Structural Chemistry
https://doi.org/10.1007/511224-019-01369-y

ORIGINAL RESEARCH

®

Check for
updates

Internal rotation and intramolecular hydrogen bonding
in thiosalicylamide: gas phase electron diffraction study supported
by quantum chemical calculations

Inna N. Kolesnikova' @ - Anatolii N. Rykov' - Maxim V. Shuvalov' - Igor F. Shishkov'

Received: 19 March 2019 / Accepted: 30 May 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

The molecular structure of thiosalicylamide (2-hydroxythiobenzamide) was investigated in the gas phase at 401 K by means of
gas electron diffraction (GED) combined with quantum chemical (QC) calculations. Special attention was paid to the internal
rotation of the thioamide group. Structural refinement was performed taking into account rovibrational corrections to the thermal-
average internuclear distances calculated with harmonic and anharmonic (cubic) MP2/cc-pVTZ force constants in terms of static
and dynamic models. It was shown that both models fitted the GED data equally well. The results of the GED refinement revealed
that in the equilibrium structure, the thioamide group is twisted by about 30° with respect to the phenol ring plane. This is the
result of an interatomic repulsion of hydrogen atom in the amide group from the closest hydrogen atom of the benzene ring,
which overcomes the energy gain from the 71—7t conjugation of the thioamide group and the aromatic system of thiosalicylamide.
Natural bond orbital (NBO) analysis and comparison of the thiosalicylamide molecular structure with those of related compounds
revealed hydrogen-bonded fragment between the hydroxyl and thiocarbonyl groups. The structure of thiosalicylamide in the gas
phase was found to be markedly different from that in the solid phase due to the effect of intermolecular hydrogen bonding in the
crystal.

Keywords Thiosalicylamide 2-Hydroxythiobenzamide - Molecular structure - Gas electron diffraction - Quantum chemistry -
Internal rotation - Intramolecular hydrogen bonding

Introduction

Salicylamides and thiosalicylamides are compounds of special
interest in medicinal chemistry [1-5]. While the molecule
structure of salicylamide, a well-known non-prescription an-
tiseptic drug, has been extensively studied [6—11], data are
scarce concerning the structure and conformation of its
bioisosteric sulfur-containing analog, thiosalicylamide
(Fig. 1). The molecular structure of thiosalicylamide in the
solid phase was determined by means of X-ray diffraction
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(XRD) [7]. According to XRD, the asymmetric unit of
thiosalicylamide contains two crystallographically indepen-
dent molecules with similar molecular parameters. Two types
of hydrogen bonds are present in the crystal phase: intramo-
lecular O-H...S bonds (74 s ~ 2.0 A) and intermolecular N—
H...S and N-H...O bonds (ry_g ~ 2.6 A and ry_o ~ 2.1 A).
The investigation of the structural properties of
thiosalicylamide and its metal complexes made by means of
IR spectroscopy confirmed that the OH group is bonded in the
solid state [12]. Unlike salicylamide which is almost flat in the
crystal phase, the thioamide group in thiosalicylamide is twist-
ed by approximately 20° relative to the plane of the ring [7].
While theoretical investigations of free molecules were per-
formed for a few compounds similar to thiosalicylamide, such
as 4-hydroxythiobenzamide [13] and 2-hydroxy-N-
metylthiobenzamide [14], neither computational nor experi-
mental data could be found for the gaseous structure of
thiosalicylamide. Thus, steric effect of the large sulfur atom
on the conformation of gaseous thiosalicylamide molecule in
comparison with its oxo-analog has remained unknown.
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Fig. 1 Structural formula of thiosalicylamide and the numbering of atoms

This report is aimed to fill this gap and presents the first
study of thiosalicylamide molecular structure in the gas phase
by means of gas electron diffraction (GED) supported by
quantum chemical (QC) calculations. The obtained results
are used to discuss the structural changes caused by the re-
placement of oxygen atom in salicylamide by the larger and
less electronegative sulfur and the effect of intermolecular
hydrogen bonding on the structure of thiosalicylamide in the
crystal phase.

