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clarified in this work.

The molecular structures of sulphonamides are interesting for evaluating their mobility in soils and
preparing composite complexes for optimizing the use of these drugs. In this work, the molecular struc-
tures of several arylsulfonamides along with conformational analysis and tautomerism were investigated
theoretically. The spectroscopical properties of several arylsulfonamides, were also studied at molecular
level by using a computational modeling at quantum mechanics level. Besides, the controversial experi-
mental results found in the infrared (IR) spectroscopy bands assignments of solid sulphonamides pushed
us up to study computationally the crystal structure of sulfamethazine for clarifying previous assignment
discrepancies. The previously proposed polymorphism in the crystal structure of this drug has been also

© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Almost a century after the discovery of the antibacterial activ-
ity of sulfanilamide, many N1- substituted sulfonamides have been
extensively tested due to their bacteriostatic activity against hu-
man and veterinary pathogens [1-3]. Owing to their relatively low-
cost and high efficiency against many bacterial infections, sulfon-
amides are one of the most used groups of antibiotics employed in
the veterinary and human medical sectors, and consequently are
widely found in natural waters [4] and, soils [5]. Consequently, an
important worldwide environmental problem is reaching derived
from the intensive use of pharmaceutical drugs for humans and
animals, especially in farming and livestock industry, which leads
to pharmaco-pollution.

The bacteriostatic activity of the arylsulfonamides is their
biomimetism with the p-aminobenzoic acid in the folic acid
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metabolism path. In addition to their antimicrobial use, the aryl-
sulfonamides have also many therapeutic applications as antifun-
gal, antidiabetic, antiglaucoma, antiallergic, antiobesic, vasodilator,
anti-HIV, and anticancer [6].

The sulfonamides belong to an antibiotic class extensively used
in animal and human treatment, which explains their presence
in the aquatic environment; so that, in the last two decades, the
sulfamethazine (SMT) and sulfamethoxazole (SMX), sulfachloropy-
ridazine (SCP) and sulfacetamide (SCM) (Fig. 1) drugs are de-
tectable along with their metabolites and present in wastewater
and sewage at high concentrations relative to other analyzed an-
tibiotics. They are released in farming land interacting with soil
components and can be washed off into raining water, surface wa-
ter and reached the ground waters. The residues of these drugs can
enter to the food chain and impact on environment and affect to
the human health. The presence of these pollutants in food sam-
ples is a major environmental concern, developing antibiotic resis-
tance to pathogenic bacteria.

Therefore, further studies at molecular level should be de-
veloped, with the purpose to know the chemical structure,
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Fig. 1. Sulfonamides molecular structure, a) sulfamethazine, b) Sulfametoxazole, c) sulfachloropyridazine, and d) sulfacetamide.
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Fig. 2. Scanning of the O-S-N-H dihedral angle of sulfamethazine (a) and the optimized minima SMT-M1 (b), SMT-M1 viewed from the sulfoxide group in a perpendicular

plane of the H,N-S axis (c), and SMT-M2 (d).
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Fig. 3. Scanning of the CCNS dihedral angle of SMX (a), and the optimized minima SMX-M1 (b), SMX-synM1 viewed from the sulfoxide group in a perpendicular plane of

the H,N-S axis (c), and SMX-anti (d).

physicochemical properties, and the intermolecular interactions to
reduce the presence of the sulfamides in the aquatic and soils en-
vironment.

The great importance of sulfonamides as antibiotic enhanced
the research on crystal polymorphism of these drugs in the last
decades [7]. However, some authors claimed new crystal forms,
which were not actual new polymorphs. Then, there are some dis-
crepancies concerning the number of polymorphs in some sulfon-
amides.

Molecular calculations have been applied to the study of the
molecular and crystal structures [8-10] of drugs describing the
intramolecular and intermolecular interactions [11] responsible of
the stability of crystal polymorphs [12]. One of the aims of this
work is the study of the molecular structure of several arylsulfon-
amides with different N-substituents in the sulfonamido group at
quantum mechanics calculation level. The effect of the nature of
these N-substituents on some properties, such as, tautomerism and
spectroscopical properties is investigated. Other aim of this work
is the exploration of the crystal polymorphism of these arylsulfon-
amides in order to clarify the discrepancies reported previously in
this subject.

2. Models

Sulfamethazine (4-Amino-N-(4,6-dimethyl-2-pyrimidinyl)-
benzenesulfonamide) (SMT) [13-15], sulfamethoxazole (4-Amino-
N-(5-methyl-3-isoxazolyl)-benzenesulfonamide) (SMX) [15],
Sulfachloropyridazine (4-amino-N-(6-chloro-3-pyridazinyl)-
benzenesulfnamide) (SCP) [16], and sulfacetamide (p-
aminobenzene sulfonacetamide) (SCM) |[17] crystal structures
were taken from previous experimental crystallographic X-ray
diffraction data. The sulfonamide molecules were extracted from
their crystal structures.

The selection of these arylsulfonamides is based on comparing
different N substituents to explore the effect of these substitutions
on their properties. Different heterocycles were explored, such as
a symmetric pyrimidine (SMT), a five-atoms heterocyclic ring as
isoxazole (SMX), an asymmetric pyridazyl ring (SCP), and with only
an acetyl group without heterocyclic moiety (SCM) (Fig. 1).

3. Methodology

Quantum mechanical calculations were applied for the study
of molecules, and crystal structures. Isolated molecules were cal-
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Fig. 4. Scanning of the SMX dihedral angle CCSN (a) with its second minimum SMX-synM2 (b), and scanning of HNSO (c) with its second minimum SMX-synM3 (d).

culated using the Gaussian 09 program suite [18]. The molecu-
lar structures of sulfonamides were optimized with the M06-2X
functional, a hybrid meta exchange-correlation functional that is a
good functional for aromatic groups, and describes well the no-
covalent interactions [19,20]. This functional was used with the
6-311+G(d,p) basis set [21]. Optimized geometries were character-
ized by harmonic vibrational frequencies, which confirmed that the
structures obtained are minima on the potential energy surface.
The energy calculations have been corrected with the zero-point
energy. All calculations were undertaken in an aqueous solution;
the solvent effect was described by through the SMD model [22].
In tautomerism studies, the transition states (TS) of the reaction
paths were localized performing an IRC (Intrinsic Reaction Coordi-
nate) for both directions.

The isolated molecules embedded in periodical boxes of
20x20x20 A and the crystal structures were calculated with Den-
sity Functional Theory (DFT) applying periodical boundary condi-
tions. This computational approach and methodology were proven
useful for studying other drugs [23-26]. We used the Quantum-
Espresso (QE) [27] code based on plane wave basis sets, with the
generalized gradient approximation (GGA), and the Perdew-Burke-
Ernzerhof functional (PBE) for the exchange-correlation potential
[28]. Plane wave PAW (Projector Augmented Wave) pseudopoten-
tials [29] were used. In addition, different values of energy cut-
off Ecye(wfc) (40 -120 Ry) and cutoff for the charge density (160 —
840 Ry) were tested to find the optimal calculation conditions (Fig.

