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HIGHLIGHTS GRAPHICAL ABSTRACT

e The full conformational space of diflu-
nisal is investigated by quantum chem-
istry calculations.

o Laser-ablation microwave spectroscopy
is used to identify the most stable 1000+
conformer of diflunisal.

e Atropisomeric features are related with
reported structures of solid complexed
proteins.
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ARTICLE INFO ABSTRACT

Keywords:
Rotational spectroscopy
Molecular structure

The most stable conformer of laser-ablated diflunisal has been isolated in a supersonic expansion and experi-
mentally detected through high-resolution chirped-pulse rotational spectroscopy. State-of-the-art chemical cal-
culations allowed to understand the nature of the strong stabilization of the detected conformer and its
atropisomer among a total of sixteen theoretically predicted conformers and confirmed the presence of a reso-
nance assisted hydrogen bond (RAHB) between the hydroxyl hydrogen atom and the carbonyl oxygen atom of
the carboxylic acid group. The comparison of the experimental data from this work and the information found in
the literature about the molecule in condensed phases corroborates the existence of these two atropisomers and is
contextualized within the complexation arrangement of diflunisal with relevant proteins.

Atropisomers
Non-steroideal anti-inflammatory drugs

1. Introduction

Chirality has an extremely important role in drug discovery and
development since it is well established that enantiomers can differ
significantly in their biological and pharmacological properties [1].
Recent research works are focused on the pharmaceutical implications
of a clearly overlooked source of drug chirality, atropisomerism, which
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is closely related to axial chirality resulting from the rotation around a
single bond [2]. Although classical chiral compounds are often stable
and need a bond breaking and making process to racemize, atropisomers
racemize through an intramolecular dynamic process that just involves
bond rotation, giving rise to half-lives that can go from seconds to years
[3].

Biphenyl derivatives, which are common moieties in drugs due to
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their inherent properties, give rise to axial chirality and atropisomerism
through the rotation around the single bond linking the phenyl rings.
These biphenyl moieties are present in some of the most used non-
steroidal anti-inflammatory drugs (NSAIDs), such as flurbiprofen and
diflunisal. For instance, the combination of atropisomerism and chirality
has been observed to play an important role in the recognition of flur-
biprofen by proteins [4]. This behavior was unveiled by the comparison
of gas-phase information obtained through rotational spectroscopy with
condensed-phase data found in literature when flurbiprofen complexed
with cyclooxygenase enzymes. Although for diflunisal there is a huge
amount of valuable information about its structure complexed with
proteins [5-8], there is not an experimental work on the isolated
molecule that could provide essential information on its inherent
properties that would improve the knowledge about this drug.

Diflunisal, which is a white solid derived from salicylic acid by a 2,4-
difluorophenyl substitution at the 5-position (see Fig. 1), acts as a
cyclooxygenase-2 inhibitor, having potent anti-inflammatory, analgesic,
uricosuric and antipyretic properties. In addition, it is used to relieve
pain in patients with rheumatoid arthritis and osteoarthritis. However, it
is also worth mentioning that this drug increases the risk of heart attacks
[9,10].

Since the boiling point of diflunisal is reasonably high (~210 °C), the
inquiry into the dominant conformation in the gas phase can be
addressed using laser ablation rotational spectroscopy in combination
with appropriate quantum chemical calculations. Such procedure allows
to unequivocally locate the observed rotamers in the potential energy
surface (PES) wells identifying the different stable conformations. Good
examples are the rotational spectroscopy works done for flurbiprofen
[4], ibuprofen [11], thalidomide [12] or paracetamol [13].

Even though the conformer identification is performed in isolated
conditions, this methodology helps in elucidating (i) if the structures of
the drug found in the solid state can be related to the most stable con-
formers in the gas phase; (ii) if so, to understand the intrinsic molecular
features that lead to the supramolecular recognition in the protein active
and/or allosteric center from first principles approaches. Herein, we will
apply this method to describe the configurational, energetic and protein
interaction preferences of diflunisal under isolated conditions. Such
elucidation is put in the context of the interaction of this drug with
different proteins related to its biochemical activity.