Experimental section
Syntheses of thiosalicylamide

Salicylamide (0.5 g, 4.4 mmol) and Lawesson’s reagent (1 g,
2.5 mmol) were stirred in tetrahydrofuran (4 mL) under Ar
atmosphere at 55 °C within for 4 h. After aluminum oxide
(10 g) was added to the mixture, the solvent was evaporated
in vacuum. Thiosalicylamide was eluted from the resulting
solid with acetonitril-ethanol (10:1) using column chromatog-
raphy. The yield was 50%, m. p. 118-119 °C (cf. Ref. [15]: m.
p- 119-120 °C). The purity of the substance was confirmed by
NMR spectra recorded in a Bruker Avance 400 NMR spec-
trometer in CDCl; at frequencies 400.13 MHz (‘H) and
100.61 MHz (*3C) using SiMe, as internal standard. The fol-
lowing chemical shifts (5, ppm) were observed in '"H NMR:
6.88 (t, 1H, C¢Hs, J=7.69 Hz), 7.05 (d, 1H, C¢Hs, J =
8.47 Hz), 7.41 (m, 1H, C¢Hs), 7.46 (broad s, 2H, NH,), 7.61
(m, 1H, C¢Hs), 11.7 (broad s, 1H, OH), and >C NMR:
119.2(C3), 119.6(C;), 119.9(Cs), 124.2 (Cy), 134.8 (Cy),
160.2 (C,), 198.4 (C=S).

GED experiment
The GED patterns of thiosalicylamide were recorded in an

electron diffraction apparatus EG-100 M at long (36 cm) and
short (19 cm) camera distances (LD an SD, respectively) on
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MACO EM-FILM EMS photo films. The details of the GED
experiments are given in Table 1.

An Epson Perfection 4870 photo scanner was used to pro-
cess the films with recorded diffraction patterns in order to
obtain digital images of GED data in 16-bit/600-dpi gray
scale. The resulting data for LD and SD were transformed into
mean optical density functions of s, with an increment of
0.2 A™! by applying the PLATE program [16]. The experi-
mental intensity curves are presented in Fig. 2, which also
displays the background lines B(s) obtained for a dynamic
model. The background curves for a static model are given
in Fig. S1 of the Electronic Supplementary Material (ESM).

QC calculations
Computational programs and methods

All QC calculations presented in this work were made using
Gaussian03 software [17]. The methods were B3LYP [18, 19]
and MP2 [20] including basis sets 6-31G(d,p) [21] and cc-
pVTZ [22], with appropriate scale factors (hhtp://cccbsb.nist.
gov/vibscalejust.asp). The natural bond orbitals (NBO) anal-
ysis [23] was performed with the NBO program integrated in
Gaussian03. The program ChemCraft [24] was used for visu-
alization of molecular orbitals.

Scans of potential energy

In order to find possible conformers of thiosalicylamide, two-
dimensional potential energy surface (PES) scan for simulta-
neous internal rotation of the thioamide and the hydroxyl
groups was performed at the B3LYP/6-31 G(d,p) level of the-
ory (Fig. 3). The internal coordinate describing internal rota-
tion of the thioamide group was the dihedral angle ¢(C2—Cl1
—C7-S) and the scanned coordinate for the hydroxyl group
was the dihedral @, (C1-C2—0O—H). Both dihedral angles ¢,
and @, were changed in steps of 10°.

Table 1 Summary of the GED experiments

LD SD
T.K 398 403
Ie]ectron beam> FLA 2.2 2.8
Actectrons » A 0.049708 0.049850
s range®, A™! 3.0-18.4 7.6-31.6
Presidual gas> P2 40107 3.01107
Number of photo films 3 3

2 The electron wavelength was calibrated against gaseous CCly

b Amsing

with scattering angle 6 = arctan, where r is the distance

Acectrons

from the center of the plate and D is the nozzle-to-plate distance


http://cccbsb.nist.gov
http://cccbsb.nist.gov
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Fig. 2 Experimental intensity curves and background lines for
thiosalicylamide

Additional one-dimensional scans for internal rotation of
the thioamide group were performed for the lowest energy
form at B3LYP/cc-pVTZ and MP2/cc-pVTZ levels of theory;
the scanned angle @; was varied in steps of 10° (Fig. 4). It is
noteworthy that the E(¢@;) = E(—¢;) symmetry exists.