S1 in Supporting Information). This preliminary study allowed the
optimization of the calculation parameters in order to obtain the
maximum precision and reliability of the simulation with the mini-
mum computational cost. The energy cutoff Ecy:(wfc) used was 100
Ry and with a cutoff of 400 Ry for the charge density (Fig. S1). In
all calculations dispersion corrections were included according to
the DFT-D3 [30] scheme. All calculations were performed in the at
the I" point of the Brillouin zone. The normal modes of vibration of
the crystals were obtained from phonon calculations based on the
theory of density functional perturbation (DFPT) [31]. The spectro-
scopical vibration modes were analysed by using the Molden code
[32] The powder X-ray diffraction patterns were simulated from
the crystal structures by using the REFLEX code [33].

4. Results and discussion
4.1. Molecular structure

The molecular structures of these antibiotics were optimized
as isolated molecules, observing that in both molecules the aro-
matic and heterocyclic rings are placed in a quasi co-planar orien-
tation but the central axes of these rings form an angle close to
90° (Fig. 2a). Probably a w -7 interaction between both rings is re-
sponsible of this orientation. Several conformational analyses were
performed scanning several dihedral angles in 20° steps. The sul-
famethazine (SMT) molecule is highly symmetric and only a sig-
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Fig. 5. Scanning of the HNCC dihedral angle of SCP (a), and the optimized minima SCP-M1 (b), SCP-M1 (syn) viewed from the sulfoxide group in a perpendicular plane of

the H,N-S axis (c), and SCP-M2 (anti) (d).

nificant conformation analysis can be performed taking into ac-
count the rotation of the heterocyclic ring with respect to the aro-
matic ring along the dihedral angle O-S-N-H, where the rotor is
the S-N bond (Fig. 2a). Some intense sharp peaks are observed
in the scanning profile probably because the scan step of 209 is
large enough for including several strong changes in the structure
forced by steric hindrances. Two main minima are distinguished
taking into account the relative orientation of the N-H bond with
respect to the aromatic ring observed from the sulfoxide group,
SMT-M1 (Fig. 2b, 2c) where the N-H bond is oriented to the left
and SMT-M2 (Fig. 2d) with the N-H bond in the right orientation.
These minima have similar energy and the most stable is SMT-M2
with only 0.051 kcal/mol of energy difference. Hence, both con-
formers can exist although their exchange has a barrier close to
6 kcal/mol. The dipole moments of both conformers are similar,
SMT-M1 = 13.67 D; SMT-M2= 13.55 D, and the effect of solvent
polarity will be negligible.

In the sulfamethoxazole (SMX) molecule several possible con-
formers can be considered. In the rotation of the CCNS dihedral
angle around the C-N bond as a rotor, two minima can be dis-

tinguished (Fig. 3a), where the N-H bond can be oriented to-
wards (conformer syn) or against (conformer anti) the heterocyclic
N atom (Fig. 3). The conformer syn, SMX-synM1 (Fig. 3b, 3c), is
1.83 kcal/mol more stable than anti (SMX-anti) (Fig. 3d), due prob-
ably to the repulsive interactions between the electron clouds of
N and sulfoxide O atoms. However, the rotation barrier is small,
around 1.44 kcal/mol. Besides, for the rotation of the CCSN dihe-
dral angle, around the C-S bond as a rotor, two minima were de-
tected (Fig. 4a), where the aromatic ring rotates. A sharp peak is
showed in these profiles (Fig, 3a and 4c) probably because strong
steric hindrances have forced strong changes in the structure in
addition to the variation of the CCNS dihedral angle. Both minima
are SMX-syn conformers, SMX-synM1 (Fig. 3c) and SMX-synM2
(Fig. 4b) have similar energy, being this last one the most sta-
ble AE = 0.064 kcal/mol, although the rotational barrier is around
3.9 kcal/mol. Both conformers can be considered the same struc-
ture and the only difference is the relative orientation of the NH, H
atoms of the aromatic ring (Fig. 4b). On the other hand, the HNSO
dihedral angle scan with the rotation of the S-N bond showed also
other two minima (Fig. 4c). Both minima, SMX-synM1 (Fig. 3c) and
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Fig. 6. Scanning of the SNCO dihedral angle of SCM (a), and the optimized minima SCM-M1 (b), SCM-M1 (syn) viewed from the sulfoxide group in a perpendicular plane of

the H,N-S axis (c), and SCM-M2 (anti) (d).

SMX-synM3 (Fig. 4d), are also syn conformers with similar energy,
being the most stable the SMX-synM3 with AE = 0.137 kcal/mol,
although the rotational barrier is high, around 6 kcal/mol. The
energy difference is small and they can be considered the same
structure. Calculations based on GGA/PBE yielded similar results
being more stable the syn conformer with a higher energy differ-
ence (Table S1, in Supplementary Support).

In the SCP molecule two main conformers can be distinguished.
A scan of the dihedral angle S-N-C-C with the rotation of the N-C
bond, two minima can be considered (Fig. 5). The conformer syn
(SCP-M1) where the N-H bond is oriented to the same side of the
heterocyclic N atoms, and the conformer anti (SCP-M2) where the
N-H is oriented to the opposite side of the N-N bond (Fig. 5). The
conformer SCP-M1 (syn) is 3.40 kcal/mol more stable than SCP-M2
(anti). Similar results were obtained at GGA/PBE level (Table S1).

In SCM two conformers can be also distinguished during the
rotation of the dihedral angle S-N-C = O, the conformer syn (SCM-
MT1), where the N-H bond is oriented at the same side of the car-
bonyl group, and the anti one (SCM-M2) where both groups, N-H
and C = O are in opposite side. Both conformers have similar en-
ergy with a rotation barrier of 13.5 kcal/mol (Fig. 6). Sharp peaks
are observed in this profile, indicating that additional changes are

[=2]

produced in addition to the rotation of the dihedral angle S-N-
C = O, In GGA/PBE calculations, the syn conformer is more stable,
1.65 kcal/mol, than the anti one (Table S1).