2. Experimental section
The rotational spectrum of diflunisal has been recorded in the 2-8

GHz region employing the laser-ablation chirped-pulse Fourier trans-
form microwave (LA-CP-FTMW) spectrometer located at University of

Fig. 1. Atom labelling for diflunisal. The potential characteristic rotations are
also shown.
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Valladolid and described elsewhere [14,15]. A solid rod of the sample
was prepared by grinding and compressing a 1:1 weight ratio mixture of
the commercial sample of diflunisal and Cu powder. The rod sample is
continuously translating and rotating while being vaporized by laser
pulses of 532 nm, 5.2 ns pulse width and energy of 20 mJ per pulse from
a Q-switch Nd/YAG laser (Quantel Q-smart 850). The ablation plume
was dragged by using Ar as carrier gas at a stagnation pressure of 2 bar
forming a jet expansion into the high vacuum chamber. Then, a 4 ps
microwave chirp pulse (covering the 2-8 GHz region), generated by an
arbitrary wavefunction generator and amplified up to 200 W by a TWT
amplifier, was broadcasted into the vacuum chamber through a horn
antenna to excite the molecules in the jet. The subsequent free induction
decay (FID) signal was collected through a second horn antenna,
amplified and recorded in the time domain by a digital oscilloscope and
Fourier-transformed to the frequency domain. The polarization-
detection sequence frame was repeated up to eight times per molecu-
lar expansion pulse, obtaining as a result a total of eight averaged
spectra in every molecular pulse. The repetition rate used in this
experiment was 5 Hz to allow optimal vacuum conditions. Under these
conditions a total of approximately 10° spectra were accumulated. The
accuracy of frequency measurements is estimated to be better than 15
kHz.

3. Theoretical methods

The conformational investigation of diflunisal was carried out by
exploring its potential energy surface (PES) using the Conformer-
Rotamer Ensemble Sampling Tool (CREST) [16] and following chemi-
cal intuition. The molecular structures of all the possible conformations
were further optimized using the B3LYP hybrid functional [17] with the
D3 Grimme’s empirical dispersion correction [18] and Pople’s 6-
311++G(d,p) basis set [19]. Harmonic approximation calculations were
done to verify that the obtained conformers were indeed minima in the
PES and to obtain the Gibbs energy. Moreover, the harmonic approxi-
mation calculations have also allowed us to estimate the quartic cen-
trifugal distortion constants and the zero-point corrected energies. The
interconversion barriers were calculated with relaxed scans around the
dihedral angles that define the molecule and with the Synchronous
Transit Quasi- Newton (STQN) method [20] developed by Schlegel and
Peng, that locate the corresponding transition states, at the B3LYP-D3/6-
311++G(d,p) level. Additional theoretical calculations were performed
for the two most stable conformers with the range-separated functional
®B97xD [21], ab initio MP2 method and M06-2X [22] level with the 6-
311++G(d,p), aug-cc-pVTZ and def2TVZP basis sets. All calculations
were performed using the GAUSSIAN16 package [23].

Non-covalent interaction (NCI) [24], Bader’s quantum theory of
atoms in molecules (QTAIM) [25] and natural bond orbital (NBO) [26]
analysis were done to provide insights about the possible intramolecular
interactions that stabilize the conformers.

4. Results
4.1. Conformational landscape

Diflunisal is a flexible molecule that can adopt several conformations
defined by the dihedral angles o (C;—C2-C7—Cg), p (C1-Ce—C13-O14), ¥
(Cg—Cs5-016-H31) and ¢ (015-C13-014-Hyo) (see Fig. 1). Relaxed scans
around all these dihedral angles give rise to a total of 16 possible con-
formations in an electronic energy window of ~6000 cm ™! (see Fig. S1
and Table S1 for structural details of the conformers) labeled from C1 to
C16 based on their relative electronic energies. Overall, these con-
formers can be organized in eight pairs of conformers with a difference
in the relative disposition of the 2,4-difluorobiphenyl moiety that is
defined by a. The conformers within a pair are atropisomers because of
the rotation of the 2,4-difluorobiphenyl moiety about the C,—C; single
bond. The calculated energies indicate that although the conformational
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space may occur around the rotation of the mentioned dihedral angles,
the flexibility due to the rotational degrees of freedom is restricted to
conformations maximizing the intramolecular hydrogen bond (HB) be-
tween the carboxyl and hydroxyl groups at ortho-position.

