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The energy of a strong intramolecular N-H---S bond [N---S 2.9617(5) Al in the crystal of titled compound has been estimated and
compared with energies of intramolecular N-H---O and O-H---N H-bonds.

In the last decade, the usage of high-resolution X-ray diffraction
(XRD) analysis of electron density distribution function p(r)
made it possible to analyse and estimate the energy of various
strong intramolecular hydrogen bonds of O-H---O,! O-H--N,2
N-H---O2% and N-H:--N3 types. In all cases, it was demonstrated
that these strong low-barrier H-bonds (SLBHB) are charac-
terised by high energy!=3 and correspond to intermediate type
of interatomic interactions within R. F. Bader’s ‘Atoms in Mole-
cule’ theory (AIM).4

Assuming that H-bonds with sulfur are much weaker due to
diffuse character of the electron lone pairs,’ it is reasonable to

suggest that main characteristics of intramolecular H-bonds with
sulfur differ significantly from such characteristics of O-H---O
or N-H---O H-bonds. In order to analyse the nature and to estimate
the energy of intramolecular H-bonds in which the sulfur atom
serves as an acceptor of proton, we have performed the topo-
logical analysis of p(r) within AIM# theory for the molecule in
a crystal and the isolated molecule of (2Z)-2-cyano-2-quinolin-
2'(1H)-ylideneethanethioamide 1 (Figure 1) using high-resolu-
tion XRD% at 100 K and DFT calculation (B3LYP/6-311G**).#
We believe that data on energy of H-bond with sulfur will be very
useful for improvement of force fields for crystal structures model-
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ling where interactions with the S atom play a significant role.

The XRD data have revealed that, in the solid state, 1 exists
in the zwitterionic form with formal positive charge at nitrogen
of quinolinium ring and negative charge delocalised on the
cyanothioamide fragment. The zwitterionic form is stabilised
by the presence of a six-memebred H-bond cycle which addi-
tionally promote charge delocalization between the fragments.
The N(1)---S(1) [2.9617(5) A] distance is close to the shortest
H-bond distances for six-membered intramolecular N-H:--S hydro-
gen bonds’ and definitely can be considered as the strong one
since the N(1)--S(1) distance is shorter than sum of van der Waals
radii of N and S (3.16 A).7 Note that, taking into account dif-
ferences in covalent radii of oxygen and sulfur, the N-H---S
bond in 1 is compatible with strong intramolecular O-H---N
[2.5626(5) A] and N-H---O [2.6379(5)-2. 6668(5) A] H-bonds
in Shiff bases,2 for which p(r) analysis in crystal has been
carried out so far (Scheme 1).
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Scheme 1

The molecule of 1 in a crystal is almost planar. The geometry
of the NC-C(=S)-NH, group in 1 is characterised by pro-
nounced delocalization in comparison to corresponding geometry
in similar non-zwitterionic structures.®10 Actually in the two
available according to the CSD7 molecules®-1® NH,C=S and C-CN
fragments are noncoplanar with the torsion angle S=C-C(CN)
equal to 8.6-13.4°, what in turn leads to shortening of C-NH,

' Crystallographic data: crystals of 1 (C,HgN;S, M =227.28) are
monoclinic, space group P2,/c;at 110K, a=4. 3545(1) b =16.6924(3)
and ¢ = 14.3822(2) A, B = 93 259(1)°, V=1043.71(3) A3, Z=4 (Z'= 1),
dey = 1.446 g cm=3, (MoKa) =2.81 cm!, F(000) = 472. Intensities of
30028 reflections were measured with a Smart 1000 CCD diffractometer
[AMoKa) = 0.71072 A, w-scans with a 0.3° step in w, 260 < 100°] and
10164 independent reflections (R;, = 0.0249) were used in further refine-
ment. The absorption correction was applied semiempirically from equiva-
lents using the SADABS programme. The structure was solved by a direct
method and refined by the full-matrix least-squares technique against F2
in the anisotropic—isotropic approximation. Hydrogen atoms were located
from the Fourier synthesis of the electron density and refined in the
isotropic approximation. For 1, the refinement converged to wR, = 0.091
and GOF = 0.923 for all independent reflections [R; = 0.0407 was calcu-
lated against F for 7007 observed reflections with I > 20(1)]. All calcula-
tions were performed using SHELXTL PLUS 5.0.