The main geometrical features of the molecule structures op-
timized are compared with experimental data in Table 1. In gen-
eral, the main geometry features are consistent with the experi-
mental values. The calculated values are from isolated molecules,
whereas the experimental values are from crystal structures. The
intermolecular interactions in the molecular crystal can justify the
differences in some experimental and calculated values. Besides,
some variations were observed in the experimental data depend-
ing on the authors and the polymorph crystal structure. The S-O
bond close to the N-H bond is slightly longer in SMT and the
anti conformers of SMX, SCP and SCM than in the syn conform-
ers. At the same time, the syn conformers have longer S-N and
N-C bonds and higher O-S-O and smaller S-N-H bond angles than
in the anti conformers, due to interactions between the N-H and
S = O groups. However, this interaction is not through hydrogen
bonds, because the NH...O0S distance is higher in syn than in anti
conformers. Hence, this interaction can be electrostatic. These dif-
ferences are not observed in SCM where more freedom degrees ex-
ist. The experimental values of S-O, S-N bonds are slightly shorter
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Main geometrical features (distances in A and angles in ©), relative energy (in kcal/mol) and dipole moment (D) of the sulfonamide molecules optimized at M06-2X/6-

311+G(d,p) level.

SMT?? SMX syn¢ SMX syn¢ SMX anti SCP syn® SCP anti® SCM syn SCM anti

AE/ - 0.0 - 1.83 0.0 34 0.0 0.1

AG/ - 0.0 - 1.68 0.0 0.0 0.5

n 13.67 10.31 6.62 9.00 8.03 8.32 10.86 9.90

S-0q 1.461 1.456 1.447 1.460 1.455 1.460 1.457 1.459
(1.435,1.430") (1.441) (1.434)

S-0, 1.454 1.455 (1.435) 1.445 1.457 1.455 (1.433) 1.456 1.453 1.454
(1.431°,1.426")

S-C 1.755 1.751 (1.747) 1.767 1.749 1.751 (1.734) 1.750 1.751 1.749
(1.746,1.765")

S-N 1.678 (1.632%1) 1.689 (1.651) 1.688 1.671 1.694 (1.647) 1.675 1.681 1.683

N-C 1.405 1.403 (1.407) 1.399 1.389 1.413 (1.394) 1.391 1.392 1.382
(1.406¢,1.412")

NC-Npe 1.328 (1.333%,1.343") 1.306 (1.307) 1.304 1.306 1.322 (1.324) 1.320 1.216¢ 1.217¢

N-0 1.381 (1.414) 1.377 1.389 1.328¢ 1.333¢

0-C 1.350 (1.356) 1.341 1.350 1.735¢ 1.740¢

N-H...0S 2.45 2.56 (2.48) 2.48 2.48 2.56 (2.43) 2.45 2.48 2.49
(2.357, 2.54")

0-S-0 117.8 (119‘0“,118.0’1) 119.7 (119.4) 122.7 118.0 119.7 (119.4) 118.1 119.0 119.0

S-N-H 111.2 (111.89,119.5%) 109.7 (113.2) 111.2 113.0 108.6 (114.2) 112.6 113.5 115.2

C-S-N 106.8 (108.2%,107.2") 106.9 (107.1) 106.1 104.8 106.6 (106.7) 106.0 106.6 106.7

C-S-N-C 42.8 (83.0°,84.9") 52.8 (55.0) 58.6 713 52.3 75.0 61.7 58.0

(63.5)
C-C-S-N 61.9 (55.0%7) 85.5 (74.8) 88.0 66.2 91.5 66.8 59.5 78.6
(77.7)

S-N-C-Npet 150.6 126.4 (140.7) 130.0 17.0 116.9 (85) 22.0 167.0" 6.2"
(146.29,148.3")

H-N-C-N 9.5 1.9 (2.1) 3.1 165.1 8.3 (4.4) 172.7 7.6" 173.5"
(17.3¢9, 27.4%)

H,N-S-Cpe’ 74.9 85.8 (81.0) 84.5 94.2 85.6 98.4 94.5 96.5
(102.07,101.6") (87.0)

C-C-N-X/ 0.5 1.9 (8.7) 6.9 20.9 39.0 19.7 0.9 355
(18.5¢, 36.5) (16.4)

Values in brackets are experimental data from ref. 13.
Experimental data from ref. 14.
In brackets experimental data from ref. [34].

In brackets experimental data from ref. 16.

Energy in kcal/mol with respect to the minimum one; AE is corrected with the zero point energy and AG is corrected with the thermal free energy at 298 K.

a
b
c
4 In gas phase without solvent.
e
f
g

N-N bond length and C-Cl bond length.
b Carbonyl O atom instead of heterocyclic N atom.
i Angle between both rings.

i Coplanarity of both rings, both aromatic C atoms in alpha position with respect to the sulfoxide group and the heterocyclic N atoms in SMT and heterocyclic N and C

atoms in SMX.

P a

a I 9

9y

Fig. 7. Optimized structures of the N-sulfonimide tautomeric forms of SMT, SMT-M1_t (a), SMT-M2_t (b), and SMT-M3_t (c).

than the calculated. These theoretical values are calculated in a
water media polarizing and enlarging the S = O bond, whereas
the experimental values are from crystal structures. In the SMX
molecule optimized in gas phase without solvent, the S = O bonds
are shorter and closer to the experimental. The S-C bond is slightly
shorter in SMX than in SMT indicating a higher electronic con-
nection between the aminoaryl moiety and sulfoxy group. In SMT
this bond length is within the experimental range values depend-

ing on the crystal structure. However, this calculated bond length
is slightly longer than the experimental values. Probably the inter-
molecular interactions of the sulfoxide group in the crystal lattice
polarize the S = O bond increasing the bond order in S-C by res-
onance decreasing the bond length. In the isolated SMX molecule
without intermolecular interactions, this S-C bond is longer than
in water or in crystal, minimizing the electronic transmission be-
tween the aromatic ring and sulfoxide group. Similar behavior is
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Table 2
Main geometrical features (distances in A and angles in ©), relative energy (in kcal/mol) and dipole moment (D) of
the sulfonimide tautomer forms.

SMT_t SMXgyn_t SMXnit  SCPgyn_t SCPanit  SCMgnit  SCMgyn_t
AEC 1.03(37.7) 7.07 (53.0) 5.40 152 (388) 1.15 7.92 7.37 (38.5)
AGE 0.86 6.66 557 2.00 1.60 8.37 8.39

n 16.89 14.05 1332 1215 11.25 13.63 14.77
d(s-0y) 1.465 1466 1.464 1.465 1.462 1.463 1.465
d(S-0,) 1.479 1471 1475 1.470 1475 1.466 1.462
d(s-C) 1.767 1.768 1.765 1.767 1.763 1.760 1.761
d(S-N) 1617 1.627 1.631 1.630 1.633 1.671 1.658
d(N-C) 1333 1320 1322 1320 1321 1.289 1.290
d(N-H) 1.021 1.016 1.017 1.017 1.018 0.969¢ 0.968¢
d(C-Ny) 1.347 1.355 1.356 1.359 1.358 1.325¢ 1.328¢
d(N-0 1375 1378

d(0-C) 1.352 1.357

N-H...0S 2,013 - 2.199 2.464 2.080

(0-5-0) 1159 116.1 116.6 116.1 116.6 116.7 116.6
(C-S-N) 106.7 1072 106.6 107.0 106.1 1075 107.4
C-5-N-C 733 66.4 753 66.2 75.7 63.4 56.4
C-C-S-N 74.4 66.1 74.9 62.9 733 76.2 58.4
S-N-C-Npe 1685 1747 17 177.9 6.6 0.6 178.7¢
H-N-C-N 5.1 30.4 32.6 1778 56

HyN-S-Crec?  89.0 93.7 93.6 87.8 89.2 98.6 97.9
C-C-N-X¢ 15 23.2 35 7.1 139 40.0 134

2 Relative energy in kcal/mol with respect to the minimum sulfonamide tautomer; the tautomerism energy bar-
rier is in brackets.

b Angle between both rings.

