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Abstract
Motivation. The structure, charge distribution in terms of molecular electrostatic potentials and frequencies of
normal vibrations of biologically important molecular systems, namely N-2—(6—aminopyridine)-N"-2—
methoxyphenylthiourea 1, N—2—(6—aminopyridine)-N"—4—chlorophenylthiourea 2, N—2—(6—aminopyridine)-N"-
4-nitrophenylthiourea 3 have been derived. These structural and vibrational characteristics provide insights for
understanding of molecular interactions.

Method. Hartree—Fock and hybrid density functional methods employing Becke’s three—parameter exchange
with Lee, Yang, Parr correlation functional and with the Perdew Wang functional as well, have been carried out.
Electrostatic potential and its topography have been analyzed in terms of critical points.

Results. Theoretically predicted structural parameters of these molecules compare well with those determined
from the X-ray diffraction experiments. The Hartree—Fock calculations predict nonplanar structure around the
C—N bond of the substituted phenylthiourea in 1, 2 and 3. Electrostatic potential reveals that the intermolecular
hydrogen—bonded network in 3 extends via NO, group unlike SH interactions present in 1 or 2.The
assignments of normal vibrations have shown that the N3Hg stretching of the thioamide has been influenced by
substitution on the phenyl ring.

Conclusions. The present work reveals that hydrogen bonded network extends through the C=S'~H interactions
in 1 and 2 compared to 3 wherein this has been facilitated through the nitro group. The vibrations of thioamide
group in these molecules are sensitive to the substituent on the phenyl ring.

Keywords. Hartree Fock; hybrid density functional; molecular electrostatic potential; hydrogen bonding.

1 INTRODUCTION

Synthesis and characterization of substituted N-2—pyridyl-N'-arylthioureas have been of
considerable interest in the recent literature [1-12] due to the potential medical importance of
substituted arylthioureas. The investigations of structure and charge distributions in these molecular

systems possibly enable one to predict the structure—activity relationships. Recently the crystal
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structures of N—2—(6—aminopyridine)-N"-2—-methoxyphenylthiourea (6AmTu20Me) (1), N—2—(6—
aminopyridine)-N'-4—chlorophenylthiourea (6AmTu4Cl) (2), N-2—(6—aminopyridine)-N"—4—
nitrophenylthiourea (6AmTu4NO;) (3) have been determined from the X-ray diffraction
experiments [12]. These molecular systems are particularly interesting since it has been inferred that
the presence of amino group on pyridine ring facilitates intermolecular hydrogen bonding via the
N4H hydrogen and the thione sulfur in addition to the intramolecular N—H—-N interactions.
Particularly, the N-phenyl analogs of N-2—pyridyl-N"arylthioureas are known to be strong
inhibitors of human enteroviruses. As a pursuit of this the structure, charge distributions of
6AmTu20Me, 6AmTu24Cl, 6AmTu4NO, in terms of the topography of molecular electrostatic
potential and the frequencies of normal vibrations have been derived by employing the quantum
mechanical ab initio Hartree—Fock and hybrid density functional methods. The computational

method has been outlined below.

2 COMPUTATIONAL METHOD

LCAO-MO-SCEF restricted Hartree—Fock (HF) calculations have been carried out on the three
substituted arylthioureas 1, 2 and 3 with Gaussian 94 program [13] using the internally stored 6—
31G (d,p) basis set. The stationary point geometries with respect to the nuclear coordinates were
obtained by the simultaneous relaxation of all the geometric parameters using the analytical
gradient method [14]. The geometries thus derived were subjected to optimizations using hybrid
density functional methods incorporating, the Becke’s three—parameter exchange with correlation
functionals given by Lee, Yang and Parr (B3LYP) [15,16] and by Perdew and Wang (B3PW91)
[17—19]. The molecular electrostatic potential (MESP) J(r) at a point r due to a molecular system
with nuclear charges {Z,} located at {R,} and the electron density p(r) has been defined as:

r)d’r'
V(r)= Z| ry jp( ) 1)

