A solvent-mediated conformational switch in sulfanilamide
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Sulfanilamide, a widely used antibacterial drug, has been brought into the gas phase using laser ablation techniques, and its

structure has been characterized in the isolated conditions of a supersonic expansion using Fourier transform microwave

techniques. A single conformer stabilized by an N-HeeeQO=S intramolecular interaction in an equatorial disposition has been

unequivocally characterized. To emulate the microsolvation process, we studied its hydrated cluster. The results show that

a single water molecule alters the conformational preference and forces sulfanilamide to switch from its initial eclipsed

configuration to a staggered disposition. The observed hydrated cluster adopts a structure in which water forms three

hydrogen bonds with sulfanilamide stabilizing the molecule.

Introduction

Sulfanilamide (SA, 4-aminobenzenesulfonamide), shown in
Scheme 1, is a synthetic molecule consisting of an aniline
derivatized with a sulfonamide group. It was discovered in
1908 and was initially employed as an antibacterial drug to
reduce infection rates.2 Moreover, SA is used as a core for
developing more with  different
bioactivities. Sulfa drugs are competitive inhibitors of p-
aminobenzoic acid (PABA) in the folic acid metabolism cycle in
organisms.3-6 Specifically, it competitively inhibits the enzyme
dihydropteroate synthase (DHPS) by interacting with the same
activity center. This enzyme typically uses para-aminobenzoic
acid (PABA) to synthesize the necessary folic acid (vitamin B9),
a coenzyme, to synthesize purines and pyrimidines. The
inhibited reaction usually is necessary for these organisms to
synthesize folic acid. Without it, bacteria cannot replicate.
Furthermore, mammals do not synthesize their own folic acid,
so they are unaffected by PABA inhibitors, which selectively kill
bacteria.

The competitive inhibition between sulfanilamide and PABA
occurs due to their structural similarity caused by the
bioisosteric replacement of the -COOH group in PABA by the -

effective  derivatives

H,N

Scheme 1 Chemical structure of sulfanilamide.
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SO;NH; group in sulfanilamide. Therefore, determining the
spatial disposition of the atoms, the main functional groups, as
well as evaluating the intra- and intermolecular forces, is a key
step to understanding the biological process. Considering this,
determining the isolated three-dimensional structure of the
molecule is mandatory as it allows the study of its main
intramolecular interactions without presenting any other
external interaction that would otherwise modify its intrinsic
conformation preferences. This step is crucial as it can give
additional and vital information to understand the binding
process within the active center.

Numerous studies have been carried out to determine its
structure in condensed and gas phases. In condensed phases, X-
ray diffraction showed four polymorphs differing in the torsion
of the sulfonamide group.”12 FTIR, FT-Raman and NMR
techniques found an eclipsed conformation.13-15 Investigations
carried out in the gas phase using matrix isolation FTIR
spectroscopy in Ar and Xe matrices ¢ as well as those studies
conducted using UV and IR spectroscopy,’’” found a single
conformation. However, the four stable structures of the
monomer show no differences in the IR spectrum, and the
assignment is mainly based on the calculated energetics. A
recent work conducted using gas-phase electron diffraction18
shows that, at 184°C, conformations in an eclipsed orientation
are predominant in vapor (90%), although no distinction
between the orientation of the anilinic amino group is made. A
recent study using rotational spectroscopy!® shows that the
eclipsed orientation is the most stable configuration, but again
the preferred disposition for the orientation of the anilinic
amino group is undetermined. Finally, studies conducted using
UV and the hydrated species of
sulfanilamide,’” show a single conformer, attributed to a

IR spectroscopy for

staggered orientation, but the assignment is based on the
subtle variation of a single stretching mode in less than 30 cm™.
Thus, while there exists an initial assignment for the hydrated
species, an accurate structural determination is still needed.