¢ Coplanarity of both rings, both aromatic C atoms in alpha position with respect to the sulfoxide group and the
heterocyclic N atoms in SMT and heterocyclic N and C atoms in SMX.

& Carbonyl O atom instead of heterocyclic N atom.

9

Fig. 8. Optimized N-sulfonimide tautomeric forms of SMXsyn (SMXsyn_t) (a), SMXanti (SMXanti_t) (b), SCPsyn (SCPsyn_t) (c), SCPanti (SCPanti_t) (d), SCManti (SCManti_t)
(e), and SCMsyn (SCMsyn_t) (f).

®
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Cell parameters of the calculated and experimental (in brackets) crystal structures of SMT (distances in A

and angles in °).

SMT a b c o B y
SLFNMDO1  7.46 (7.43)  18.79 (18.99)  9.26 (9.32)  90.0 (90.0)  99.7 (99.1)  90.0 (90.0)
SLFNMD10  7.52 (7.46)  18.69 (18.94) 9.25(9.27) 90.0 (90.0) 993 (97.3)  90.0 (90.0)

!‘r
P, W 45 )
(- )

@ .

Fig 9. Transition states of the intramolecular proton transfer between tautomeric
forms of the sulfonamide-sulfonimide tautomerism in SMT (a), SMXsyn (b), SCPsyn
(c), and SCM (d).

observed in the C-N bond. In this bond, the differences between
experimental and calculated values are higher, because the inter-
molecular interactions of the CN-H group are very strong in the
crystal lattice. The angle H,N-S-Cp,.; indicates the angle between
the axes of both rings, and is close or smaller than 100° in all
cases. In SMX and SCM, the conformer anti have lower dipole mo-
ment and probably the population of these conformers can in-
crease in non-polar environments overcoming the energy differ-
ences with the more polar syn conformers.

Some differences are observed in the dihedral angles. The C-S-
N-C angle in the calculated molecules is smaller than in exper-
imental data of solids, due to the intermolecular interactions in
the crystal lattice. This is confirmed with the value in the calcu-
lated crystal structure of SMT that reproduces the experiment (Ta-
ble S1). Both rings (aromatic and heterocyclic) are coplanar in SMT,
SMXsyn, and SCMsyn (low values of the C-C-N-X dihedral an-
gle) with the ring axes forming angles close to 1009, being slightly
twisted in SMXanti, SCP and SCManti models. The same behavior
is observed in the main molecular geometry features calculated at
GGA/PBE level (Table S1).

4.2. Tautomerism in sulphonamide molecules
The arylsulfonamides with heterocyclic N atoms can exhibit

tautomerism between the sulfonamide and sulfonimide forms [6].
These tautomers can be present in the biological system and are

Fig. 10. Intramolecular proton transfer between the N-H group and the sulfonyl
moiety in the sulphonamide keto (a)-enol (c) through the TS (b). TS in this proton
transfer of SCM (d).

active in their therapeutic use. In the crystal structures of these
sulfonamides, the N-sulfonimide forms can exist in these crys-
tal lattice structures and can be responsible of the crystal poly-
morphism of these sulfonamides. Since the sulfonamide group, -
SO,NH-R is an acidic moiety that is found in a lot of pharmaceu-
tical, veterinary and agrochemical compounds, such that the ar-
rangements in the tautomeric structures are different and some
physicochemical properties change with respect to the nature of
the substituents. Therefore, the tautomeric structures of sulfon-
amides play an important role in the biological and synthetic ap-
plications. Besides, this tautomerism should be taken into account
in the interactions of these drugs with biopolymers, such as, pro-
teins, and DNA [34].

We have optimized the tautomeric forms in the same calcula-
tion conditions as above. In SMT several conformers can be dis-
tinguished in the sulfonamide tautomers, coming from the con-
formers of SMT (Fig. 2), SMT-M1_t and SMT-M2_t that have sim-
ilar energy (AE = 0.1 kcal/mol); and another with N-H ori-
ented to one sulfonyl O atom SMT-M3_t that has more energy
(AE = 1.9 kcal/mol) and it is less probable (Fig. 7). In all cases, the
sulfonamide tautomer is more stable than the sulfonimide forms
(SMT_t) (Table 2). In SMX two conformers can be distinguished
in the sulfonimide tautomer, SMXsyn_t and SMXanti_t correspond-
ing to those in the sulfonamide form. The most stable conformer
is SMXanti_t, being only 1.67 kcal/mol more stable than the con-
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Fig. 11. Optimized crystal structure of sulfamethazine. Views from (100) (a)

former syn. This is the opposite that found in the sulfonamide
tautomers, due to the intramolecular H bond between the hete-
rocyclic N-H group and one sulfoxy O atom, d(N.H---0S) = 2.199 A.
The sulfonamide tautomer of SMX_syn is 5.40 kcal/mol more stable
than the sulfonimide form SMX_anti_t. In SCP two conformers can
be distinguished also, syn and anti. The SCPanti_t is 0.37 kcal/mol
more stable than SCPsyn_t. The contrary behavior was found above
in the conformers of the sulfonamide tautomer. In the sulfonimide
tautomer SCPanti_t the intramolecular interaction between de N-H
group and one sulfoxy O atom d(N-H---0S) = 2.080 A is stronger
than in the syn conformer. In SCM the tautomerism is different,
being of keto-enol type instead of NH exchange (Fig. 8). The SC-
Manti_t has higher energy than SCMsyn_t. The sulfonamide tau-
tomer is 7.37 kcal/mol more stable than the sulfonimide form SCM-
syn_t. In the QE calculations, the relative tendency between con-
formers is similar being the energy differences higher.