Optimizations of conformers

For all the minima detected on the two-dimensional PES, the
geometries were fully optimized at B3LYP/6-31G(d,p),
B3LYP/cc-pVTZ, and MP2/cc-pVTZ, using the opt = tight
and int = ultrafine parameters. The harmonic vibration fre-
quencies were calculated at the same levels of theory to char-
acterize the optimized stationary points and to confirm that
negative eigenvalues are absent in the Hessian matrix. The
optimized Cartesian coordinates of all thiosalicylamide con-
formers obtained at the different levels of theory are available
in the ESM (Tables S1-S10).

AE, keal mol”

0

3,00
6,00
7,50

9,00

11,0
iy

13,0
1
24,0

¢, (C1-C2-010-H), °

¢, (C2-C1-C7-S),°

Fig. 3 Potential energy surface for internal rotation of the thioamide (¢;)
and the hydroxyl groups (¢5) in thiosalicylamide
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Fig. 4 Relaxed scans for rotation of the thioamide group around the C1
—C7 bond in thiosalicylamide using QC calculations

According to the results B3LYP/6-31G(d,p), four con-
formers of thiosalicylamide with different orientations of the
thioamide and the hydroxyl groups are possible in the gas phase
(Fig. 5). Note that conformers 1, 2, and 4 have enantiomeric
isomers 1', 2, and 4’, respectively, since they possess C; sym-
metry, while conformer 3 possessing C; symmetry is single.

However, B3LYP/cc-pVTZ and MP2/cc-pVTZ computa-
tions do not confirm that conformer 4 is possible the gas
phase, and MP2/cc-pVTZ method predicts C; symmetry for
conformer 3. The energy differences between conformers and
their distribution at 401 K (the average temperature of the
GED experiment) at various levels of theory are given in
Table 2. All computations show that conformer 1 is predom-
inant in the gas phase (more than 99%).

A low energy barrier to rotation about the C1—C7 bond
separates two optical isomers 1 and 1’ (see Fig. 4). It is esti-
mated to be ~ 1 keal mol ' according to QC calculations and is
comparable with the average thermal energy of the internal
rotation mode R7'=0.80 kcal mol'. The thioamide group
torsion vibration is estimated to be less than 100 cm™ ' (ca.
61 cm™', 56 cm !, and 57 cm! according to B3LYP/6-
31G(d,p), B3LYP/cc-pVTZ, and MP2/cc-pVTZ calculations,
respectively). Thus, the results of QC calculations indicate that
only the lowest energy form (conformer 1) should be consid-
ered in the GED analysis. Moreover, the flexibility of con-
former 1 makes it reasonable to interpret the GED data in
terms of a dynamic model. To consider the thioamide torsion
group vibration as a large-amplitude motion, the additional
QC calculations were performed for pseudo-conformers with
the dihedral angle @, (C2—C1—C7-S) ranging from 0 to 60°.

Pseudo-conformers optimizations

The geometries of thiosalicylamide pseudo-conformers were
optimized at MP2/cc-pVTZ level of theory using the opt =
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Fig. 5 Conformers of
thiosalicylamide (optical isomers
are not shown)

tight and int = ultrafine parameters and option frozen for the
dihedral angle ¢;. Subsequent frequency calculations were
performed at the same level of theory. The optimized
Cartesian coordinates of thiosalicylamide pseudo-conformers
are available in Section 1 of the ESM (Tables S11-S16). Note
that pseudo-conformer with ¢, =0° possesses Cs symmetry
and has one imaginary vibrational frequency (V(A")y3=—
158 cm ™) as it corresponds to a transitional state for internal
rotation.