r=rf

In above equation N is the total number of nuclei in the molecule and the two terms refer to the
bare nuclear potential and the electronic contributions, respectively. Balancing of these two terms
brings about effective localization of electron—rich regions in the molecular system. The MESP
topography is mapped by examining the eigenvalues of the hessian matrix at the point where the
gradient V(r) vanishes. The MESP critical points (CPs) were located using a fortran code Univis—
2000 [20,21]. The Fortran program Univis—2000 [20,21] was used for visualization of the MESP
topography. These MESP CPs can be characterized [22,23] in terms of an ordered pair (rank,
signature), which can further be grouped into three sets, viz., (3, +3), (3, +1) and (3, —1). The (3, +3)
set corresponds to the set of minima and the remaining ones to the saddle points. Harmonic
vibrational frequencies were obtained from the diagonalization of force constant matrix. Normal

vibrations were assigned by visualizing the displacement of atoms around their equilibrium
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positions by using a program code Univis—2000 [20,21].

Figure 1b. N-2—(6—aminopyridine)-N"4chlorophenylthiourea 2.

3 RESULTS AND DISCUSSION

Optimized geometries of 1, 2 and 3 alongwith the atomic labels used have been displayed in
Figures la—Ic. Selected bond— distances and angles of 1 from the Hartree—Fock and the hybrid

density functional optimizations are compared with the corresponding ones determined from the X—
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ray diffraction experiment in Tablel. As may readily be noticed the HF/6-31G(d,p) predicted bond
lengths, except for N;C, and N;Cg distances, agree within 0.007 A compared to the corresponding

experimental values.

Figure 1c. N-2—(6—aminopyridine)-N’—4-nitrophenylthiourea (3)

These calculations predict the presence of bifurcated hydrogen bonds from the thioamide proton,
viz., Ni-Hg (1.881 A) and Hg-O; (2.225 A), leading to six— and five-membered rings, respectively,
with the latter being 27° below the plane of the pyridine. Thus the predicted O;—Hg bond distance is
0.055 A shorter than the corresponding bond distances from the X-ray data. Bond angles obtained
from the HF and hybrid density functional methods agree within 2°. A closure of S;C;N3 and
C7N;Cs bond angles ranging from 4° to 7° in a crystal was observed relative to those predicted for
the gas phase.

The rest of the bond angles generally are in good agreement with the X—ray data. The (6—amino—
pyridin—2—yl)thiourea and the anisole groups in 1 from the B3LYP and B3PW9I calculations are
predicted to be nearly planar. On the other hand anisole and the (6—amino—pyridin—2—yl)thiourea
groups in 1 orient mutually with an angle of 32° in the HF optimised structure relatively in better
agreement with the experimental data. It should be remarked here that the optimized structure of 1
in a gas phase is quite different than that in the crystal when the orientation of the methyl group
with respect to the phenyl ring has been taken into account. In the free molecule the rotation of the
methyl group by 89° about the CO bond (cf. Figure 1a) lowers the energy by 4.3 kJ mol ' compared
to the stationary geometry (confirmed to be the local minimum by vibrational frequencies) derived
by using ORTEP diagram of the experiment [12].
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Table 1. Optimized geometrical parameters (bond lengths in A and bond angles in °) for 1