The sulfonimide tautomers are more polar than the sulfonamide
ones (Table 2). The S = O bond lengths are longer than in the sul-
fonamide tautomers, especially those that have intramolecular in-
teraction with the N-H group. In the sulfonimide tautomers the
S-C bond is slightly longer than in the sulfonamide forms. On the
contrary, the S-N and N-C bonds are shorter in the sulfonimide
tautomers than in the sulfonamide forms. This indicates that a de-
localization of electrons is produced between the N atoms and sul-
foxide O atoms. The C-N bonds in the heterocyclic moieties are
longer in the sulfonamide tautomers due to the N-H form.

In general, the sulfonamide tautomers are more stable than the
sulfonimide forms. Nevertheless, these energy differences are not

10

and (010) (b) planes.

drastic, especially in SMT and SCP. We have explored the reac-
tion path of the transposition of the H atom between both forms
finding the transition state (TS). In all cases, this TS showed only
one negative frequency that corresponds to the transition of this
H atom vibrating between both N atoms. The activation energy of
this tautomerism is defined by the energy barrier between reac-
tants and TS, being very high in all cases (Table 2). In all TS’s, the
H atom is localized in an intermediate position between both N
atoms in a 2.2-4.1 A range (Fig. 9).

Another kind of tautomerism can be observed in these
molecules related with the keto (sulfonyl) and enol (thioenol)
forms of sulfonamide tautomers, where an intramolecular proton
transfer occurs between the heterocyclic N-H group and the sul-
fonyl moiety [35]. This interaction is interesting because can be
observed at intermolecular level in some crystal structures of sul-
fonamides. The keto form of SMT is much more stable than the
enol form with higher energy differences (AE = 20.45 kcal/mol;
AG = 19.77 kcal/mol) than in the sulfonamide-sulfonimide tau-
tomerism. Similar values have been found for SCM. We have
explored the reaction path of the intramolecular proton trans-
fer between both forms finding the transition state (TS) that
showed only one negative frequency corresponding to the pro-
ton transition. The activation energy of this tautomerism in SMT
is 41.09 kcal/mol (AG = 40.06 kcal/mol) (Fig. 10). Similar en-
ergy barrier was found in SCM (Fig. 10). This is consistent with
similar tautomerism in other sulfonamides [35]. These higher
energy differences indicate that these enol tautomers are less
probable.
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Fig. 12. Powder X-ray diffraction patterns simulated from the crystal structures SLFNMDO1 (a), SLFNMD10 (b) of sulfamethazine.

4.3. Sulfonamide crystal structures

Before exploring the spectroscopical properties of these drugs,
we have to consider that many infrared analysis are performed at
solid state, where the drugs are in crystalline state. Hence, we have
to study the crystal structure where the intermolecular interactions
are responsible to the frequencies of the main functional groups.

In the case of sulfamethazine, three crystal forms have been
claimed based on x-ray diffraction, CCDC num.1260687, code:
SLFNMDO1 [13]; CCDC num. 1,260,688, code: SLFNMDO02 [15]; and
CCDC num. 1,260,689, code: SLFNMD10 [14]. Mesley and Houghton
[36] claimed two polymorphs I and II based on IR spectroscopy.
The form II was obtained from the form I by trituration. How-
ever, their IR spectra, thermograms and X-ray diffractograms were
too similar and the distinction was not clear [7]. Nevertheless,
Kuhnert-Brandstatter and Wunsch [37] reported four forms of sul-
famethazine by thermomicroscopic methods without solid charac-
terizations. However, Maury et al. [15] reported the existence of

1

only one polymorph and different crystal habits. One of the aims
of this work is to clarify these controversies.

The only atomic coordinates available are SLFNMDO1 and
SLFNMD10. Both are similar with different refinement accuracy.
We optimized the crystal structures SLFNMDO1 and SLFNMD10
with QE reproducing the experimental crystal lattice parameters
(Table 3). Taking into account that the unit cell is formed by 4
molecules of SMT and comparing the energy of the unit cell with
the energy of the isolated molecule, the cohesive energy of this
crystal is —41.30 and —41.38 kcal/mol per molecule in the opti-
mized SLFNMDO1 and SLFNMD10 respectively. Both structures have
similar energy. The main interatomic distances are described in Ta-
ble S1. The aromatic rings are parallel at 3.35 A with a shift where
the amino groups are over the vicinal aromatic m-electron cloud
(Fig. 11a). The heterocyclic rings are also parallel at 3.92 A and
slightly shifted for avoiding the repulsion interactions between the
heterocyclic N atoms (Fig. 11b). The 7 -7 interactions between both
types of rings facilitate the packing in this crystal. The N-H group
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Table 4
Calculated and experimental IR frequencies (cm~') of SMT.

Mode ¢ SMT SMT? SMTe* SMTexp ¢ SMTerys®/

V(NH3)as 3695 3724 3624 3423, 3450° 3500, 3498

V(NHy)s 3582 3617 3500 3355, 3370° 3315, 3304, 3300, 3296

v(NH) 3557 3610 3520 3259, 3250° 3300, 3293

v(CH)arom 32342:h 3246, " 3147 3102, 3100° 3130-3129¢/,
3128-3127",
3119-3117,"

v(CH)het 3222 3211 3120 3075, 3085° 3175, 3174,

v(CH)arom 32130, 3213, 3127 3066-3039, 3094-3093

3194”1, 31842 3195"1,3199,,/ 3095, 3099 3060-3030°
V(CH)es CH3 3168", 3161/, 3136", 3167", 3169/, 3137", 3066, 3062, 3036, 2920° 3077- 3034
3133 3140 3028

V(CH)s CH3 3064", 3063/ 3067 2976, 2971 2900° 3093, 2992, 2968

Ring het 1675, 1622, 1257 1668, 1648, 1255 1557 1585, 1660° 1582-1571

Ring arom 1661, 1642 1683, 1656 1606, 1592 1594, 1580, 1615° 1603-1595

S(NHy)s 1620 1658 1543 1652, 1605¢ 1633, 1630-1628

S(CH)arom 1541 1553 1487 1501, 1492, 1560¢ 1544, 1498

S§(CH)het+ §(NH) 1526 1527 1443, 1236 1408, 1510° 1454-1451, 1402-1392

8(CHs)s 1484 1425, 1411 1430 1480°¢ 1442

S§(CH3)gs 1468-1457 1501-1482 1419-1414 1420¢ 1435, 1416

V(CN) 1449, 1343 1330 1423, 1314 1262,1304%, 1390° 1533-1495, 1257-1242,
1073, 1392¢

§(CH3)umb 1399, 1384 1353,1324 1330-1300° 1364-1349, 1333-1329,
1325, 1241

S(CH)het 1205 1194 1153 1093, 1190° 1171

S(CH)arom 1207, 1155 1340, 1334, 1214, 1314, 1171, 1117 1187, 1160-1130° 1294, 1179, 1127

1155

V(SO)qs 1281 1318 1326, 1300°¢ 1257-1242

V(SC) + v(SO)s 1138 1175 1116, 1055 1157, 1100° 1101-1096, 1057-1051

S8(NH3)as 1077 1085 1020 1080° 1126, 1036-1033

y(CHs3) 1063, 1056 1066, 1061 1017, 1009 980°¢ 1021-1008

V(NS) 873

¥ (CH)het 879 854 932, 827 971, 880° 844-840

y(CH)arom 943 971, 880° 961-948

2 Normal vibration modes, as=asymmetric, s= symmetric, arom=aromatic, het=heterocyclic, umb=umbrella.

b Values for the isolated molecules calculated in gas phase.
¢ Calculated with GGA/PBE.

d Experimental data in solid state with KBr of sulfadiazine, a similar structure without methyl groups [38].
¢ Values extracted from the experimental spectrum of SMT in solid state with KBr [15] no assignment was reported.

f Values calculated from the optimized crystal structure.