Structure refinements
General considerations

The structure of thiosalicylamide was refined in terms of static
(rigid) and dynamic models using UNEX program [25]. The
function that was minimized had a standard form and a crite-
rion of minimum of the functional served R-factor [26]. The
initial geometrical parameters of thiosalicylamide were taken
from the results of QC computations at MP2/cc-pVTZ level of
theory and the vibrational parameters (the mean square ampli-
tudes of atom pairs / and shrinkage corrections r, — r, [27])
were derived from quadratic and cubic force fields obtained at

the same level of theory applying VibModule program [28].
During the refinement procedure, some of the independent
equilibrium structural parameters (bond lengths, bond, and
dihedral angles) were combined in groups as indicated in
Table 3. The differences between the parameters in groups
were fixed at quantum-chemical values. Estimated standard
deviations for the refined parameters were multiplied by a
factor of three in order to include possible uncertainties due
to data correlation and scale uncertainty [26]. Note that geo-
metrical parameters involving hydrogen atoms were kept
equal to theoretical values due to a weak sensitivity of GED
to the positions of hydrogens [29]. The mean vibrational am-
plitudes were fixed at theoretical values.

Static model

The refinement was performed with an assumption that only
the lowest energy form of thiosalicylamide (conformer 1) is
present in the gas phase as it had been predicted by QC com-
putations. The conventional algorithm of structural analysis
for a molecule undergoing small-amplitude vibrations was
applied [26]. The contribution of the all vibration frequencies
including the lowest energy vibration were used to derive the
amplitudes of vibrations and the vibration corrections. The

Table 2 Relative total electronic

energies®, relative standard Gibbs ~ Method Conformer ~ Symmetry  AE (kcal mol ) AG'4q; (keal mol'!)  Pugy (%)
free energies®, and percentage
abundances® for thiosalicylamide B3LYP/6-31G(d,p) 1 C 0.00 0.00 99.5
conformers at the average 2 G 5.75 5.72 0.1
tempe.rature of the GED 3 c, 481 4.42 0.4
experiment s
4 C, 8.99 7.95 5-10
B3LYP/cc-pVTZ 1 C, 0.00 0.00 99.2
2 Ci 6.22 6.15 4-1072
3 Cs 5.35 3.89 0.8
MP2/cc-pVTZ 1 C; 0.00 0.00 99.3
2 C; 4.67 4.58 0.3
3 C; 498 435 0.4

*The corresponding values contain ZPVE correction

® For conformers with C; symmetry, which are present as an equimolar mixture of the two optical isomers AG 4o,

includes the entropy of mixing (RIn2)

¢ The corresponding values are obtained using Boltzmann equation
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Table 3 Bond distances (7, A),