In a quest to obtain the most relevant species of
sulfanilamide, we combine the benefits of chirped pulse and
narrow-band Fourier-transform microwave spectroscopy with
vaporization by laser ablation (LA-CP-FTMW and LA-MB-
FTMW)20-25 and apply them to sulfanilamide. Rotational
spectroscopy has proven a powerful tool for unambiguously
identifying chemical species in the gas phase and is
acknowledged among the most robust techniques to distinguish
between subtle changes in molecular geometry. Since every
molecule has a unique three-dimensional structure, it possesses
a characteristic set of rotational constants. Furthermore, due to
the low vapor pressure and degradation upon heating of most
of the biomolecules, as it is the case of sulfanilamide (m. p.
165°C), the use of laser ablation allowed an optimal transfer of
the molecules into the gas phase. In the following, we present a
rotational spectroscopic study of SA which shows an exciting
outcome: as we will prove a single water molecule alters the
conformational preference and forces sulfanilamide to switch
from its initial eclipsed configuration to a staggered disposition.

Methods

Experimental details

A commercial sample of sulfanilamide (Cymit, m.p. 165°C) was
used without any further purification. A solid rod was prepared
by pressing the compound’s fine powder mixed with a small
amount of commercial binder (Peoval). We kept it at vacuum
for at least two weeks to allow it to dry, and was placed in the
ablation nozzle. A picosecond Nd:YAG laser (355nm, 15 mJ per
pulse, 20 ps pulse width) was used as a vaporization tool. Firstly,
products of the laser ablation were supersonically expanded
utilizing the flow of Helium as a carrier gas at a stagnation
pressure of 5.5 bar, and characterized by chirped-pulse Fourier
transform microwave spectroscopy (LA-CP-FTMW).20-23 For the
chirped pulses, a 24 GS-s~! arbitrary waveform generator was
used to create 4 ps length pulses in the 3—7 GHz range. These
pulses were doubled (6-14 GHz) using an active multiplier, and
then amplified using a 300W TWT amplifier to create a high-
energy excitation pulse that polarizes the molecules in the 6-14
GHz frequency range. Up to 128000 individual free induction
decays (4 FIDs on each valve cycle at a 2 Hz repetition rate) were
averaged in the time domain, and then Fourier transformed to
obtain the broadband frequency domain spectrum. For the
hydrated cluster, no water was added and small amounts of
water vapor present in the carrier gas were used.

In order to resolve the hyperfine structure, a molecular
beam Fourier transform microwave spectrometer (LA-MB-
FTMW) dedicated to maximize its performance in the 2-8 GHz
frequency range was used.?*2> This spectrometer provides the
high-resolution necessary to analyze the hyperfine structure
due to the presence of two “N nuclei in the molecule. All the
transitions appeared as Doppler doublets due to the parallel
configuration of the molecular beam and the microwave
radiation. The resonance frequency was determined as the
arithmetic means of the two Doppler components. In this
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Figure 1 The four most stable structures of sulfanilamide (top) and sulfanilamide-water
(bottom), calculated at B3LYP-D3(BJ)/6-311++G(d,p). The sketch of the sulfanilamide
molecule is shown in the centre. Blue and red frames highlight the structures
experimentally observed.

setup, a picosecond Nd:YAG laser (355nm, 15 mJ per pulse, 20
ps pulse width) was used as a vaporization tool, and a flow of
He/Ne of 20:80 was employed as a carrier gas at a stagnation
pressure of 10 bar.

Theoretical Modelling

A conformational search of sulfanilamide and its water cluster
was carried out to facilitate the identification of the different
present during adiabatic expansion. MMFFs
forcefield and two search algorithms: the “Large scales Low
Mode” (which uses frequency modes to create new structures)
and a Monte Carlo-based search, as implemented in
Macromodel?® employed using a 30 kJ/mol energy cut off. A
total of four different structures were obtained for the
while 20 structures the
sulfanilamide-water cluster. The resulting geometries were
then optimized by MP227 and B3LYP-D3 (BJ)2%-30 methods using
the Pople’s 6-311 ++ G (d,p) basis set.3! For the DFT method,
Grimme's dispersion correction (D3) with Becke-Johnson
damping (BJ)32 were included. This procedure resulted in a
reduction from 20 to 16 conformers for the sulfanilamide-

conformers

monomer, were found for

water, while the monomer showed 4 structures.

