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The Role of the Transient Atropisomerism and Chirality of
Flurbiprofen Unveiled by Laser-Ablation Rotational
Spectroscopy
Andrés Verde,[a] Juan Carlos López,[a] and Susana Blanco*[a]

Abstract: The combination of atropisomerism and chirality in
flurbiprofen is shown to be relevant concerning its pharmaco-
logical activity. The two most stable conformers of a total of
eight theoretically predicted for each R- or S- flurbiprofen
enantiomers have been isolated in the cooling conditions of a
supersonic jet and structurally characterized by laser ablation
Fourier transform microwave spectroscopy. The detected
conformers, whose structure is mainly defined by three
dihedral angles, only differ in the sign of the phenyl torsion

angle giving rise to Sa and Ra atropisomers. A comparison
with the structures available for the R- and S- enantiomers
complexed to COX isoforms reveals that the enzymes select
only the Sa atropisomers, resulting in a diastereoisomer-
specific recognition. The most stable gas phase conformer is
exclusively selected when using the S- enantiomer while the
second is recognized only for the R- enantiomer. These
experimental results highlight the importance of atropisomer-
ism in drug design.

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) have attracted
interest from the first explanation given by John Vane about
the action mechanism of aspirin.[1,2] NSAIDs inhibit non-
selectively the synthesis and release of prostaglandins from
arachidonic acid by the two isoforms of cyclooxygenase (COX)
enzymes.[3] One of the most commonly used NSAIDs is 2-(2-
fluoro-4-biphenyl) propanoic acid, known as flurbiprofen (FB).
FB is one of the most thoroughly investigated NSAIDs[4,5] and
besides its crystal structure,[6,7] it has been observed using X-Ray
diffraction forming complexes with COX enzymes,[8–13] even at
high-resolution.[9,8] These studies show that the interaction of FB
with COX at the binding pockets is the result of a complex
network of polar interactions with amino acid residues includ-
ing hydrogen bonds (HB), salt bridges, and even water-
mediated interactions.[11,12] FB has a stereogenic centre and as
occurs for other NSAIDs[14] its enantiomers do not exhibit the
same properties.[15] The anti-inflammatory activity is broadly
stereospecific for the S-enantiomer, the main reason being that
this enantiomer establishes a higher number of contacts with
the COX active site than the R- form.[8] The variety of

conformations that FB adopts upon complexation highlight the
importance of the flexibility of the FB skeleton due to its
torsional freedom. Related to this flexibility, it should be
pointed out that the torsional motion around the single bond
between the phenyl rings gives rise to transient axial
chirality.[16,17] The diastereoisomerism resulting from the combi-
nation of both the chiral centre and the labile atropisomerism
could have consequences not only concerning conformation
but also regarding the recognition of FB by COX.[18]

To complete our understanding of the FB structure, a gas-
phase study is needed. The inherent isolation conditions
represent a perfect approximation to unveil the intrinsic proper-
ties of the molecules, their low energy conformations, and their
relative energies.[19] The most stable forms can be cooled down
using supersonic jets and characterized through an appropriate
spectroscopic method. Fourier transform microwave spectro-
scopy (FTMW) techniques provide the most precise and
accurate gas phase structural data, making it possible to
discriminate between conformers, like atropisomers, with
minimal structural differences. Solid biomolecules with low
vapour pressure and high melting point like FB are accessible
by using laser ablation as a vaporization method.[20,21] The
rotational results can be fully exploited by combining them
with those of theoretical calculations to explore the potential
energy surface (PES) given the role of torsional flexibility in FB.
For example, the height of the barrier hindering phenyl torsion
is relevant since it conditions the rate of interconversion
between atropisomers and their potential isolation.[6] In this
paper we have used laser ablation chirped pulse FTMW
spectroscopy together with DFT B3LYP� D3BJ/6-311+ +G(2d,p)
calculations to study FB. The two most stable atropisomers of
this molecule have been isolated in the supersonic expansion.
Their characterization has allowed us to show the relevance of
diastereoisomerism in the recognition of FB by COX through a
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global analysis of the results obtained in this work for the bare
FB and those reported for the COX-FB complexes.