bond, and dihedral angles (2, °) of Parameters GED* XRD[7]b B3LYP/ MP2/

thiosalicylamide obtained by

various methods Static Dynamic 1 11 6- cc- ce-

model model 31G(d,p) pVTZ pVTZ

nCi=C,) 1.4092)" 1.405(2)" 1.401(5) 1.389(5) 1427 1.421 1415
nCy=C3) 1.3952)" 1.3912)" 1.417(5) 1.394(5)  1.408 1.402 1.400
n(C3=Cy) 1.379Q2)" 1.376(2)" 1.350(5) 1.352(7) 1.383 1.377 1.385
"(Cy=Cs) 1.3912) 1.387Q2)" 1.379(7)  1.375(7) 1403 1.397 1.396
r(Cs=Cs) 1.3792)" 1.376(2)" 1.384(5) 1.384(3) 1.383 1.378 1.385
HCe=C)) 1.403(2) 1.3992)! 1.388(5)  1.404(5) 1417 1.411 1.408
nC-C) 1.463(7) 1.460(7)* 1.490(5) 1.489(2) 1473 1.470 1.473
r(C-N) 1.347(12)° 1.351(12)° 1.311(4) 1.3084) 1.351 1.346 1.347
r(C=S) 1.670(3)* 1.668(4)* 1.687(4) 1.684(4)  1.692 1.685 1.664
"(C—H),y 1.081° 1.081° 0.95(3) 0.96(4) 1.086 1.081 1.081
r(N-H),, 1.006° 1.006° 1.00(4) 0.91(4) 1.009 1.005 1.006
rC-0) 1.335(9)° 1.332(7° 1.347(4) 1.3704)  1.337 1.335 1.343
rO-H) 0.985° 0.985°¢ 1.04(4) 0.91(3) 0.993 0.991 0.985
2C1C,C5 119.02)° 119.02)° 119.3(3) 120.3(3) 1194 119.4 119.1
2CrC3Cy 121.22)° 121.3Q2)° 120.6(4) 120.34) 1212 121.2 1213
2£C3C4Cs 120.4(8)¢ 120.4(7)¢ 121.1(4) 120.84) 1203 120.2 120.0
2C4CsCyq 118.7(9)° 118.7(9)° 118.8(4) 119.6(4) 119.1 119.1 119.3
2Cs5CeCy 122.1(8)¢ 122.2(8)¢ 122.2(4) 121.9(4) 1224 122.5 121.8
2C¢C1Cy 118.3(2)° 118.3(2)° 117.93) 117.0(3) 117.5 117.4 118.4
2C,CC, 122.3(2)° 122.2(2)° 122.73) 122.53) 122.7 122.8 122.3
2C,C4S8g 125.6(5) 125.2(5)" 123.4(3) 1234(3) 125.1 125.0 124.7
+C1C7N; 116.3(8) 116.3(8) 117.13)  117.3(3) 116.6 116.7 115.2
£SgC7N5 118.19)¢ 118.4(9)¢ 119.43) 119.3(3) 118.3 118.2 120.1
2C1C50q9 123.6(6) 123.0(5)° 124.8(3) 123.83) 1247 124.5 1244
+/H6N7H 7 119.3¢ 119.3¢ 122(3) 110(3) 118.4 118.5 119.3
2C1C,C3Cy 2.5° 2.5° 1.4(6) —2.4(6) 2.5 24 2.5
£C,C53C4Cs 0.2° 0.2¢ -0.8(6) —0.6(6) 0.2 0.1 0.2
2C,C1C5Sg 31(3)1° 28.3¢ 19.4(3) —-19.4(5) 212 20.3 28.3
2CsC1CN,  28(3)1° 25.9¢ 19.0(5) —18.9(5) 193 18.7 25.9
/C7SgNsH¢  177.9° 177.9° -1772) 177(3) 177.9 178.3 177.9
/C7SgN;H;;  14.0° 14.0° -2(3) —13(3) 15.3 133 14.0
Rip 39 34
Rsp 5.1 5.6
Riot 44 44

*For the GED study, equilibrium parameters (7., £.) are presented, R-factors are in %

® For the XRD study, geometrical parameters are given for the both independent molecules (I and IT) of the unit
cell

¢ Assumed at the values of MP2/cc-pVTZ calculations
4 Dependent parameters

119 The same numerical superscript indicates the refinement in one group

corresponding values of / and A(r, — r.) used in the refinement
for static model can be found in the ESM (Table S17). As a
result of the refinement, the equilibrium structural parameters
of thiosalicylamide were obtained, see Table 3; the corre-
sponding Cartesian coordinates can be found in the
Table S18 of the ESM. The disagreement factor appeared to

be 4.4%. The matrix of correlations for a static model is de-
posited as Table S19 in the ESM. The plots of the experimen-
tal and theoretical molecular intensities sM(s) along with their
difference curve as well as the plots of the experimental and
theoretical radial distributions f{r) with their difference curve
can be found in the ESM as Figs. S2 and S3, respectively.
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The possibility of the GED method to distinguish different
conformers of thiosalicylamide was demonstrated by consid-
ering the other forms (conformer 2 and conformer 3) in the
refinements. The values of R-factor exceeded 9.0% in the both
cases. The corresponding sM(s) functions are presented in the
ESM as Figs. S4 and S5, respectively. A model of a mixture of
conformers 1 and 2 was also taken into account. However,
after the refinement procedure independent of the starting val-
ue of percent abundance of conformer 2, the amount of con-
former 1 always reached 100%.