HF B3PW91 B3LYP Expt.
1(S,Cy) 1.686 1.678 1.685 1.683(3)
(N, Cy) 1.318 1.335 1.337 1.329(3)
(N, Cy) 1.327 1.340 1.343 1.353(3)
r(N,C,) 1.390 1.389 1.394 1.397(3)
r(N,C) 1.372 1.392 1.396 1.366(3)
r(N;C5) 1.328 1.348 1.352 1.328(3)
r(N;Cs) 1.412 1.399 1.405 1.426(3)
1(Cy0)) 1.368 1.384 1.390 1.375(3)
r(CsNy) 1.364 1.370 1.377 1.363(4)
r(Hs N 1.882 1.757 1.780 1.98(3)
r(Hg O)) 2.253 2205  2.206 2.800
a(C,N,Cy) 119.8 119.9 119.9 117.4(3)
a(N,C,C) 123.0 122.6 122.6 124.1(3)
a(N,C,N,) 118.7 117.8 117.9 118.0(3)
a(N,C,Cs) 118.4 122.6 119.6 117.9(3)
a(CoN,C) 132.8 132.0 132.2 131.5(3)
a(S,C5Ny) 116.4 116.8 116.8 118.1(2)
a(N,C;N;) 116.1 114.5 114.6 118.1(2)
a(S,C5Ny) 127.5 128.7 128.6 123.8(2)
a(C;N;Cy) 131.2 132.0 132.2 125.0(2)
a(N,CeNy) 115.8 115.3 115.3 115.8(3)
d(CN3C5C 1) 32.4 13.9 137 69.2(0.09)
d(N,CN,Cy) 34 3.9 3.6 4.92(0.09)

Table 2. Optimized geometrical parameters (bond lengths in A and bond angles in °) for 2

HF B3PW91 B3LYP Expt. Expt.
1(S,Cy) 1.683 1.676 1.683 1.683(3) 1.680(3)
r(N,C,) 1.321 1.339 1.342 1.331(3) 1.329(3)
r(N,Ce) 1.328 1.343 1.345 1.344(3) 1.350(3)
1(N,C,) 1.390 1.389 1.394 1.397(4) 1.411(3)
t(N,C5) 1.370 1.389 1.393 1.359(3) 1.353(3)
t(N;Cr) 1.329 1.350 1.353 1.329(3) 1.343(3)
1(N3Cy) 1.421 1.403 1.409 1.415(3) 1.420(3)
1(C1,Cl) 1.744 1.747 1.760 1.737(3) 1.746(3)
1(CeNy) 1.366 1372 1.377 1.374(4) 1.365(4)
r(He Ny 1.936 1.802 1.827 1.980(2) 2.000(3)
a(CN, Ce) 119.2 119.0 119.0 117.5(3) 116.92)
a(N,C,C5) 123.1 122.9 122.8 123.3(3) 124.5(3)
a(N,CoNy) 119.3 118.7 118.8 118.2(3) 117.3(3)
a(N,C,Cs) 117.6 118.4 118.3 118.5(3) 118.2(3)
a(CN,Cr) 133.2 133.0 133.1 131.8(3) 132.3(3)
a(S1C/N,) 117.5 117.0 116.9 119.8(2) 119.4(2)
a(N,C;N3) 116.8 114.5 114.6 116.7(3) 115.9(3)
a(S,C/N;) 125.7 128.6 128.6 123.5(3) 124.7(2)
a(C;N;Cy) 126.8 131.0 131.7 127.4(3) 126.5(3)
a(N,CeN,) 116.2 116.0 116.0 116.4(3) 115.7(3)
d(C7N3C5C3) 63.7 21.8 20.1  67.94(0.10)  48.2(0.09)
d(N,C,N,Cy) 24 3.7 3.6 4.66(0.15)  12.25(0.15)
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The geometrical parameters of 2 from the HF and the density functional methods have been
reported with those obtained from the X-ray diffraction data in Table 2. Thus it may be inferred that
the ortho— or para— substitution on the phenyl ring influence the relative orientation of the phenyl
and the (6—amino—pyridin—2—yl)thiourea groups. Bond— distances and angles, however, are
predicted to be relatively insensitive to such a substitution. Further the angle between the planes
C7N3Cg and N3;CsCi3 from the HF theory (nearly 64°) agrees well with 68° found in one of the
observed data sets.The experiment data sets in reference 12 show only marginal differences for

bond- distances and angles.

In Table 3 the optimized bond— lengths and angle parameters of 3 from different theoretical

methods and those obtained from the X-ray diffraction experiments are shown.

Table 3. Optimized geometrical parameters (bond lengths in A and bond angles in °) for 3
HF B3PW91  B3LYP  Expt.