Results and Discussion

FB may adopt several conformations thanks to the rotation
around single bonds. The dihedral angles α (C1� C6� C7� C12), β
(C9� C10� C14� C15) and γ (C10� C14� C16� O17) (see Figures S1 and S2)
are coordinates appropriate to define these internal rotations. α
describes the rotation of the phenyl ring, β the rotation of the
propanoic group and γ the rotation of the carboxylic group.
Relaxed scans along these coordinates show the existence of 8
different conformers for each enantiomer. The conformers
found are depicted in Figure 1 for the S-enantiomer and the
relevant spectroscopic parameters are given in Table S1. The
full set of conformers including those for the R- enantiomer are
shown in Figures S3 and S4. Besides the identification of the S-
or R- enantiomers, to label the conformers we have considered
first the configuration of the propanoic acid relative to the o-
fluorophenyl group (see Figure S2). The four possible config-

urations have been named C1-C4 in order of increasing relative
energy. Furthermore, for each of these arrangements, phenyl
group rotation gives rise to Sa and Ra atropisomers, according
to axial chirality nomenclature conventions.

The chirped pulse FTMW jet-cooled rotational spectrum of
laser-ablated FB is given in Figure S5. The excerpt in Figure 2
shows the identification of two rotamers, labelled i and ii, both
with dominant b-type spectra. The assignment of the spectrum
is detailed in the Experimental Section. The spectra were
analysed using the S-reduced semirigid rotor Hamiltonian of
Watson[22] set up in the Ir representation. The experimental
rotational parameters are collected in Table 1 and the observed
frequencies are given in Tables S8 and S9.

The experimental rotational constants, nearly equal for both
rotamers, are quite close to those predicted for the conformers
of C1 and C3 families (see Tables 1 and S1). However, the
observation of dominant b-type spectra rules out the C3 family,
having low values of the μb electric dipole moment component.
Finally, comparing the trends in the variation of the rotational
constants and planar moments of inertia between the observed
rotamers and the C1 atropisomers, rotamers i and ii could then
be assigned to the conformers S-Sa-C1 and S-Ra-C1, respectively,
or their specular images R-Ra-C1 and R-Sa-C1, respectively,
taking into account that a racemic mixture has been used.

The potential energy function describing the phenyl torsion
which interconverts the detected forms shown in Figure 3 is
similar to that of o-fluorobiphenyl (see Figure S18). It presents
two equivalent barriers at the coplanar rings configuration (α=

0°, 180°; B0 =1016 cm� 1) and two equivalent barriers at the
perpendicular rings configuration (α=90°, � 90°; B90 =

562 cm� 1). However, differently with o-fluorobiphenyl having
four equivalent minima, FB shows two equivalent minima at S-
Sa-C1 form (� 44.3° and 135.7°) and two different equivalent
minima at S-Ra-C1 configuration (� 135.8° and 44.2°), predicted
at B3LYP� D3BJ/6-311+ +G(2d,p) level only 4 cm� 1 above the
S-Sa-C1 form. Considering the collisional relaxation processes
taking place in the supersonic jet and the use of Ar as the
carrier gas,[23] the observation of both rotamers is consistent
with the existence of potential barriers higher than 400 cm� 1

Figure 1. Predicted conformers of S-FB. Relative energies and dihedral angles
were calculated at B3LYP� D3BJ/6-311+ +G(2d,p) level. See also Figures S3
and S4.

Figure 2. A 6.6-6.9 GHz section of the CP-FTMW spectrum of laser-ablated
FB. The spectra calculated from the experimentally determined rotational
parameters are shown below, in blue for rotamer i and in red for rotamer ii.
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between them, quenching the possible relaxation of the less
stable atropisomer S-Ra-C1 to the global minimum S-Sa-C1 form.
According to Figure 3, the interconversion between the
observed atropisomers would occur preferentially through the
barrier at the orthogonal-rings configuration. The value of this
barrier characterizes this atropisomerism as belonging to class
1.[24]

The non-observation of conformers C2 with an energy
similar to that of C1 forms can be attributed to their low dipole
moment components (see Table S1). The barriers calculated for
the interconversion between C3 and C1 forms and between C4
and C2 families make conformers C3 and C4 susceptible to
suffer a collisional relaxation in the supersonic jet to forms C1
and C2 respectively (see Figures S10–S17).