Dynamic model

As it has been predicted by QC calculations, enantiomers 1
and 1’ are separated by a relatively low energy barrier (see Fig.
4) and a significant fraction of the molecules in the molecular
beam would have sufficient energy to pass over the barrier at
the temperature of the GED experiment. Therefore, an algo-
rithm derived for molecules undergoing large-amplitude vi-
brations should be applied.

To consider a large-amplitude motion of the thioamide
group, the structure of thiosalicylamide was modeled
by seven pseudo-conformers, which include conformer 1
(p1=28.3°), three pseudo-conformers with ¢ <28.3°
(p1=0°, 10°, 20°), and three pseudo-conformers with ¢, >
28.3° (@ =40°, 50°, and 60°). Since E(¢p;) = E(—,), statis-
tical weight of two was used for all pseudo-conformers, except
C pseudo-conformer (¢ = 0°) for which a statistical weight
of one was applied. The vibrational amplitudes and
anharmonic corrections for each pseudo-conformer were cal-
culated by including the contributions from all normal modes
except the lowest vibrational mode. The obtained data for
conformer 1 calculated without the contribution of the lowest
energy vibration can be found in the ESM (Table S20).
Structural parameters of each of the pseudo-conformers were
refined simultaneously with the corresponding parameters of
equilibrium configuration (conformer 1), assuming differ-
ences between them at the values from the MP2/cc-pVTZ
calculations.

The potential function for torsion vibration of thioamide
group was refined in the form

2 Vo
V(p))=Vo+ kgl 7(1_005(21((01))

The parameters V, and V4 were varied independently; the
V, constant was adjusted from the condition V(@;)>0.
Refinement of this model converged to give an R-factor of
4.4%. After the refinement procedure, the resulting PES pa-
rameters for torsion vibration of the thioamide group were
estimated to have the following values: Vy=1.2 kcal/mol,
V, =—5.8(8) kcal/mol, and V, = 3.6(4) kcal/mol. The relative
abundance of each pseudo-conformer calculated according to
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a Boltzmann equation can be found in Table S21 of the ESM.
The refined equilibrium parameters of thiosalicylamide (¢, =
28.3°) from a dynamic model are presented in Table 3; the
corresponding Cartesian coordinates can be found in
Table S22 of the ESM. The matrix of correlations is given in
Table S23 of the ESM. The reduced scattering intensity curves
and the radial distribution curve are shown in Figs. 6 and 7,
respectively.

Results and discussion

As it can be seen from Table 3, a dynamic model does not
significantly improve the quality of the experimental analysis
comparing with a static model: structural parameters, experi-
mental uncertainties, and disagreement factors are quite similar
in both cases (see Table 3). The usage of a dynamic model for
the description of a large-amplitude motion of the thioamide
group allowed to refine the potential function parameters.

In general, the geometry of thiosalicylamide molecule is
better predicted by means of MP2/cc-pVTZ than by means
of B3LYP/6-31G(d,p) and B3LYP/cc-pVTZ methods (see
Table 3). For example, B3LYP/6-31G(d,p) overestimates the
value of the C=S bond by approximately 0.02 A and under-
estimates the angular twist of the thioamide group relative to
the benzene ring plane by approximately 10°; however, this
method better predicts the value of the C—O bond length and
the values of the SCN and the C,C;N valence angles than
MP2/cc-pVTZ (see Table 3).

