3H), 3.58 (br s, 1H), 3.82 (s, 3H), 6.54 (s,
1H), 7.08–7.17 (m, 6H), 7.68 (m, 2H). MS-ESI: m/z 454
(M+Na+).
4.5. Methyl 2-[2-methyl-5-(4-(methylsulfonyl)phenyl)-1-(4-
(trifluoromethyl)phenyl)-1H-pyrrol-3-yl]-2-hydroxypropano-
ate 5c

White needles from ethyl acetate, mp 144–146 �C (yield
70%). 1H NMR (CDCl3) d ppm: 1.80 (s, 3H), 2.10 (s,
3H), 2.96 (s, 3H), 3.62 (br s, 1H), 3.78 (s, 3H), 7.08 (s,
1H), 7.10 (m, 2H), 7.24 (m, 2H), 7.64 (m, 4H). MS-ESI:
m/z 504 (M+Na+).
5. Computational

All computations were performed using Gaussian’03.26

Geometry scans and optimizations were executed with
semi-empirical method AM1 and the DFT method employ-
ing the B3LYP hybrid functional and 6-31G(d) basis set.27

Excited states calculations were executed with TDDFT
method employing the B3LYP functional and the triple-f
split valence basis TZVP.27 CD spectra were generated
from Gaussian’03 outputs using dipole length-computed
rotational strengths (dipole-velocity values differed by less
than 10% for the main transitions), to which a Gaussian
band-shape was applied with 4170 cm�1 half-height width
(corresponding to 45 nm at 330 nm).
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