DFT structures can be taken as a good description of the
geometries of the observed forms based on the agreement
between experimental and theoretical rotational constants.
However, since biomolecules are very flexible systems, it is
reasonable to fit the torsional angles to obtain a structure that
better reproduces the rotational parameters. Assuming the DFT
structure and keeping the phenyl rings planar, we have

analysed the dependence of the rotational constants on the
torsional angles. Variations of the α and γ angles do not induce
significant changes in the values of the rotational constants.
However, small changes in β almost bring the rotational
constants to the experimental values. In this way, fits of the
rotational constants gave values of β= � 114.9(2)° for S-Sa-C1
and β= � 114.3(1)° for S-Ra-C1 conformers. The rotational
constants calculated from these structures are shown in Table 1
where they can be compared with the experimental ones.

Essentially, the distinctive structural difference between
both detected conformers is the orientation of the phenyl ring,
shown by the opposite sign of the α angle values (see Figure 4).
The corresponding values are quite similar to that of
�44.4(1.2)° determined for the biphenyl molecule in gas-
phase.[25] For fluorobiphenyl, it has been determined as �54.1°
in condensed phases using X-ray techniques[26] and �49(5)° by
gas-phase electron diffraction.[27] The balance of forces yielding
almost the same torsional angle between the phenyl planes in
FB, biphenyl, and o-fluorobiphenyl involves the π-conjugation
between the two rings favouring a co-planar configuration and
the steric repulsion between the adjacent atoms in ortho-
position.

Quantum Theory of “atoms in molecules” (QTAIM)[28,29] and
non-covalent interaction (NCI)[30] analyses were done to better
understand other possible interactions stabilising the FB

Table 1. The experimental rotational parameters for the observed rotamers of flurbiprofen are compared to those predicted at B3LYP� D3BJ/6-311+ +

G(2d,p) level for the most stable conformers and those calculated from the fitted structures.

Param.[a] Rotamer i S-Sa-C1 DFT S-Sa-C1 fitted structure Rotamer ii S-Ra-C1 DFT S-Ra-C1 fitted structure

A/MHz 1152.19764(30) [b] 1153.8 1152.2 1153.63996(37) 1154.7 1153.6
B/MHz 189.19205(12) 189.2 189.6 189.52867(11) 189.4 189.8
C/MHz 181.23098(11) 180.8 181.3 180.83555(11) 180.5 180.9
DJ/kHz 0.00201(22) 0.00271(22)
DJK/kHz 0.0326(21) 0.0132(26)
k � 0.98 � 0.98 -0.98 -0.98 � 0.98 -0.98
Paa/uÅ2 2510.6092(18) 2514.2 2507.2 2511.5601(17) 2514.8 2509.9
Pbb/uÅ2 277.9819(18) 281.0 280.3 283.1288(17) 284.5 285.3
Pcc/uÅ2 160.6400(18) 157.0 158.3 154.9447(17) 153.2 152.8
n 93 82
σ/kHz 7.5 7.7

[a] A, B and C are the rotational constants. k is the Ray asymmetry parameter. DJ and DJK are the quartic centrifugal distortion constants. k= (2B-A-C)/(A-C).
Pαα (α=a, b, c) are the planar moments of inertia, derived from the inertial moments Pcc = (Ia + Ib-Ic)/2. n is the number of fitted lines. σ is the rms deviation
of the fit. [b] Standard errors in parenthesis in units of the last digit.

Figure 3. Calculated B3LYP� D3BJ/6-311+ +G(2d,p) potential energy func-
tion of S-FB as a function of the dihedral angle α (C1� C6� C7� C12) defining the
phenyl group torsion. The potential energy function calculated for the R-
enantiomer is a specular image of this one (Figure S6). See also Figures S7–
S9 describing this potential function for other conformers.