Atomic coordinates, bond lengths, bond angles and thermal param-

eters have been deposited at the Cambridge Crystallographic Data Centre
(CCDC). These data can be obtained free of charge via www.ccdc.cam.uk/
conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336 033; or deposit@ccdc.cam.ac.uk).
Any request to the CCDC for data should quote the full literature citation
and CCDC reference number 274699. For details, see ‘Notice to Authors’,
Mendeleev Commun., Issue 1, 2005.
# The ab initio calculations of 1 were performed with the Gaussian 98
program package!? at the B3LYP/6-311G** level of theory. As con-
vergence criteria, the normal threshold limits of 2x10-¢ and 6x10-¢
were applied for the maximum force and displacement, respectively. To
enhance the B3LYP calculation accuracy, the pruned (99590) grid was
used. Topological analysis of the p(r) function was performed using the
MORPHY 98 program,'4 basing on the wave functions obtained from
the B3LYP calculations.
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Figure 1 The general view of 1 with presentation of atoms by thermal
ellipsoids at the 80% probability level. Selected bond lengths (A): S(1)-
C(11) 1.7066(6), N(1)-C(1) 1.3466(7), N(1)-C(9) 1.3759(8), N(2)-C(11)
1.3420(8), N(3)-C(12) 1.1580(8), C(1)-C(10) 1.4233(8), C(10)-C(11)
1.4377(8), C(10)-C(12) 1.4234(8); selected bond angles (°): C(1)-N(1)-
C(9) 124.73(5), C(1)-N(1)-H(1) 116.0(8), C(9)-N(1)-H(1) 119.2(8), C(11)-
N(2)-H(2B) 115.7(9), C(11)-N(2)-H(2A) 123.4(9), H(2B)-N(2)-H(2A)
120.4(12), N(1)-C(1)-C(10) 121.28(5), C(1)-C(10)-C(12) 116.34(5),
C(1)-C(10)-C(11) 127.33(5), C(12)-C(10)-C(11) 116.31(5), N(2)—
C(11)-C(10) 117.74(5), N(2)-C(11)-S(1) 117.16(4), C(10)-C(11)-S(1)
125.09(5), N(3)-C(12)-C(10) 177.41(7).

[1.319 vs. 1.3420(8) Al and elongatlon of (S=)C—C(CN) [av. 1.488
vs. 1.4234(8) A] bonds in comparison with 1. In addition, the
significant elongatlon of the C(11)-S(1) bond [1.7066(6) A vs.
1.653-1.665 A in refs. 9 and 10] should be noted. Thus, we can
conclude that formation of short intramolecular N-H---S bonds
leads to pronounced equalization of C—C bonds in six-membered
H-cycle, which is a well-known characteristic of keto—enol and
keto—enamine systems.>(@

Note that the B3LYP/6-311G** calculation rather well repro-
duced experimental geometry — difference in the bond lengths
does not exceed 0.01 A (av. 0.004 A). In turn, the intramolecular
N-H:--S bond in the isolated molecule is slightly elongated
up to 2.991 A. For some extent, the observed differences in
geometry of 1 in solid and isolated molecules can be attributed
to crystal packing. Actually, in the crystal of 1, molecules are
assembled by N-H---N [N(2)--N(3A) 3.0136(8) Aland N-H---1
[N(2)--C(7A) 3.396(1) A] intermolecular H-bonds, as well as
by stacking interaction (interplane distance is 3.394 A) into a
three-dimensional network.

To obtain direct information on charge density distribution
in 1, to analyse the character and to estimate the energy of
the N(1)-H(1)---S(1) bond, we have carried out the multipole
refinement and obtained the electron density function in the
analytical form.$

The static deformation electron density distribution (DED) is
characterised by the expected features. The DED section passing
through the molecular mean plane (Figure 2) shows that the
local charge accumulation is observed in the interatomic area of
all chemical bonds and electron lone pairs of S(1) and N(3)
atoms. In contrast in the S(1)--H(1) area DED is locally depleted.