The two most stable atropisomers, C1 (a = +42.48°) and C2 (o =
+136.73°), exhibit the intramolecular HB and have a relative electronic
energy difference between them of just 54 cm™! calculated at B3LYP-
D3/6-311++G(d,p) level of theory (see Tables S2 and S3 for the equi-
librium structures). Considering vibrational effects, we have calculated
the zero-point corrected energy and Gibbs energy of C2 relative to C1, to
be 52 em™! and 46 cm™! respectively. Moreover, all the additional
theoretical methods used also predict C1 as the global minimum (see
Tables S4-S6). The potential energy function describing the difluor-
obiphenyl torsion that interconverts these two conformers is shown in
Fig. 2. The minima with the highest interconversion barriers are
conformational enantiomers, i.e., they own identical rotational con-
stants different sign of the dipole moment components. Consequently,
conformational enantiomers are indistinguishable in terms of rotational
spectroscopy. The C1-to-C2 interconversion barrier is 549.5 cm™! using
electronic energies and 606.3 cm ™! using the energies of the transition
states located using the STQN method. The minor energy differences
obtained with both methods employed may be because in the potential
energy function the parameter is made to vary and remain fixed at each
point to avoid its relaxation to the minimum, while STQN method op-
timizes the transition states. Due to the value of the interconversion
barrier between C1 and C2, this atropisomerism belongs to class 1 [27].
In conclusion, conformers C1 and C2 dominate the conformational space
at room temperature.

4.2. Rotational spectra

The jet cooled rotational spectrum of laser-ablated diflunisal,
recorded in the 2-8 GHz region, is shown in Fig. S2. In Fig. 3 we show
the details of the spectrum in the 6.75-6.90 GHz range. From the cal-
culations, we found that all diflunisal conformers are prolate asym-
metric rotors, with Ray asymmetry parameter values close to —1. A
rotamer showing exclusively a b-type spectrum was assigned in the
rotational spectrum using the set of rotational constants of the predicted
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Fig. 2. Calculated B3LYP-D3/6-311++G(d,p) potential energy function around
the o dihedral angle defining the difluorobiphenyl group torsion. The values in
parenthesis show the interconversion barriers calculated using the STQN
method at the same level of theory. The green lines indicate the range of values
of a found in the Cl-like structures of reported diflunisal complexes with pro-
teins (see below).

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 327 (2025) 125336

2.0+

1.54

1.0+

0.5+

-0.5 -

Intensity/ Relative units

-1.04

154

'2 O T T T T T T T T T 1
6775 6800 6825 6850 6875 6900
Frequency/ MHz

Fig. 3. A 6.75-6.90 GHz section of the CP-FTMW spectrum of laser-ablated
diflunisal in black. The spectrum calculated from the experimentally deter-
mined rotational parameters for C1 is shown in red.

as most stable conformer, C1. No a- or c-type transitions were observed
for assignment. Overall, a total of 142 rotational transitions were finally
fitted for this rotamer using the S-reduced semirigid rotor Hamiltonian
of Watson [28] in the I" representation. The rotamer unequivocally
matches with the relatively high-value of the u, component of the dipole
moment of C1. On the other hand, C2 presents just a 0.1 D value of the
up. The relative error between the experimental and B3LYP-D3/6-
311++G(d,p) theoretical rotational constants is 0.2 % for A and B
rotational constants and 0.4 % for C. The errors are small enough to
identify the rotamer with C1. It can be pointed out that all the theo-
retical methods predict the rotational parameters of C1 form closer to
the observed than any other conformer. This shows the good agreement
between the theoretical calculations and the experimental data. All the
rotational transitions measured are given in Table S7. Once all the C1
transitions were measured, no additional spectral lines were available in
the spectrum. Subsequently, no transitions were observed for C2
conformer.