Figure 4. Comparison between the S-Sa-C1 (in grey) and S-Ra-C1 (in purple)
FB experimental structures.
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conformations. The results, shown in Figure 5 indicate the
presence of a weak CH···F intramolecular HB between the polar
fluorine atom and the closest hydrogen atom in the other
phenyl ring that stabilizes the observed structures. The CH···F
distance is 2.482 Å in S-Sa-C1 and 2.479 Å in S-Ra-C1. In addition,
taking into account that the electronic density (1(r)) is related
to the strength of the bond[31,32] the interaction energies are
estimated to be � 1.56 kcalmol� 1 for S-Sa-C1 and
� 1.57 kcalmol� 1 for S-Ra-C1. These weak HBs can be gathered
from the bond paths and the (3,–1) bond critical points
resulting from the QTAIM analysis. There is a (3,+1) ring critical
point of cyclic structures that shows the HB closing a pseudo
six-membered ring (C1-C6-C7-C12-H19···F13). NCI shows additional
weak attractive interactions as for example the CH···O contact
between the carbonyl oxygen atom and one methyl group
hydrogen atom. The corresponding H···O distances are 2.685 Å
for S-Sa-C1 and 2.686 Å for S-Ra-C1. There is another weak
interaction between the carbonyl oxygen and the closest
hydrogen of the ring with distances of 2.685 Å for S-Sa-C1 and
2.693 Å for S-Ra-C1. Weak repulsive interactions can be also
observed.

We have compared the structures of the gas-phase
observed and predicted conformations (Tables S2 and S3) with
those found in condensed phases for the pure S-FB enantiomer
(Table S4), for the complexes of COX with S-FB (COX-1 in
Table S5 and COX-2 in Table S6), and those for the complexes

with R-FB (COX-2 Table S7). The X-Ray diffraction dihedral angle
values for crystalline S-FB[6,7] show the detection of structures
close to S-Sa-C1 and S-Sa-C4. S-FB interacting with COX-1[9,11,12]

has been detected in conformations identifiable as S-Sa-C1, S-Sa-
C2, and S-Sa-C4. When S-FB is complexed to COX-2,[13] S-Sa-C2 is
selected. On the other hand, the R- enantiomer linked to COX-
2[8] shows structures related to R-Sa-C1 or R-Sa-C3. In all the
cases, we have established the relation between condensed
phase structures and gas phase forms by identifying the
conformer to which DFT geometry optimizations of the
condensed phase forms converge. In Table 2 the gas phase
structures of C1 forms are compared with those detected using
high-resolution X-Ray diffraction for S-FB and R-FB recognized
by COX-1 and COX-2 respectively.[9,8] It should be highlighted
that only the Sa axial chirality arrangement is recognized by
COX isoforms independently of the FB enantiomer. Due to this,
if we consider the conformers detected in the gas phase in this
work, COX enzymes select exclusively S-Sa-C1 for the S-
enantiomer and R-Sa-C1 for the R- enantiomer as can be inferred
from Figure 6. This Sa selectivity of COX isoforms is possible
given the transient or labile character of the atropisomerism of
2-fluorobiphenyl moiety.

Figure 5. The QTAIM analysis plot shows critical points in yellow and bond
paths in orange. NCI plots map the location and strength of intramolecular
interactions with coloured isosurfaces ranging from blue (attractive) to red
(repulsive) according to the product of the sign of the second eigenvalue of
the Hessian and electron density, sign[λ2(r)]ρ(r)n.

Table 2. Comparison of angles between gas-phase conformers and high resolution X-Ray data on FB-COX complexes.

Param.[a] S-Ra-C1 S-Sa-C1 S-FB-COX-1[9] R-Ra-C1[c] R-Sa-C1[c] R-FB-COX-2[8]

α (C1-C6-C7-C12)/° 44.2 � 44.3 � 48.6 44.3 � 44.2 � 40.8
β(C9-C10-C14-C15)/° � 114.3(1) � 114.9(2) � 142.9 114.9(2) [b] 114.3(1) 101.2
γ (C10-C14-C16-O17)/° 90.5 90.8 78.9 � 90.8 � 90.5 � 74.4/108.8

[a] See Figure S1 for notation. α and γ angle values for C1 forms are taken from DFT structures and β from the fitted structures. [b] Standard errors in
parenthesis in units of the last digit. [c] R-Ra-C1, R-Sa-C1 parameters were obtained based on their mirror imaged relationship to S-Sa-C1, S-Ra-C1,
respectively.