Results and Discussion

In the first step, we conducted a conformational search of
sulfanilamide as explained in the previous section. This
procedure allowed us to filter the most stable species relevant
to our experiment, i.e., with relative energies lower than 500
cml. For the monomer, a total of four stable species were
obtained. The relevant structures are shown in Figure 1.
Additionally, the values of the rotational constants, nuclear
quadrupole coupling constants and the dipole moment
components that will facilitate the conformational assignment
are collected in Table 1. The two most stable conformers have
an eclipsed configuration and they differ in the orientation of
the anilinic amine group. Among them, B3LYP method predicts

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 LA-CP-FTMW rotational spectrum of sulfanilamide in the 7-11.5 GHz frequency
range, where intense 2R-branches are indicated in red. A small portion of the spectrum
is highlighted: the red dots indicate the rotational transitions of the monomer, while a
few selected transitions of its water cluster are highlighted using blue triangle marks to
illustrate the difference in intensity.

conformer 1 to be the global minimum, while MP2 reverses the
order. Including the entropic contribution further magnifies this
difference.

In the next step, we transitioned to the experimental work.
Due to the high melting point of SA (m.p. 165°C), conventional
heating evaporation methods resulted in a considerably low
proportion of SA in the gas phase. This problem can be
overcome by using laser ablation techniques, which have
proven successful for many biomolecules.33-3> Consequently,
neutral molecules of sulfanilamide were transferred from its
solid into the gas phase using picosecond laser pulses, to
measure its rotational spectrum. The spectrum was measured
using two different broadband Fourier transform microwave
spectrometers (LA-CP-FTMW) that operate in different
frequency regions.21-23 Figure 2 shows a portion of the obtained
rotational spectrum, while the whole spectrum can be found in
Figure SI01 of the Electronic Supplementary Information (ESI).
As can be seen, the spectrum consists of many rotational
transitions. Most of the lines showed a not well-resolved
hyperfine structure arising due to the presence of two N nuclei
with non-zero electric quadrupole moment (/=1), which
disappeared when the laser was turned off. These two factors
indicate that the spectrum must correspond to sulfanilamide
species.

Table 1 shows the calculated values for the stable species of
the SA monomer. The first thing to realize is that all the
conformers have a very high dipole moment on the ag-axis. The
transitions arising from such selection rules usually present a
characteristic pattern, so their spectral signatures were first
pursued. This strategy lets us obtain a preliminary set of
rotational constants for a first rotamer, determined from a rigid
rotor analysis.3® These initial rotational constants helped us
quickly locate another series of c-type transitions, which were
also added to the fit. As a result, 109 transitions were measured
(see Table SI01 of the ESI for a complete list of the measured

Table 1 Experimental spectroscopic parameters obtained for the detected rotamers of SA and its water cluster, compared with those calculated using B3LYP-D3(BJ)/6-

311++G(d,p) for the lowest energy conformers.