Although a partial-relaxation of C2 into C1 could occur due to the
relatively small value of the interconversion barrier (~550-600 em™ )
between both forms, [29] the non-observation of C2 conformer can be
alternatively explained in terms of the dipole moment components and
relative abundances. For C1 only b-type rotational transitions have been
measured (up, = 1.9 D), while a- and c-type transitions were not detected
(ua = 0.4 D, pe = 0.5 D). The relative intensities of the transitions for C2
conformer can be approximately predicted assuming no relaxation
processes occur in the supersonic jet. Laser ablation brings diflunisal
molecules into the gas phase being thermalized in the region where the
ablation plume crosses the expanding carrier gas jet. Assuming a situa-
tion in that region close to equilibrium at pressure and temperature
lower than the stagnation ones, the subsequent expansion brings all the
molecules populating both conformers to the corresponding ground
vibrational states. Thus, the relative equilibrium conformer populations
evaluated from the Gibbs free energy can be related to the observed
intensities, which are proportional to the corresponding number den-
sities. Considering a beam temperature of 273 K [30,31] at 2 bar, the
relative intensities were calculated taking into account the line strength
of the transitions, the squared vale of the electric dipole moment com-
ponents and the Gibbs energy [32]. A relative abundance of the con-
formers in the beam of 1:0.8 was obtained and an intensity ratio of 1:2.5
for the c-type transitions (u. = 0.5 D and 0.9 D for C1 and C2 respec-
tively). The most intense c-type transitions for conformer Cl not
observed are below the noise. Although C2 c-type lines are more intense
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than the corresponding to C1, C2 transitions could be around the limit of
detection. The observations indicate that either the population, reduced
by a total- or partial-relaxation, and dipole moments of this conformer
are too low to be detected or it does not exist in our experimental
conditions.

4.3. Molecular structure and intramolecular interactions

The experimental value of the planar moment P., which measures the
mass distribution out of the ab plane, of the conformer C1 is 65.1507(11)
uA? (see Table 1). Because of the non-planar arrangement of the
difluorophenyl ring, this value is ~550 times higher than that found for
salicylic acid in the gas phase, for which P, = 0.1262(19) uA? [33]. The
torsional angle of the 2',4-difluorobiphenyl moiety in C1 is predicted to
be +42.48°. It can be pointed out that the relative error committed by
theoretical methods predicting P, value with respect to the experimental
one is of just 5 %. However, small changes in o dihedral angle further
reduce this difference giving a more reliable structure. In this way,
setting a = +43.58° gives a set of rotational constants (A = 950.37 MHz;
B =202.93 MHz; C = 174.76 MHz) that result in a P, of 65.14 uA?. This
value of the dihedral angle is similar to that presented in the biphenyl
molecule and its derivatives. For instance, the torsional angle is +44.4
(1.2)° for the biphenyl molecule [34], +49 (5)° for 2-fluorobiphenyl
[35] and £44(5)° for 4,4-difluorobiphenyl [35] in the gas phase. The
value is also similar to that found for other nonsteroidal anti-
inflammatory agent drugs with somewhat similar structures, e.g., this
torsional angle is 44.26° for flurbiprofen [4].

The torsional angle in diflunisal and all the biphenyl derivatives is
the result of an intricate balance of forces involving the n-conjugation
between both rings, favoring a co-planar configuration and the steric
repulsion between the adjacent atoms in ortho-position. In this context,
NCI, NBO and QTAIM analyses have been carried out to provide insights
into the possible intramolecular interactions that stabilize the detected
conformer. NCI and QTAIM analysis for C1 are shown in Fig. 4. In the
NCI scatter graph also shown in Fig. 4, the Y axis represents the reduced
density gradient (RDG) and the X axis the sign [12(r) |p(r) function, being
p(r) the electron density function and Ay(r) is the second highest

Table 1

Rotational parameters obtained from the analysis of the spectrum of the C1
conformer of diflunisal and its comparison with the DFT values (B3LYP-D3/6-
311+-+G(d,p)) for the identified form.