& In alpha position with respect to the SO group.

b In the anti zone with respect to the N-H bond.

i In alpha position with respect to the amino group.
J In the zone syn with respect to the N-H bond.

K CNH,.

forms a strong H bond, d(NH...0S) = 1.924 A, with the sulfoxy O
atom. The amino H atoms form H bonds with the heterocyclic N
atoms of different vicinal molecules, d(NH...N) = 2.079, 2.269 A.
These interactions indicate the tendency to form the sulfonimide-
sulfonamide tautomers that have low energy difference in SMT
(Table 2). Notice that some dihedral angles change during crystal-
lization. The C-S-N-C angle is smaller in the molecule than in the
calculated crystal (Table S1). The H-N-C-N and Cy-C'y-N-X angles
are larger in crystal than in molecular structures losing a certain
grade of coplanarity. Besides, the molecules are more open in crys-
tal structure than isolated increasing the H,N-S-Cp; angle (Table
S1). All these comparisons have been confirmed with the experi-
mental data (Table 1).

The XRD patterns of these structures were simulated observ-
ing all patterns are similar indicating that these structures are the
same polymorph (Fig. 11). Hence, only one polymorph is present
in this SMT (Fig. 12).

4.4. Spectroscopical properties

The vibrational spectroscopy is one experimental technique that
represents vibrational atomic movements; hence it is close to
atomic theoretical calculations. Then, we calculated the main vi-
brational normal modes of these molecules for comparison with
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the few experimental data (Tables 4-7). Besides, we study the ef-
fect of conformational changes on the frequencies and the dif-
ferences produced with tautomerism (Tables 8 and S3). Although
there are only experimental data for some of these sulphonamides,
in general, the calculated frequencies are higher than the experi-
mental values. These differences are due to the harmonic approxi-
mation of the calculations and also to the interatomic interactions
that do not exist in the molecules models. This fact is smaller
with aqueous solvent effect than in gas phase. These differences
are smaller using GGA/PBE approach than using the M06-2X func-
tional. Nevertheless, these differences follow a linear relationship
being possible to apply a factor scale of 0.944 for gas phase calcu-
lations [12], 0.955 for M06-2X calculations with water effect, and
0.985 for GGA/PBE calculations. This means that the frequencies
calculated with QE are closer to experimental values.

In SMT the frequencies of the vibration modes of polar groups,
as NH, SO and NH,, calculated in gas phase are higher than
those calculated with the aqueous solvent effect. These polariz-
able groups are more sensitive to the environmental changes as
the solvent. Some differences in the v(CH) vibration mode of the
C-H bonds of the aromatic aminobenzenic ring, depending on their
positions with respect to the amino or sulfoxy groups and the N-H
bond. So, the C-H bond close to the S = O bond shows higher fre-
quency than others, due to the local electric field produced by the
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Table 5
Calculated IR frequencies (cm~!) of SMX along with experimental data.
Mode ¢ SMX i SMXgyn SMXsyn” SMXantigE SMXsynqe SMXexp”
V(NH3)as 3698 3701 3734 3633 3644 3462
V(NHy)s 3584 3587 3624 3520 3531 3376
v(NH) 3549 3492 3558 3493 3458 3292
v(CH)arom 322644 3209,/ 3206/ 3140 3137
V(CH)het 3282 3295 3298 3186 3214
v(CH)arom 3208,/ 3199¢ 3191¢ 3125 3125
v(CH)arom 3194%¢ 3195/, 3212,¢ 3192/, 32314 3106 3100, 3097
3192,/ 3092
V(CH)as CH3 3172, 3138 3180, 3137 3163, 3136 3079, 3039 3073, 3032
V(CH)s CH3 3066 3068 3066 2983 2979
Ring het 1692, 1592¢ 1685, 1583,1504 1693 1601 1601, 1246 1640
Ring arom 1655, 1640, 1657, 1637 1684, 1653 1605, 1550, 1351 1557, 1488 1610
S(NHy)s 1620 1621 1657 1589 1592 1500
§(CH)arom 1542, 1481 1536, 1483 1550, 1485 1551 1431
8(CH)het+ §(NH) 1522 1477, 1279, 1225 1467
S(CH3 )qs 1464, 1455 1457, 1454, 1331 1484, 1479 1428 1419, 1359
V(CN) 1347" 1504 1519, 1337" 1446, 1315" 1457, 1316"
8(CH3)umb 1402 1405 1412 1358 1357
S(CH)het 1334, 1159 1162 1163 1129 1127
§(CH)arom 1209, 1157 1369, 1346, 1205, 1362, 1334, 1291, 1171, 1116 1288, 1171, 1116
1155 1214, 1156
S(NH) 1368 1390 1418 1331, 1264
V(SO)qs 1281 1298 1279 1246 1317
V(SC) + v(SO)s 1140, 1103 1141, 1103 1183, 1120 1111, 1059 1113, 1062 1317
v(X0) 1084* 1274™, 1069¢ 1324™, 1090¢
S8(NH3)as 1080 1078 1080 998 1016
y(CH3) 1061 1066 1066 1018 1019
V(NS) 870 897 898 1157
y(CH)het 804 998/, 978 998/.980/ 929, 828

Normal vibration modes, as=asymmetric, s= symmetric, arom=aromatic, het=heterocyclic, umb=umbrella.

a

b Values for the isolated molecules in gas phase.

¢ In alpha position with respect to the SO group.

4 In the anti zone with respect to the N-H bond.

¢ In alpha position with respect to the amino group.
 In the zone syn with respect to the N-H bond.

& V(CN) coupled with other heterocyclic ring vibrations.
" CNH,./Amide group.

I Aromatic ring.

k py(NO).

m p(CO) vibration mode.

© Experimental data from ref 39.