EXPERIMENTAL SA THEORY(B3LYP-D3(BJ)/ MP2) EXPERIMENTAL SA-W THEORY(B3LYP-D3(BJ)
Specie | Rotamer | (LA-MB-FTMW) e-d e-u s-d s-u Rotamer Il (LA-CP-FTMW) | s-WI e-WI| e-WIII
A 2610.4103(21)8 2553/2556 | 2553/2555 | 2554/2557 | 2554/2557 1411.3989(64) 1407 1467 1922
B 565.02163(30) 559/561 559/561 558/560 558/560 504.6184(13) 506 475 410
Cc 513.47983(26) 508/510 508/510 507/508 507/508 403.6054(13) 404 396 365
[ual Observed 4.8/4.1 4.8/4.0 7.0/6.4 7.0/6.4 Observed 5.1 3.4 5.1
i) Not Observed 0.1/0.1 0.1/0.1 0.0/0.0 0.0/0.0 Observed 2.9 1.9 2.6
Juc| Observed 2.2/1.9 3.8/4.0 2.8/2.4 4.4/4.5 Observed 1.4 0.8 1.0
Xao A 2.4901(56) 2.66/2.54 | 2.51/2.34 | 2.68/2.57 | 2.52/2.34 2.66 2.77 2.41
Xbb,A 1.8486(75) 2.22/1.94 | 2.23/1.95 | 2.21/1.94 | 2.24/1.95 2.18 1.67 2.24
Xec, A -4.3386(75) -4.88/-4.48 | -4.74/-4.29 | -4.89/-4.50 | -4.76/-4.29 -4.84 -4.44 -4.65
Xaa,S -2.4632(36) -2.57/-2.45 | -2.59/-2.57 | -5.01/-4.66 | -5.01/-4.70 -3.99 -2.35 -1.83
Xbb,S 1.3060(64) 0.88/0.88 | 0.91/1.06 | 1.79/1.70 | 1.80/1.71 0.78 1.30 -0.54
XeoS 1.1572(64) 1.69/1.57 | 1.68/1.51 | 3.22/2.96 | 3.22/2.96 3.21 1.05 2.38
AE? - 0/0 26/28 141/26 202/94 0 154 263
AEzpef - 0/4 23/0 229/144 270/226 0 55 128
AGY - 0/81 37/0 472/427 507/512 283 0 6
Ne 32 - - - - 107
o 2.5 - - - - 67.5

2A, B, and C are the rotational constants (in MHz); |ual, |us|, and |uc| represent the absolute values of the electric dipole moment components (in D); Xaa, Xob, and Xcc,
are the diagonal elements of the *N nuclear quadrupole coupling tensor (in MHz); A and S labels make reference to the amino and sulfonil nitrogen atoms, respectively.
blCalculated relative energies (in cm™) to the global minimum. [€ICalculated relative energies (in cm) concerning the global minimum, considering the zero-point energy
(ZPE). [iCalculated Gibbs energies (in cm1) calculated at 298 K. lINumber of measured transitions. [IRMS deviation of the fit (in kHz). lStandard error in parentheses in

units of the last digit.
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transitions), allowing us to determine the rotational constants
accurately. The obtained rotational constants are A=2610.6,
B=565.0, and C=513.5 MHz. We also detected some of the
corresponding isotopomers (see Figure SI02 and Tables SI02 to
SIOS of the ESI for detailed information): 34S, 13C, (equivalent to
13C¢), 13C;5 (equivalent to 13Cs), and 13C,.

Removing the rotational transitions corresponding to the
parent SA and its isotopologues resulted in a spectrum with very
weak lines. Surprisingly, none of them corresponded to any of
the predicted conformers of SA. Therefore, we explored the
possibility of them belonging to its hydrated clusters. Following
the same strategy as that described above for SA, we first
conducted a conformational search of the monohydrated
cluster of SA. Among the most stable species, six relevant
structures within 150 cm respect to the global minimum,
shown in Figure 1, were found. All the calculated structures and
relevant spectroscopic parameters can be found in Figure SI03
and Table SI06 of the ESI, respectively. Similar to the monomer,
the characteristic pattern of the a-type progressions was
recognizable. In opposition to the monomer, b- and c-type
transitions were also observed in this case. The appearance of
the b-type transitions was key to confirming the presence of SA-
H,O clusters because, as shown in Table 1, only the
monohydrated species presented activity around this axis. A
total of 107 rotational transitions were fitted, resulting in the
rotational constants collected in Table 1, and corresponding to
rotamer Il. The complete list of the measured transitions can be
found in Table SI07 of the ESI.

For the conformational assighment, we compared the
experimental rotational constants and dipole moment
components with the calculated values. As expected, the
rotational constants of rotamer | are similar to those calculated
for SA. However, Tablel shows that the four structures have
similar rotational constants. As shown in Figure 1, the four most
stable species of SA maintain the same heavy atom skeleton,
with the only difference being the position of the NH;
hydrogens: i.e., the amino group of the sulfonyl amine can be
oriented opposite to the aromatic ring (eclipsed, e) or towards
it (staggered, s); additionally, the benzyl NH, group can point in
the same direction of the sulfonyl amine group (up, u) or
opposite to it (down, d). This slight difference does not cause a
significant change in the mass distribution and, consequently, in
the rotational constants' values.