Param.” Experimental values DFT values
A/MHz 952.01848(10)" 950.29
B/MHz 203.574986(72) 203.12
C/MHz 175.292044(72) 174.55

K -0.93 —0.93

P,/uA? 2417.3699(11) 2425.80
Py/uA? 465.6994(11) 469.53
P./uA? 65.1507(11) 62.29
D;/kHz 0.00167(13) 0.001249
D,k/kHz - 0.06409
Dy/kHz - 0.00365
di/kHz - —0.00016
dy/kHz - —0.00009
o/kHz 4.0 -

N 142 —

Ha/D No 0.4

Hp/D Yes -1.9
tie/D No —0.5

# A, B and C are the rotational constants; x is Ray’s asymmetry parameter (k =
(2B—A — C)/(A — C); Py (@ =a, b or ¢) are the planar moment of inertia derived
from the inertial moments I, (P, = (I, + I, — I.)/2); Dy, Dk, Dk, dy and d, are the
quartic centrifugal distortion constants; ¢ is the rms deviations of the fit; N is the
number of lines fitted; p,, up, and u, are the components of the electric dipole
moment along the principal inertial axes. Yes/No indicate if selection rules
governed by that dipole moment component have been observed.

b Standard errors are given in parentheses in units of the last digit.
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eigenvalue of the electron-density Hessian matrix. Weak interactions
have positive correlation with the electron density in the corresponding
region. On the other hand, van der Waals interaction regions present
very low values of p(r). Regions corresponding to hydrogen bonding and
strong steric effects have larger values of p(r). A positive sign of 1(r)
indicates repulsive interactions, while negative values represent
attractive interactions. The product of the sign of both A»(r) and p(r)
allows the visualization of non-covalent interactions. The spikes in the
low part of the graph represent the non-covalent interactions of the
system. Those on the left part are attractive interactions and those of the
right part correspond to repulsive interactions.

As expected, the most significant interaction observed in the detec-
ted conformer is a strong intramolecular HB, depicted in blue in the NCI
plot and established between the hydrogen atom of the hydroxyl group
and the carbonyl oxygen atom of the carboxylic acid group. The pre-
dicted distance at the B3LYP-D3/6-311++G(d,p) level of theory is
1.776 A. QTAIM analysis reveals the existence of a (3, —1) bond critical
point (BCP) between these two atoms. The formation of the six-
membered ring through the intramolecular HB is also observed as a
(3, +1) ring critical point (RCP). Taking into account that the electronic
density is related to the strength of the bond, the interaction energy for
the intramolecular HB in C1 is estimated to be —8.13 kcal mol ™! [30].
NBO calculations reflect this interaction predicting an electron density
transfer from the O;p5 lone pair to the O16-Hz; antibonding ¢* orbital
with a second order E@ energy of 3.20 kcal mol L. Given the strength of
this interaction, these analyses support the hypothesis that the intra-
molecular HB is further stabilized by resonance assisted hydrogen
bonding (RAHB), similar to the behavior observed in salicylic acid [27].
Similar but weaker HB interactions have been observed in the high en-
ergy conformers C3, C4, C5 and C6. Furthermore, all diflunisal con-
formers exhibit a weak CH---F intramolecular HB between the polar
fluorine atom and the closest hydrogen atom in the adjacent phenyl ring,
contributing to the stabilization of the structures. Particularly, the
CH.---F distance is 2.485 A in C1. The interaction energy obtained from
the electronic density has a value of —1.58 kcal mol~!. QTAIM also re-
veals that there is a (3, +1) RCP that shows the HB closing a pseudo six-
membered ring. In the flurbiprofen molecule, the CH---F is 2.482 A and
the stabilization energy is —1.56 kcal mol~! [5]. Additional weaker
attractive interactions, such as the interaction between the carboxylic
functional group and the closest hydrogen of the phenyl ring are also
revealed by NCI. In C1 conformer, the H---OH predicted distance be-
tween both atoms is 2.400 A. Additionally, our NCI calculations show
that there is an H---H attractive interaction between the closest
hydrogen atoms of the difluorobiphenyl moiety, with a predicted dis-
tance of 2.453 A.

4.4. Comparison with condensed-phase data

It is of chemical and biological interest to compare the observed
conformation in the gas phase with those previously reported for
diflunisal in condensed phases. The gas-phase structure C1 detected in
this work matches with two structures, Al and A2, found by Cross et al.
[36] using X-ray diffraction techniques for solid diflunisal. In such
structures, the o dihedral angle seems to have a slightly lower value in
diflunisal in the condensed phases while the y dihedral angle is slightly
higher. Another diflunisal structure (B) detected by Cross et al. [36]
corresponds to the C2 conformer. The C1 and C2 values of the dihedral
angles that define the molecule are compared to those of the condensed
phases in Table 2.