S = O dipole. This effect is slightly stronger when the C-H bond
is in the orientation anti with respect to the N-H group and the
C-H and S = O bonds are co-planar (Fig. 3). In the region of lower
frequencies than 1683 cm~!, a series of vibration modes appear
overlapping each other. We have grouped the main modes, v(CC),
V(CN), §(CH), as ring vibrations for the aminobenzenic and hetero-
cyclic rings. At lower frequencies region, we have highlighted those
vibration modes that can be distinguished. The frequencies calcu-
lated for the molecules optimized at the M06-2X level of theory
follow a similar trend that those calculated with QE with some
small differences. The v(NH) frequency is higher than v(NH,)s with
QE, whereas the contrary is observed with M06-2X. However, in
the crystal packing these vibration modes appear at similar fre-
quencies, due to the coupling of the vibrations of similar func-
tional groups of different molecules within the crystal lattice. The
frequencies of the v(NH,)s and v(NH,),s modes are lower in exper-
imental data than in the calculated isolated molecules, due to the
intermolecular hydrogen bonds of the N-H group with the hetero-
cyclic N atom and the amino NH, group with the sulfonyl O atom
existing in the crystal packing. This is corroborated with the fre-
quencies of these groups in the calculated crystal structure of SMT
(Table 4). The modes corresponding to the 1600-1000 cm~! range
are highly coupled between the molecules packed in the crystal
lattice.

In SMX, the same behavior as SMT was found in the frequen-
cies differences of including the aqueous solvent effect and be-
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tween the M06-2X and QE calculations. The main vibration modes
of the polar groups, NH, NH,, and SO, appear at higher frequen-
cies in gas phase than in aqueous media, as in SMT. The vibration
mode v(NH) has higher frequency in the conformer anti than in
syn. This can be owing to a higher effect of the local electric field
of the S = O dipole on the N-H bond that is closer in the con-
former anti than in syn (Table 2). The same effect can justify that
the v(NH) frequency in SMT is slightly higher than in SMX, be-
cause the N-H bond is closer to the S = O group in SMT than in
SMX. The same differences in the v(CH) vibration modes of the
aromatic aminobenzenic ring observed in SMT were found in SMX.
In all cases, conformers and calculation types, the v(NH) mode ap-
pears at lower frequency than v(NH,)s mode. The v(CH) of the
heterocyclic C-H bond in the conformer syn appears at higher fre-
quency than in anti, because the effect of S = O dipole is higher in
syn (Fig. 4). The bending §(NH) mode appears at higher frequency
in syn than in anti, due to the higher local electric effect in syn,
where the N-H bond has to vibrate between two dipoles, S = O
and C-N.

In SCP, the same frequency differences in the v(NH;) and v(NH)
modes between conformers syn and anti, observed above in SMX,
were shown also in SCP (Table 6). Similar effect is observed in SCM
(Table 7).

The IR frequencies of the sulfonimide tautomers were also cal-
culated (Table 8) (Table S3). The v(NH,) vibration modes are sim-
ilar to the sulfonamide tautomers. However, the v(NH) shows dif-
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Table 6
Calculated IR frequencies (cm~!) of SCP.
Mode ¢ SCPsyn SCP,ni SCPexp” SCPsynqe SCPantiqe
V(NH3 )as 3708 3700 3494 3632 3630
V(NHy)s 3592 3587 3392 3517 3519
v(NH) 3493 3580 3248 3439 3526
v(CH)het 32405, 32294 32365, 32154 3143, 31255, 31035
3129
v(CH)arom 3219/, 321449, 32274, 3210/, 3129,/ 31569, 3124/,
320349, 3196, 3198¢, 3195 3102,/ 31079, 31014/
3098,
Ring het 1650, 1637 1664, 1637 1574 1565, 1562, 1532 1562, 1519
Ring arom 1655, 1636 1659, 1645 1595 1565, 1562 1551, 1487, 1430
8(NH;)s 1621 1626 1625 1608, 1592 1603, 1589
8(CH)arom 1537, 1482 1545, 1486 1506 1487, 1429
8(CH)het+ 8(NH) 1471, 1363, 1286 1463, 1321 1435 1393 1388, 1384
1355
v(CN) 1577 1480, 1350", 1323 1310, 1275¢ 1316"
8(CH)het 1170, 1125 1359 1245, 1134 1272, 1134
8(CH)arom 1348, 1340, 1331, 1339 1291, 1170, 1121 1291, 1172, 1117
1155
8(NH) 1443 - 1208! 1229
V(S0)qs 1303 1277 1350 1336 1308
v(N =N) 1186 1180
V(SC) + v(SO)s 1140, 1101 1142, 1096 1330 1114, 1062 1108, 1057
v(C-Cl) 1078 1085
8(NH3 )gs 1075 1084 1027 1003
v(NS) 917 915 856 862, 759
y(CH)het 1019 1017, 866 970, 839 954, 816
y(CH)arom 945, 930 942, 933, 809
@ Normal vibration modes, as=asymmetric, s= symmetric, arom=aromatic, het=heterocyclic, umb=umbrella.
b Values from experimental data [16].
¢ In alpha position with respect to the SO group.
4 In the anti zone with respect to the N-H bond.
¢ In alpha position with respect to the amino group.
f For those H that are in syn with respect to the N-H bond.
& V(CN) coupled with other heterocyclic ring vibrations.
" CNH,.
I Coupled with v(N = N) and other heterocyclic ring vibrations.
Table 7
Calculated IR frequencies (cm~') of the sulphonamides SCM.
Mode ¢ SCMgyn SCM,pni SCMexp” SCMsynoe SCMantige
V(NH3 )gs 3699 3704 3471 3596 3631
V(NH> )s 3584 3588 3381 3382 3518
Vv(NH) 3526 3556 3257 3473 3509
v(CH)arom 3213¢, 32049, 3202¢, 3218¢, 3205¢ 3232 3136, 3125 3148, 3127
31907 3109, 3100 3105, 3100
V(CH)es CH3 3193,3150 3199, 3147 3114 3096, 3051 3096, 3040
v(CH)s CHs 3073 3072 2918 2987 2978
v(C=0) 1744 1745 1686 1664 1712
Ring arom 1657, 1638 1655, 1639 1640 1600 1560
S8(NH3)s 1627 1619 1596 1626 1605
8(CH)arom 1538, 1484 1541, 1483 1505 1492, 1439 1486, 1430
8(CH3)gs 1474, 1452 1474, 1457 1469 1421, 1414 1427, 1419
8(CHj3)s 1434 1418 1362 1365
V(CN) 1349¢ 1348¢, 1245/ 1281 1309
8(CH3)umb 1401 1398 1375 1349 1333
8(CH)arom 1371, 1334, 1205, 1373, 1332, 1208, 1322 1332, 1290 1288, 1175
1158 1156 1173, 1120 1166, 1118
S8(NH) 1394 1434 1245 1272 1350
V(SO)gs 1294 1292 1191 1326 1298
v(SC) + v(SO)s 1138, 1101 1139, 1099 1155 1114 1109
S8(NH3 )as 1080 1075 1091 1040 1026
8(CH3) 1055, 1039 1064, 1022 1017, 991 1009, 945
8(CH)arom 998, 975 994, 970 995 946, 934 944, 933
V(NS) 948 861 857 885 774

a

c
d
e
f

Normal vibration modes, as=asymmetric, s= symmetric, arom=aromatic, het=heterocyclic, umb=umbrella.
b Values from experimental data [17,40].