Figure 6. Selective recognition of FB gas phase conformers by COX.
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Conclusion

In this work, the rotational spectrum of FB has been observed
for the first time. The spectra of two rotamers showing similar
intensities and close rotational parameters have been assigned.
These rotamers have been identified as the two most stable
conformers out of a total of eight low-energy conformers
predicted theoretically, sixteen if we take into account the chiral
nature of FB. The observed forms S-Sa-C1/R-Ra-C1 and S-Ra-C1/R-
Sa-C1 correspond to the two possible atropisomers arising from
the axial chirality of 2-fluorobiphenyl moiety, differing mainly
on the orientation of the phenyl end group with torsional
dihedral angles of approximately � 44° and +44°. The exper-
imental isolation and characterization of these conformers has
been possible using laser ablation combined with a supersonic
expansion. The FB sample has been vaporized by laser ablation
and seeded into a supersonic expansion, where the cooling
conditions allow the isolation of the two most stable con-
formers in their ground vibrational states in gas phase. The
experimental detection of both conformers has been carried
out by FTMW spectroscopy, one of the most definitive structural
probes.

By comparing the structures of the isolated forms with
those detected by X-Ray diffraction for FB interacting with COX
isoforms we can conclude that the configurations adopted by
FB upon complexation are accessible from the isolated FB
conformers with low energy cost. The interplay between the
chiral centre and the axial chirality in FB has important
consequences in the interaction with the enzyme: i) COX chiral
recognition of FB is not only different concerning the R- or S-
enantiomers derived from the existence of a chiral centre but
also with respect to the axial chirality associated to the
fluorobiphenyl group. COX enzymes select exclusively the Sa
atropisomers independently of the interacting enantiomer. This
selectivity is possible due to the low Sa

$Ra interconversion
barrier leading to a transient or labile atropisomerism. ii) This
behaviour leads to the outstanding fact that only one of the
two forms cooled in the supersonic jet is recognized in the
interaction of S-FB with COX while the other is observed only
for the interaction with the R- enantiomer. The gas phase study
shows the most stable conformers in their ground vibrational
state, free of the intermolecular interactions present in con-
densed phases. As deduced from the structures observed for FB
in the complexes with COX-1 and COX-2, interactions with the
enzyme limit the accessible configurations to Sa arrangement of
the rings. Nevertheless, a more detailed study of the intermo-
lecular interactions and steric limiting factors in the COX
pockets would allow to better understand the role of
interactions within the receptor. The obtained results highlight
the role that atropisomerism can play in drug design and the
challenges it poses.[18]

Experimental Section
Microwave experiment: The experiment was conducted on a
chirped-pulse Fourier transform microwave spectrometer (2-8 GHz)

incorporating a Q-switch Nd/YAG laser ablation source.[21,33] A solid
bar of the sample was prepared by compressing a 1 :1 mixture of
the grinded flurbiprofen (FB) commercial sample (m.p. 110–111 °C;
b.p. 162.4 °C) and Cu powder. This rod was held in a special laser
ablation nozzle adapted from previous designs.[34,35] To vaporize the
sample, the laser was focused on the surface of the rod, which was
continuously translated and rotated to improve the reproducibility
of the ablation process. Once the sample was vaporized it was
dragged by the carrier gas (Argon, 6 bar stagnation pressure)
expanding into the vacuum chamber as a supersonic jet. There, the
molecules were excited using a 4 μs pulsed microwave chirp
generated by an arbitrary waveform generator and amplified
(200 W) by a TWT amplifier. This chirp pulse covered the whole 2–8
GHz range and was emitted by a microwave horn antenna. The free
induction decay (FID) emitted after polarization was detected
through a second horn, recorded in the time domain with a digital
oscilloscope and Fourier transformed to the frequency domain. The
polarization-detection cycle was repeated up to eight times per
molecular expansion pulse, obtaining a total of eight averaged
spectra in every molecular jet pulse. The repetition rate of
molecular pulses was 5 Hz allowing optimal vacuum conditions in
the chamber. The spectrum recorded is the result of the
accumulation of 1 million spectra. The accuracy of frequency
measurements is estimated to be better than 15 kHz.