Because of the pharmaceutical activity that diflunisal presents, the
gas phase structure can be compared with that presented when com-
plexed with proteins. Although its more common therapeutical effect
occurs by the inhibition of the prostaglandin-endoperoxide synthase,
among the set of molecular structures stored in the Protein Data Bank
[37] and to our knowledge, none of the reported structures contemplate
such binding. Furthermore, in all the structures, diflunisal is present in
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Fig. 4. a) NCI plot maps the location and strength of intramolecular interactions with coloured isosurfaces ranging from blue (strong attraction) to red (strong
repulsion) according to the product of the sign of the second eigenvalue of the Hessian and electron density. b) QTAIM analysis plot shows (3, —1) bond critical points
in yellow, (3, +1) ring critical points in purple and bond paths in orange. The interaction energy in black has been calculated from the values of the QTAIM analysis
and the energies in blue have been extracted from the NBO analysis. ¢) Reduced density gradient (RDG) graph (explained in the text).

Table 2

Comparison of dihedral angles between gas-phase conformers predicted at
B3LYP-D3/6-311++G(d,p) level of theory and X-ray data (Al, A2 and B) ob-
tained by Cross et al. [36]. Angles are given in degrees.

Parameter C1 Al A2 C2 B

a (C-C-C-C) +43.58 —40.63 38.86 +136.73 —136.51
S (C-C-C-0) —0.47 0.47 —0.44 0.32 2.42
y (C-C-O-H) 0.36 —0.67 —0.66 —0.02 0.21
¢ (0-C-0-H) —0.38 0.07 —0.05 0.25 2.89

an ionic form that only makes possible to compare the value of a dihe-
dral angle. In a comparative study, the Cl-like structure (a ranging
+26.96° — +54.62°) has been reported when bound to a DNA-
polymerase that inhibits the growth of Helycobacter pylori [5], to the
a-amino-p-carboxymuconate-e-semialdehyde decarboxylase [6] or in
relation with its role as modulator of the stability of the transthyretin, a
protein related with some types of amyloidosis [7]. The latter interac-
tion can also occur in a C2-like conformation [8]. Surprisingly, this C2-
arrangement is preferred when complexed with human serum albumin,
a protein that, because of its strong binding energy with diflunisal,
constitutes the main sink of this drug against its therapeutic effect [7,8].
All the mentioned diflunisal structures complexed with proteins are
accessible from conformers C1 and C2 with a low energetic cost. For
instance, the values of o for C1 can be related with structures that are
found in the C1 PES well, having relative energetic values of less than
200 cm ! (see Fig. 2). Overall, we conclude that the structures found for
diflunisal, using the synergy of spectroscopic techniques and quantum

chemical calculations resemble those reported in the complexation with
biologically relevant proteins.

5. Conclusions

Despite the apparent diversity of potential conformations diflunisal
can present, only two conformers, which are class-1 atropisomers, are
found to be within an energy window of 100 cm ™. The predicted global
minimum was detected using high-resolution microwave spectroscopy
coupled with supersonic jets. Due to the high boiling point and the low
vapour pressure of the sample, the laser ablation method has been
employed to vaporize the sample. The value of the difluorobiphenyl
torsional angle observed for this diflunisal conformer is similar to those
of several biphenyl derivatives, such as flurbiprofen. Intramolecular
interaction analysis clearly confirms the existence of a RAHB that
strongly stabilizes the two atropisomers, resulting also in a planar
skeleton in the salicylic part of the drug. The comparison of our results
with the available data about condensed phases shows that the solid-
state structures correspond to the most stable forms in the gas phase.
Furthermore, the protein database analysis shows that diflunisal struc-
tures slightly differ from the isolated atropisomers at the PES minima
and correspond to structures confined in the potential energy wells.
Such observation evinces the importance of fundamental studies of
isolated molecules aims at interpreting molecular features that help in
understanding supramolecular interactions. These facts are of particular
importance in modern pharmacology when atropisomers are involved in
the biochemical effects of a newly designed drug.
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