In the anti zone with respect to the N-H bond.
In the zone syn with respect to the N-H bond.

CNH,.

Amide group.
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Table 8
Calculated IR frequencies (cm~!) of sulfonimide tautomers.
Mode ¢ SMT_t SMXnei_t SMXgyn_t SCPgyn_t SCP,peit SCM it SCMgyn_t
V(NH3)as 3693 3683 3688 3691 3683 3691 3688
V(NH3 )s 3584 3574 3579 3582 3575 3581 3577
Vv(NH) 3454 3543 3583 3558 3537 3796¢ 3802¢
v(CH)arom 3212 3226, 3215 3202 3200 3228¢ 32135 3207, 3201
v(CH)het 3247 3293 3291 3252, 3224 3244, 3229
v(CH)arom 321045,32004" 3203, 3202 319145, 319045 3184, 3196, 32114, 32124, 3199¢ 31924¢, 3189
3196¢ 3210,¢ 31874% 3217, 3192¢
3202
V(CH)qs CH3 3191/, 31689, 3177, 3143 3180, 3210, 3145 3197, 3151
31474, 3142
3141/
V(CH)s CH3 3074 3070 3068 3072 3072
Ring het 1691, 1678 1666, 1464, 1366 1695, 1625 1705, 1646’
1634
Ring arom. 1665, 1663, 1645, 1660, 1646, 1545 1661, 1643, 1366 1658, 1642 1659, 1643, 1370 1662, 1642, 1370
1642, 1560, 1544
1366
S§(NHy)s 1627 1619 1618 1622 1624 1618 1623
S§(CH)arom 1540, 1480, 1481, 1338, 1475, 1333, 1538, 1476 1543, 1479, 1537, 1478, 1538, 1481,
1332, 1205, 1333, 1212, 1209, 1156 1367, 1340, 1214 1327, 12005, 1329, 12015,
1157 1161 1149 1153
S(CH)pet 1201 1376, 1208 1248 1442 1447
+8(NH)
8(CH3)as 1474, 1460/, 1462, 1450, 1455, 1440 1466, 1445 1510, 1449
14614 1435
V(CN) 1560, 1337/, 1604° 1599, 1340/ 1577, 1430 1585, 1456, 1683, 1336/ 1680, 1340/
1273 et 1342/
§ (CH3)umb 1407, 1399 14017, 1381 1424 1398
1401
5 (COH) 1268 1318
V(SO)qgs 1218 1239 1228 1240 1242 1249 1255
V(ON) 1156 1205, 1167
v(SC) 1131 1138 1141 1133 1142 1134 1135
V(SN) 1144 870 909
V(SO)s 1067 1081 1090 1082 1093 1097
8 (NH3)as 1092 1088 1081 1083 1089 1081 1086
§ (CH3) 1059, 1055 1065 1055 1068, 1048 1064, 1049
§ (CH) 998/, 862, 854/ 1014-984/, 995/, 844/, 805 1022, 1019, 992 1010, 978 1007, 981 992
863/, 817
5 (NH) 783
S8(SNC) 696 757 762 778 987"

2 Normal vibration modes, as=asymmetric, s= symmetric, arom= aromatic, het= heterocyclic, umb=umbrella.

b y(SN-C) vibration mode.

¢ Enol OH group.

4 In syn position with respect to the OH group.
¢ In anti position with respect to the OH group.
f CNH,.

¢ Both C-H bonds coplanar to the S = O bond.
b OCN bond angle.

I Coupled with §(NH).

I Aromatic ring.

ferent frequencies, being significantly smaller in the sulfonimide,
SMT_t, tautomer of SMT than in the sulfonamide form. On the con-
trary, in the conformer syn of SMX this vibration mode appears
at higher frequency in the sulfonimide tautomer, SMXsyn_t, than
in the sulfonamide form. The conformer anti of SMX shows simi-
lar frequencies for both tautomers. On the contrary, the conformer
anti of SMX (SMXanti_t) and SCP (SCPanti_t) show lower v(NH)
frequencies than in the syn conformer (SMXsyn_t and SCPsyn_t).
In SCM there is not NH group and only the v(OH) vibration mode
appears at higher frequency than the actual v(NH) mode. The vi-
bration modes v(CH) of the aromatic and heterocyclic rings, and
methyl groups, and the vibration of the ring structures, and the
bending §(CH) mode show similar frequencies for both tautomers.
Notice, the v(SO),s mode shows higher frequencies in the sulfon-
amide tautomers than in the sulfonamide forms, being consistent
of the longer S = O bond lengths in the last forms due to the
electron rearrangement changes. Similar effects are observed in the
frequencies calculated with QE (Table S3).

15

5. Conclusions

Several insights of the geometrical, conformational and spectro-
scopical properties in these arylsulfonamides, SMT, SMX, SCP and
SCM, have been shown in this work. Two main conformers can
be considered in these molecules, anti and syn conformers, being
more probable the syn one owing to its lower energy. Neverthe-
less, the energy differences between these conformers are low and
both conformers can occur at room temperature.

Two kind of tautomers can be considered in these molecules:
the sulfonamide-sulfonimide tautomers, and sulfonyl-thioenol tau-
tomers. The sulfonimide tautomers are less stable than the sul-
fonamide ones with low energy differences. However, the TS's of
the reaction path were localized finding that the activation energy
for its tautomerism is quite high. On the other hand, the sulfonyl
tautomers are much more probable than the thioenol ones with
higher energy differences and energy barriers than in the former
tautomerism.
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In spite of the possible candidates for polymorphism reported
for the SMT crystals, all these forms are actually only one crys-
tal form. Our calculations of the periodical tridimensional crystal
structure and XRD patterns have identified these crystal forms as
only one crystal form. The main intermolecular interactions re-
sponsible of the high packing energy of this crystal are the w-m
interactions between the aromatic and heterocyclic rings and the
H bonds between sulfonyl and amino groups and between the NH
group and the heterocyclic N atom. Further studies of crystal struc-
tures of other sulphonamides will performed in future.

Our calculations allow knowing the way of the infrared fre-
quencies of these sulphonamides change between conformers and
tautomers. Hence, this spectroscopical technique can be useful to
identify these forms in experimental dissolutions and crystal struc-
tures.
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