Therefore, the constants do not allow an
unequivocal conformational However, the
diagonal elements of the nuclear quadrupole coupling tensor of
each of the “N can be used for an accurate assignment, as they
greatly depend on the chemical environment of each nitrogen
atom. The two N nuclei of the amine groups of sulfanilamide
have a non-zero quadrupole moment (/=1), which interacts with
the electric field gradient at the site of these nuclei resulting in
a hyperfine structure for all the rotational transitions.3” The
nuclear quadrupole coupling constants (Xaa, Xbb, Xcc) €xtracted
from its analysis provide information on the electronic
environment of the nitrogen nuclei. In the case of the
conformers of sulfanilamide, this information is crucial as it
gives the orientations of the two NH; groups, allowing us to

rotational
identification.

differentiate  between the eclipsed and staggered
configurations.
In the next step, we measured selected rotational

transitions using our narrow-band Fourier transform microwave
spectrometer (LA-MB-FTMW)243839 to resolve the hyperfine
structure completely (see Figures SI04 and SI05 of the ESI). A
total of 32 components were measured, obtaining the
spectroscopic values listed in Table 1 for rotamer | (see Table
S108 of the ESI for a complete list of the measured transitions).
The nuclear quadrupole coupling constants around the sulfanyl
nitrogen atom indicate that rotamer | must correspond to an
eclipsed configuration, stable

configuration. It settles down the staggered vs. eclipsed

which is also the most
problem. However, the up and down configurations show
similar rotational and quadrupole coupling constants and
cannot be distinguished solely.

To discern between both orientations, we explored the
dependence of the intensity on the polarization power in a
linear in Table 1, the eclipsed-up

configuration has an almost similar dipole moment for the a-

regime. As shown
and c-type components (1:1 ratio), while the eclipsed-down
configuration has twice the dipole moment value for the a-type
component with respect to the c-type (2:1 ratio). Therefore, we
compared the effect of the polarization power change on a- and
c-type transitions using the MB-FTMW technique, as it ensures
a linear regime. The results are shown in Figures S04 and SI05:
while a severe attenuation of the polarization power only shows
the a-type transitions, increasing the polarization power results
in an increase of the a-type transitions and the appearance of
the c-type transitions. Further increasing the polarization power
saturates the a-type transitions and increases c-type transitions
until saturation is reached. This dependence is expected for a
situation where ugs>u,, is in good agreement with the eclipsed-
down configuration. We estimate twice the dipole moment for
the a-type transitions with respect to the c-type transitions, in
excellent agreement with the predicted value of such
configuration. Therefore, the experiments point to the eclipsed-
down configuration as the experimentally detected conformer.
Nevertheless, it also exists the possibility of a vibrationally
averaged system.1”

According to their energetics, there are four conformers of
sulfanilamide which should be stable enough to be present in
the experiment, but a single structure has been observed. The
other three predicted structures must be missing due to the
properties of the supersonic expansion.*?-43 We performed a
relaxed Potential Energy Surface (PES) scan to estimate the
interconversion barrier energy. The results are collected in
Figure SI06 of the ESI and show that the inversion of the benzylic
amine that connects the up and down configurations are
separated by an energetic barrier of less than 100 cm,
confirming a conformational interconversion. Additionally, the
eclipsed and staggered conformations are connected by an S-
NH: inversion. We located the transition state and estimated an
interconversion barrier of ~500 cm-! (see Figure S106 of the ESI).
This value is within the limit for conformational interconversion.
Therefore, a partial interconversion together with its lower
stability explains its non-detection. Nevertheless, the four
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conformers should be interconverting from one to another at
the room temperature of the physiological conditions.