1(S,C) 1.679 1.673 1.680 1.679(4)
t(N,C>) 1321 1.339 1.342 1.334(4)
(N, Cy) 1329 1.343 1.346 1.343(4)
t(N,C») 1392 1391 1.396 1.407(4)
r(N,C5) 1366 1386 1.390 1.363(4)
r(N;C5) 1335 1356 1.360 1.346(4)
r(N;Cy) 1412 1394 1.400 1.402(4)
1(C1,Ns) 1456 1458 1.463 1.453(4)
r(CeNy) 1365 1370 1.376 1.357(5)
r(He N)) 1912 1.791 1.816 1.91(4)
a(CoN,Cy) 1192 119.0 118.9 118.2(3)
a(N,C,C;) 1232 123.0 123.0 123.3(3)
a(N,C,C») 1192 1187 118.8 118.1(3)
a(N,C,Cs) 117.6 1183 114.3 118.6(3)
a(CoN,C) 1333 133.1 133.3 132.0(3)
a(S1C/N,) 1175 1171 117.1 118.4(2)
a(N,C7N3) 1162  114.1 114.3 115.0(3)
a(S1C/N;) 1263 1287 128.7 126.6(3)
a(CyN;Cy) 1286 1319 132.2 132.7(3)
a(N,C¢Ny) 1162 1162 116.2 116.2(3)
d(CN3CsC3) 494 123 11.1 7.42(0.13)
dN,CGN,Cy) 23 42 4.0 3.18(0.11)

Unlike for 1 and 2 the B3LYP predicted geometrical parameters of 3 are in better agreement
with the corresponding experimental data. The N,C; and C¢N4 bond distances within the B3LYP
framework, however, turn out to be respectively, 0.027 A and 0.018 A, longer than their
experimental counterparts. As observed in the X—ray diffraction data [12] the N3Cs bond distance in
this case shows a marginal decrease compared to the corresponding distance in 1. The predicted
structures in gas phase, however, do not support these conclusions. Further the C7N3CgC;3 dihedral

angle (11°) from the B3LYP calculations compares favorably with the experiment [12].
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Figure 2a. MESP isosurface (V' =—107.65 kJ mol ") and (3, +3) minima for 1.

Figure 2b. MESP isosurface (¥ =—107.65 kJ mol ") and (3, +3) minima for 2.
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o Xy3

o Xy

Figure 2¢c. MESP isosurface (V' =—107.65 kJ mol™") and (3, +3) minima for 3.

As pointed out in the preceding section the MESP brings about the effective electron
localization. The MESP isosurfaces with ¥ =—107.65 kJ mol™' of 1, 2 and 3 are depicted in Figure

2a—2c along with the critical points representing the MESP minima, denoted by xy, Xa,.... Thus

electron—rich regions near sulfur in 1 are observed to be large compared to those in 2 or 3 as a result

of both the inductive and mesomeric effects from the amino group at ortho position of pyridine,

which engender the S'H hydrogen bonded network in a crystal. The conclusions drawn for 2 are

qualitatively similar. This has also been supported by the MESP value at the critical point

(minimum) near sulfur shown in Table 4. It may be inferred that the intermolecular hydrogen

bonding in 3, however, facilitates through the NO; group.

Table 4. The MESP minima (in kJmol™") for N-2—(6—aminopyridine)-N'-arylthioureas

1 2 3
S x; —200.5 —141.7 —129.8
x, —191.4 —156.4
Ny x3 —862 —47.1 —415
x4 —712 —65.6 —239
N, xs =384 —73.1 364
N3 X6 —56.1 —19.2
Ny x; —1525 —173.6 —1552
01 Xg —144.3
C] X9 —76.5
X10 —75.2
02 X11 —228.4
X12 —150.3
03 X13 —228.8
X14 —159.1
764
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The vibrational frequencies of 1, 2 and 3 are compared with those of the phenyl-thiourea and the
2—aminopyridine in the following. The B3LYP/6-31G(d,p) calculated harmonic vibrational
frequencies are reported in Table 5. A comparison of phenylthiourea and 1 predicts that both the
3702 cm ™' and 3559 cm ' free NH, vibrations of phenylthiourea disappear on combining with the 2—
aminopyridine and peak at ~3625 cm ™' has been predicted instead. It may be remarked here that the
intense N3Hg stretching in N-2—(6—aminopyridine)-N"-arylthioureas is sensitive to the substituent
on phenyl ring. For 1 this vibration occurs at 3203 cm ™' compared to that in 2 and 3 which has been
upshifted by ~ 80 cm ' and 48 cm ™, respectively. A downshift of the N3Hg stretching in 1, 2 and 3

relative to phenyl-thiourea, results from the N3;—H¢ and pyridyl nitrogen interactions.

