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The synthesis of a novel 1-acyl-thiourea species (C14H17N2O2SCl), has been tailored in such a way that
two distinct NAH� � �O@C intramolecular competing hydrogen bonds are feasible. The X-ray structure
analysis as well as the vibrational (FT-IR and FT-Raman) data reveal that the S conformation is preferred,
with the C@O and C@S bonds of the acyl-thiourea group pointing in opposite directions. The preference
for the intramolecular NAH� � �O@C hydrogen bond within the AC(O)NHC(S)NHA core is confirmed. The
Natural Bond Orbital and the Atom in Molecule approaches demonstrate that a strong hyperconjugative
lpO ? r⁄(NAH) remote interaction between the acyl and the thioamide NAH groups is responsible for
the stabilization of the S conformation. Intermolecular interactions have been characterized in the peri-
odic system electron density and the topological analysis reveals the presence of an extended intermo-
lecular network in the crystal, including a Cl� � �N interaction playing a relevant role in crystal packing.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction For 1-(acyl/aroyl)-3-(mono-substituted) thiourea derivatives,
2

It is well-known that compounds containing the >NAC(S)AN<
functionality are identified as thioureas [1,2]. The 1-(acyl/aroyl)-
substitution implies the presence of a carbonyl group bonded to
the thiourea core [3]. Substitutions can occur also in the second
nitrogen atom, giving 1-(acyl/aroyl)-3-(mono-substituted) and
1-(acyl/aroyl)-3,3-(di-substituted) thioureas, with general formula
R1C(O)NHC(S)NR2R3, where R may be an alkyl, aryl, aralkyl or heter-
ocyclyl substituent [4–6]. Several conformations are feasible for this
kind of compounds, depending on the dihedral values around the
acyl-N bond and the adjacent NAC bond [7]. Following Woldu and
Dillen [8], the four main forms can be denoted as S, M, Z and U, where
the capital letters reflect the position of the C@O and C@S double
bonds relative to the vertically drawn NAH bond (see Scheme 1).
with R @H, a local planar structure of the central AC(O)A
NHAC(S)ANHA moiety is preferred, with opposite orientation
between the C@O and C@S double bonds (‘‘S-shape’’) [9]. In
this conformation the C@O and HAN groups form a pseudo
6-membered ring, favoring an intramolecular hydrogen bond, as
is shown in Scheme 2. On the other hand, when the formation of
a suitable hydrogen bond is prevented, as in 1-(acyl/aroyl)-3,
3-(di-substituted) thiourea derivatives (R2, R3 – H), the anticlinal
geometry (U form) is preferred [10,11].

Surprisingly, the occurrence of a 1-(acyl/aroyl)-3-(mono-substi-
tuted) thiourea having a U form was recently reported. In fact, as
independently demonstrated by Arslan et al. [12] and Yusof et al.
[13], nitrogen substitution with a 2-pyridyl group (R2@H, R3 = 2-
pyridyl) changes the expected conformational preference. In the
crystal, an NAH� � �N intramolecular hydrogen bond involving the
2-pyridyl group prevails, leading to a synperiplanar conformation
between the C@S and C@O groups. This conformation forces the
two amide and thioamide hydrogen atoms to opposite direction.

Prompted by this finding, we became interested in the synthesis
of substituted 1-(acyl)-thioureas which can display unusual
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Scheme 1. Main conformations around the AC(O)NHC(S)NA moiety of 1-(acyl/aroyl)-3-(substituted) thioureas.
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Scheme 2. Representation of the S conformer in 1-(acyl/aroyl)-3-(mono-substi-
tuted) thioureas (R2@H), showing the intramolecular C@O� � �HAN hydrogen bond.
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conformational properties. In the frame of our ongoing project de-
voted to the study of 1-(acyl/aroyl)-3-(mono-substituted) thio-
ureas [14,15], in this article we present a structural study on the
novel species 1-(4-chlorobenzoyl)-3-(2-methyl-4-oxopentan-2-yl)
thiourea. In this compound a second C@O bond is introduced in
such a position that the U form (Scheme 3, right) is eventually fa-
vored due to the formation of a six membered ring with the NAH
bond over the usual S form (Scheme 3, left). One of the aims of this
work is to elucidate whether the ketene-like C@O group is able to
compete with the 1-acyl group in the formation of a pseudo-six
membered C@O� � �HAN hydrogen bond and how the conformation
of the acylthiourea moiety is affected by this intramolecular
interactions.