Rotational spectra: All conformers of FB are prolate asymmetric
rotors with very low values of μa (Table S1). Some of them present
moderate values of μb and/or μc. The chirped pulse FTMW jet-
cooled rotational spectrum of laser-ablated FB recorded in the 2–8
GHz region shows very weak lines (see Figures 2 and S5). Initial
trials to assign the spectra of FB were done with the rotational
constants of the most stable conformer. The assignment of two sets
of b-type R-branch rotational lines led to the identification of two
rotamers, initially labelled i and ii, both with similar rotational
constants. A careful analysis allowed the assignment of a few c-type
lines for rotamer ii. The internal rotation of the methyl group does
not generate detectable A� E splittings. Unfortunately, it was not
possible to observe 13C monosubstituted isotopologues in natural
abundance due to the low signal-to-noise ratio observed.

Flexible model computations[36] to investigate the phenyl torsion
potential energy function from the observed rotational parameters
show that the observed constants are not very sensitive to changes
in the PES parameters. Nevertheless, calculations from a simple
model approximately predict the rotational constants and planar
moment observed trends, thus confirming the assignment.

Another experimental fact is the observed intensity ratio for the μb-
type transitions indicating that rotamer i is slightly more intense
than rotamer ii (Ii/Iii =1.3(0.1)/1). The value of the ratio predicted for
the squared μb dipole moment (2.44D2/2.38D2 =1.06) confirms the
assignment taking into account three times the standard error. In
addition, the proportionality of the observed intensities to Nj ·μj

2,
where Nj is the number density of species j in the supersonic jet
and μj is the value of the dipole moment component, indicates an
almost equal population of both rotamers in the supersonic jet.

Computational: The conformational study of FB was done with the
help of CREST[37] (conformer-rotamer ensemble sampling tool) and
following chemical intuition to complete the conformational search
by exploring the potential energy surface (PES). The geometries of
all the conformers were optimized using the B3LYP hybrid
functional,[38] B3LYP� D3 using Grimme's empirical dispersion cor-
rection (D3)[39] and B3LYP� D3BJ corresponding to the Becke and
Johnson dumping factor (D3BJ).[40,41] In all cases Pople's 6–311+ +

G(2d,p) basis set[42] were used employing GAUSSIAN16[43] package.
Further calculations of the vibrational frequencies were carried out
within the harmonic approximation to verify that the obtained
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conformers were indeed minima in the PES. The geometries
obtained from the three methods are very similar for each
conformer with the same trends for the rotational constants, planar
inertial moments, and the relative energies (Table S1). In addition,
the energies predicted for the transition conformers are quite
similar. Since it is expected that the use of the dispersion terms will
lead to better values of the interconversion barriers, we have used
the B3LYP� D3BJ results for further discussions. It can be observed
that the Becke and Johnson corrections predict slightly lower
interconversion barriers, although high enough to avoid the
conformational relaxation in the supersonic expansion.

Quantum theory of “atoms in molecules” (QTAIM)[28] and non-
covalent interaction (NCI)[30] analyses were done using the Multiwfn
program[29] with the B3LYP� D3BJ/6-311+ +G(2d,p) results to
obtain complementary information about the nature of the intra-
molecular interactions that stabilize the observed conformers.
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The two most stable conformers of
flurbiprofen (FB) have been isolated.
They only differ in the dihedral angle
that defines the arrangement of the
phenyl group revealing FB atropiso-
merism. Analysing the recognition of
FB by COX isoforms, it comes out that
only one of these atropisomers is spe-
cifically selected for each R- or S-
enantiomer.
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