Topological parameters of the p(r) function for the molecule
of 1 in a crystal and for the isolated molecule are very similar.
The characteristic set for 1 in addition to critical points (3,—1)
[CP(3,-1)] for C-C, C-S, C-H, N-C and N-H bonds includes
the CP(3,-1) for H(1)---S(1) bond and three CP(3,+1) for the

§ The multipole refinement was carried out within the Hansen-Coppens
formalism!5@ using the XD program package!5®) with the core and
valence electron density derived from wave functions fitted to a relativistic
Dirac—Fock solution.!5() Before the refinement, N-H and C-H bond
distances were normalised to the values obtained in the B3LYP/6-311G(d.p)
calculation. The level of multipole expansion was octopole for carbon,
nitrogen and sulfur atoms and dipole for hydrogens. For atoms H(1),
H(2A) and H(2B) for more accurate description of H-bonding pattern
the hexadecapoles were added. The refinement was carried out against ¥
and converged to R =0.0288, wR =0.0241 and GOF = 1.23 for 6830
merged reflections with 7> 30(I). All bonded pairs of atoms satisfy the
Hirshfeld rigid-bond criterial®@ (difference of the mean square dis-
placement amplitudes along the bond were not larger than 8x104 A2).
The residual electron density was no more than 0.14 eA-3. Analysis of
topology of the p(r) function was carried out using the WINXPRO
program package.16
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Figure 2 The section of deformation electron density in the molecular
plane of 1. The contours are drawn with a 0.1 eA-3 step. The negative
values of DED are dashed.

six-membered rings: two for quinolinium and one for H-cycle.
The CP(3,+1) for H-cycle is situated approximately in its centre
thus indicating the stability of this molecular graph and pro-
nounced strengths of the N-H---S bond.

To obtain the atomic charges in the molecule of 1, we have
determined the atomic basins (£2) surrounded by zero-flux
surface and have integrated p(r) over each € Although the
integrated Langrangian [L(r) = —1/4V2p(r)] for every £2 has to be
exactly equal to zero, a reasonably small numbers with averaged
value equal to 9x10-5 a.u. with maximum L(r) observed for
H(2A) atom (3x10~*a.u.) were obtained. The sum of atomic
volumes (260.23 A3) reproduces well the unit cell volume per
molecule [260.93(3) A3] with a very small (0.26%) difference.

The charges obtained by the integration of €2 clearly show

that, although a distinctive zwitterionic structure is not observed, w81 (@ K A Lvssenko. D. V. Lyabotsky and M. Yu. Antiom. Mendeloew

we can identify the areas of positive and negative charges. The
positive charge is mainly localised on the carbon atoms of the

nitrogen-containing cycle while negative ones are localised on gy

S(1), C(3), C(8), C(10) and all nitrogen atoms (Figure 3).
The analysis of topological parameters of p(r) has revealed
that all bonds with the only exception of H(1)---S(1) are charac-

terised by the negative value of V2p(r) and thus correspond to the T2 2
shared type of atomic interactions. On the contrary, the H(1)---S(1) mE 3

bond is characterised by the positive value [2.05(2) eA—>] that
is characteristic of both closed-shell and intermediate types of
interactions. However, it is noteworthy that the value of p(r) in
the CP(3,-1) of H(1)---S(1) bond [0.23(1) eA-3] is relatively high
and electron energy density [A.(r)] estimated using Kirzhnits
approximation!! is negative (-0.0036 a.u.). Although the latter

to energy (8.3 kcal mol-!) of the intramolecular N-H---O bond
(2.745 A), which was recently estimated in the isolated molecule
of methyl 2-{2-[(E)-(diethoxyphosphoryl)methylidene]-4-oxo-
1,3-thiazolan-5-ylidene }acetate (C).!2 The energy of N-H---S bond
that we obtained using Dreiding force field was significantly
lower than the experimental one (1.29 kcal mol-!), that shows
again that some improvements to existing force fields that
include the sulfur atom should be done.

O

H
MeO,C M NH
S I

PH(OE),

H
C

Thus, the results of topological analysis of electron density
function in 1 have revealed that in spite of the fact that the
N-H:--S bond in this compound can be classified as a strong
one from geometrical criteria and that the H---S bond corre-
sponds to the intermediate type of interactions its energy is
at least two times weaker than similar strong intramolecular
N-H---O bonds.

This work was supported by the Russian Foundation for
Basic Research (grant no. 03-03-32214), the Support of Leading
Schools of the President of the Russian Federation (grant no.
1060.2003.3) and the NASA sponsored Alliance for Nonlinear
Optics (grant no. NAG8-1709).
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