Table 5. Selected B3LYP vibrational frequencies (cm ') of 2—aminopyridine, phenylthiourea, 1,2 and 3

Assignment 2—aminopyridine  Phenylthiourea 1 2 3

N4H stretch 3705(22) 3702(55) 3717(31) 3720(34)
3583(31) 3562(68) 3597(38) 3600(41)

N,H stretch 3702(47) 3628(53) 3625(54) 3622(55)

3559(44)

N;H stretch 3575(71) 3203(617) 3283(592) 3251(677)

C7N;H rock 1598(404) 1677(578) 1688(505) 1696(439)

HN,H scissor 1638(25) 1643(182) 1644(7) 1645(20)

N, Cg stretch + 1627(29) 1642(200) 1641(391) 1637(624)

C3C4 stretch

C,N,H rock 1555(137) 1559(515) 1559(482)

CoCoH, C,C3H 1537(33) 1529(137) 1535(214) 1538(112)

rock

C,CsH rock 1528(62) 1512(104) 1513(57) 1510(83)
1488(76) 1498(97) 1498(246) 1499(205)

C7N; stretch 1438(424) 1402(360) 1408(521) 1405(41)

C;C4H, CsCsH, 1171(230) 1178(295) 1181(260)

CoCioH, C,C H

rock 1150(1) 1150(52)

C,S; stretch 737(29) 764(14) 781(31) 773(29)

Some intense vibrations for 1, 2 and 3 emerge in the region 1400 cm™' — 1700 cm™". The 1598
cm ™! and 1438 cm™" normal vibrations in thiourea assigned to C;N3Hg rocking and C;Nj stretching,
respectively, are of interest. The former vibration has been upshifted by 79 cm™' — 98 cm ™' whereas
the latter downshifts to ~1405 cm ™" in 1, 2 and 3. An intense vibration near 1560 cm™' assigned to
C,NyHs rocking, has been predicted for 1, 2 and 3 as well.

The intense vibrations due to pyridine ring are predicted to occur near ~1640 cm™'. For 1, 2 and
3, the 1170 — 1180 cm™" region presents intense vibrations, which are strongly coupled and difficult
to correlate with those in phenylthiourea or aminopyridine. The C=S stretching (737 cm™') of
phenylthiourea is sensitive to the substituent on the phenyl ring and upshift to 764 cm ' — 781 cm™'
has been predicted for 1, 2 and 3.
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4 CONCLUSIONS

The present calculations predict that the N—Hg and the He—O; bifurcated hydrogen bonded
interactions of thioamide group lead to six— and five-membered rings in the ortho—substituted
derivative (1). HF predicted bond distances of thiourea group in 1, 2 and 3 generally agree within
0.01 A compared to those observed in experiment. In o—methoxy derivative the phenyl group and
2—aminopyridine orient mutually with an angle of 32°. For the para substituted chloro derivative the
chlorophenyl ring has been pushed further below by 32° relative to 2—aminopyridine as compared
to that in 1. MESP topographical features reveal how the intermolecular hydrogen bonded network
facilitates possibly through the NO; group in 3 and via the C=S'H interactions for 1 and 2. The
vibrations of thioamide group in these molecules are sensitive to the substitution on the phenyl ring,
partly attributed to the inductive and mesomeric effects. A downshift of ~300 cm™" for the N>-H
stretching in these molecules compared to the corresponding vibration in free phenylthiourea has

been predicted as a result of the intramolecular hydrogen bonded interactions.
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