Once the conformational puzzle of SA is solved, we focus on
analyzing its water cluster. There are several structures for the
SA-H,0 cluster, but all of them are based on the bare molecule:
the water molecule enters interacting with either the eclipsed
or the staggered configurations of SA. There are also some
minor variations in the relative position of water within each
configuration, but they are separated by shallow
interconversion barriers and, therefore, only the three
structures collected in Table 1 are relevant. The nuclear
quadrupole coupling interactions of the two *N nuclei of
sulfanilamide-water result in a very complex hyperfine
structure for all observed rotational lines. No attempt was made
to assign the quadrupole hyperfine components due to the
weakness of transitions, and no information about the
quadrupole coupling constants was obtained. The rotational
frequencies were measured as the intensity-weighted mean of
the line cluster, which could affect the uncertainty of frequency
measurements reflected in a larger RMS value (see Table 1).
However, the rotational constants alone can distinguish
between both configurations. The excellent matching between
the experimental and calculated rotational constants shows

This journal is © The Royal Society of Chemistry 20xx

that water prefers to interact with the SA in the staggered
configuration. This unambiguos determination of the staggered
configuration is in good agreement with the results reported by
Miiller et at.2” The absence of the eclipsed configuration can be
explained by conformational interconversion, as in the bare
molecule. In this case, the barrier separating both structures is
calculated to be ~350 cm™ (see Figure SIO7 of the ESI),
explaining the presence of a single conformer in the supersonic
expansion.

Once the structural identification has been made, we can
extract some information about the intramolecular interactions
in the molecule. The case of sulfanilamide is exciting: The
staggered configuration has an additional stabilization due to
the N-Heeert interaction, while the eclipsed configuration loses
such interaction in favour of two N-HeeeQO=S interactions.
Calculations using DFT methods at B3LYP-D3(BJ) estimate that
the conformer with the N-Heeert interaction is 230 cm less
stable, while MP2 methods yield a similar value (144 cm-1). The
experimental results confirm that the N-HeeeO=S interaction
gives more stability to the molecule.

Regarding the SA-H,0 cluster, the most stable structures are
those where water acts as a proton donor to the sulfanilamide
molecule via an O-HeeeO=S hydrogen bond and, on the other

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




hand, it acts as a proton acceptor with the sulfanilamide’s
amino group via an N-HeeeO hydrogen bond. This arrangement
allows the cluster to form a cyclic hydrogen network and
confers the molecule, both for the eclipsed or staggered
configuration, a great stability. Interestingly, the experimental
results show that the staggered configuration is more stable, in
opposition to the bare molecule where the eclipsed form is
preferred. In order to explain such stabilization, we evaluated
the intramolecular interactions of the eclipsed and staggered
configurations of SA-H,O using an NClplot analysis.***> The
comparison is shown in Figure 3, and confirms the stabilization
of both configurations through a strong N-HeeeO-Heee(O=S
hydrogen bond network. The plot also shows that the staggered
configuration has an additional C-HeeeO intermolecular
interaction, stabilizing its structure over the eclipsed
configuration. We also quantified the preference of the
staggered configuration by calculating the dissociation energies
(Do) of both configurations using B3LYP-D3(BJ)/6-311++G(d,p):
the staggered form has a dissociation energy of 39.0 kJ mol-,
while that of the eclipsed conformation is 33.6 kJ mol-l. This
value is considerably high (see Table SI09 of the ESI for a
comparison with other systems) and shows that the cluster is
very stable. The results above are exciting as there is a
conformational switch: the eclipsed configuration in the bare
molecule switches to the staggered configuration when water
is introduced. Therefore, a single water molecule acts as a
conformational selector.

Conclusions

We have characterized the conformational preferences of the
sulfanilamide monomer and its monohydrated cluster in the
isolated conditions of the gas phase using laser ablation
techniques combined with rotational spectroscopy. Chirped
pulse Fourier-transform microwave (LA-CP-FTMW)
spectroscopy allowed the detection of the most abundant
species for each species. Additionally, for the monomer the
nuclear quadrupole coupling constants have been obtained
using molecular-beam Fourier-transform microwave (LA-MB-
FTMW) spectroscopy.

We have identified unequivocally one conformer for both,
sulfanilamide and its water cluster, and evaluated the intra- and
inter-molecular interactions that govern the structures. We
show that a single water molecule can modify the
conformational preferences of the monomer.
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