The joint GED and QC analysis established that
thiosalicylamide possesses a non-planar structure with the
thioamide group being twisted by angle ~30° with respect

Fig. 6 Reduced molecular scattering intensity curves sM(s)
(experimental—white circles, theoretical—solid lines) for the long and
short camera distances (LD and SD) of thiosalicylamide (dynamic mod-
el). The difference (experimental — theoretical) curve is shown at the
bottom
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Fig. 7 Radial distribution curves f{r) (experimental—black circles,
theoretical—solid line) of thiosalicylamide (dynamic model). The differ-
ence (experimental — theoretical) curve is shown at the bottom. Vertical
bars indicate relatively important interatomic terms

to the phenol plane. However, the corresponding angular twist
of the amide group in salicylamide is ~ 15° (Table 4). These
data and the results of NBO analyses reflect the fact that the
thioamide moiety is substantially less conjugated with the
electron system of the phenol ring than the amide group in
salicylamide. Thus, according to NBO analyses, the following
weak interactions in thiosalicylamide molecule were revealed:

2.3 kcal/mol). On the contrary, in salicylamide molecule, the
considerable conjugation is kept even with the distortion from

The non-planarity of thiosalicylamide and salicylamide
molecules may be caused by the intramolecular repulsion of
the two nearby hydrogen atoms: one of the amine group and
the other one of the benzene ring (the corresponding H...H
distance in the both molecules is about 2.1 A, whereas van
der Waals radius of hydrogen atom is ~ 1.2 A [32]). The dif-
ference in the degree of non-planarity of thiosalicylamide
molecule and its oxo-analog is probably connected with dif-
ferent sizes of sulfur and oxygen atoms. The larger radius of
sulfur atom causes the angle C1C7S in thiosalicylamide to be
~ 5° bigger than the C1C70 angle in salicylamide (Table 4)
that consequently leads to a higher non-planarity
thiosalicylamide skeleton in comparison with its oxo-analog.

Comparison of structural parameters of thiosalicylamide
with those of related compounds (Table 4) shows that the
value of the C=S bond in thiosalicylamide is 0.03 A longer
and the value of the C1-C7 bond is ~0.02 A shorter than in
thiobenzamide; the value of the C—O bond in thiosalicylamide
is ~0.03 A shorter than the corresponding value in phenol
(Table 4). These differences in the bond lengths may be ex-
plained by the formation of an intramolecular hydrogen bond
O—H...S, which consequently leads to a higher contribution of
the resonance form B into the overall structure of
thiosalicylamide (see Scheme 1). Thus, the hydrogen bond
formation decreases the double bond character of the C=S
bond and increases the double bond character of the C1-C7
bond comparing to thiobenzamide, and it also increases the
double bond character of the C—O bond comparing to phenol
(the corresponding values of the bond orders calculated ac-
cording Wiberg scheme [33] are presented in Table 4).

The comparison of the numerical values of the S...H dis-
tance in S...H—O fragment (2.07(3) A) and the sum of the van
der Waals radii of sulfur atom (1.85 A [32]) and hydrogen
atom (1.2 A [32]) supports the idea of intramolecular hydro-
gen bond formation. The S...H distance in thiosalicylamide is
by about 0.5 A longer than the O...H distance in the O...H-O
fragment of salicylamide (see Table 4), that fact is in

Table 4 Selected structural

parameters of thiosalicylamide, Parameters® Thiosalicylamide® Thiobenzamide* Salicylamide* Phenol®
salicylamide, thiobenzamide, and
phenol molecules (atom-atom HC=X) 1.670(3)/1.18 1.641(4)/1.24 1.232(6)/1.22
overlap-weighted NAO bond or- (C-N) 1.347(12)/1.05 1.352(2)/1.04 1.357(5)/1.04
S;Eba;; given after the slash HC-C) 1.463(7)/0.95 1.478(9)/0.90 1.496(4)/0.93
HC-0) 1.335(9)/0.94 1.337(5)/0.94 1.381(3)/0.88
X.H 2.07(3)/0.12 1.61(8)/0.10
2C,CX 125.6(5) 123.4(5) 120.1(9)
2C,C,CX 31(3) 31(4) 15(5)

*Bond lengths are in A and bond angles are in degrees

® Present work, 7, structure
¢ Ref. [30], 7 structure
dRef. [11], ryy; structure
¢Ref. [31], r, structure
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Scheme 1 Resonance forms of @

thiosalicylamide.

agreement with the smaller size of oxygen atom (the corre-
sponding van der Waals radius is of oxygen atom is 1.4 A
[32]).

NBO analysis confirms the presence of the intramolecular
hydrogen bridge as the following stabilization interactions
were found: LP1(S) — o*(O—H) (E = 2.3 kcal/mol), LP2(S)
— 0*(O—H) (E =25.2 kcal/mol), o(C=S) — o*(O—-H) (E=
0.7 kcal/mol), m(C=S) — o*(O—H) (E=1.1 kcal/mol). The
NBO LP2(S) — o*(O—H) orbital overlap diagram
representing the O—H...S hydrogen bond is shown in Fig. 8.

The geometry of the six-membered pseudo-ring containing
intramolecular hydrogen bond of gaseous thiosalicylamide
was found to be quite different from that in the solid phase
(see Table 3). In the average, in the gas phase, the C=S bond is
~0.02 A shorter, the C—N bond is ~0.04 A longer and the C
—O bond is ~0.03 A longer than corresponding parameters in
the crystal. That fact is probably caused by the intermolecular
hydrogen bonding in the crystal (see Fig. 9) and as a conse-
quence with higher contribution of resonance form C into the
structure of crystalline thiosalicylamide (see Scheme 1).

The intermolecular hydrogen bond formation seems to de-
crease the double bond character of the C=S bond, causing its
elongation, and to increase the double bond character of the C
—N bond, causing its shrinkage comparing to the gas phase.
The weakening of the intramolecular hydrogen bond caused
by the formations intermolecular hydrogen bonds also leads to
the elongation of the C—O bond in the solid phase.

Fig. 8 NBO overlap interaction surface plot (LP2(S) — o*(O—H))
reflecting the formation of an intramolecular hydrogen bond in
thiosalicylamide

@ Springer
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The angle C,C;C5S turns out to be by about 10° less in the
crystal than in the gas phase (Table 3) probably due to the
effect of crystal packing as the nearby molecules compensate
an interatomic repulsion in a single molecule. The similar
difference in the angular twist of the amide group relatively
the phenol ring plane is observed for the gaseous and the solid
salicylamide (15 & 5° in the gas phase [11] versus 2.1 £0.1° in
the crystal phase [7]).

Concluding remarks

The molecular structure of thiosalicylamide and the internal
rotation of the thioamide group were investigated in the gas
phase by the joint application of the GED method and QC
calculations. According to the obtained results,
thiosalicylamide molecule, being free from the intermolecular
interactions in the gas phase, exists as a mixture of two non-
planar enantiomers with a barrier of their mutual interconver-
sion ~ 1 kcal/mol. The application of GED augmented by QC
computations afforded to obtain equilibrium structural param-
eters of thiosalicylamide as well as parameters of the potential
function for the internal rotation of the thioamide group.
According to GED, the equilibrium structure of
thiosalicylamide in the gas phase is not planar as an interatom-
ic repulsion of nearby hydrogens tries to tilt the thioamide
group with respect to the phenol ring. The structural features

Fig. 9 Hydrogen-bonding motifs observed for thiosalicylamide in the
crystal phase
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of'thiosalicylamide molecule as well as NBO analysis indicate
that the conjugation between thioamide group and aromatic
ring is almost absent. The existence of intramolecular hydro-
gen bond was revealed by NBO calculations and the compar-
ison of structural parameters of thiosalicylamide with those of
the related molecules. The geometry of gaseous
thiosalicylamide was found to be different from that in the
solid phase due to the absence of intermolecular hydrogen
bonding and the effects of crystal packing in the gas phase.
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