Besides the fundamental interest, the understanding of confor-
mational properties, especially the role of hydrogen bonding inter-
actions of ureas and thioureas, has relevance in applied fields. In
particular, Fabbrizzi et al. reported that substituted-phenyl urea
compounds interact through hydrogen bonding with a variety of
oxoanions to give bright colored complexes [16,17]. A variety of
receptors containing the urea and the thiourea groups have been
designed for anion recognition [18,19]. These are promising poten-
tial compounds for developing novel chemosensors for selective
and sensitive naked-eye recognition for anions [20,21]. Moreover,
important new developments on biological [22] and pharmaceuti-
cal [23–25] applications of 1-acyl thioureas rely in the formation of
proper hydrogen bonds with particular receptors [26].

Here, the synthesis of 1-(4-chlorobenzoyl)-3-(2-methyl-4-
oxopentan-2-yl) thiourea has been specially tailored and the
molecular and crystal structures have been determined by X-ray
diffraction analysis. Moreover, the vibrational properties are stud-
ied by using infrared and Raman spectroscopies in conjunction
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Scheme 3. Representation of the S (left) and U (right) conformers for the title compound
with quantum chemical calculations. In order to characterize the
intermolecular interactions at play, the topology of the electron
density obtained from a periodic quantum calculation was
analyzed within the context of the Bader’s theory of atoms in
molecules (AIM) [27]. In addition, Natural Bonding Orbital (NBO)
[28–30] population analysis has been performed with the primary
aim to deepen the understanding of how electronic interactions
affect the conformational behavior.

2. Results and discussion

2.1. Synthesis and characterization

The 4-amino-4-methylpentan-2-one, an important precursor to
the target compound was freshly prepared by the amination of
4-methylpent-3-en-2-one using aqueous ammonia. A solution of
4-chlorobenzoyl chloride in dry acetone was treated with an
equimolar quantity of potassium thiocyanate in dry acetone to
afford the 4-chlorobenzoyl isothiocyanate as intermediate.
Treatment of the latter with an equimolar quantity of 4-amino-4-
methylpentan-2-one in acetone furnished the title thiourea
derivative as showed in Scheme 4 [31].

The 1H-NMR data displayed characteristic singlets at 3.44 (2H,
CH2�), 2.18 (3H, CH3) and 1.64 (6H, (CH3)2). In addition, singlets
at d 8.71 and 11.0 ppm were observed for HN(1) and HN(2) respec-
tively. The 13C-NMR data displayed signals at d 206.3, 177.4 and
165.6 ppm for the ketonic carbonyl, thiocarbonyl and amide car-
bonyl carbons, respectively. The mass spectral and elemental data
was consistent with the reported structure.

2.2. Vibrational analysis

The FTIR and FT-Raman spectra for the title compound in the
solid phase are shown in Fig. 1. The observed wavenumbers and
those calculated at the B3LYP/6-311++G(d,p) level for the S form
of the isolated molecule are reported in Table S1 of the Supplemen-
tary data, together with a tentative assignment of the bands. The
assignment has been carried out by comparison with theoretical
wavenumbers as well as on comparison with the reported data
for related molecules [32–39].

The close analysis of the 1800–1500 cm�1 region is especially
important for understanding the structural features of the title
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stabilized by different C@O� � �HAN intramolecular hydrogen bonds in competition.
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Fig. 1. Selected region of the IR (in KBr pellet) and Raman spectra for the solid
phase of the title species.
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molecule. It is expected that the m (C@O) stretching and d (NAH)
deformation normal modes appear in this spectral window and
these modes are very sensitive to conformational properties as
well as to intra/inter molecular interactions [32,40].

The computed [B3LYP/6-311++G(d,p)] infrared spectra for the S
form predicts the m (C7@O1) stretching mode for the 1-acyl thio-
urea group as an intense absorption appearing at 1716 cm�1, that
is at lower wavenumbers than that for the carbonyl stretching
mode of the ketene group [m (C13@O2)] computed at 1779 cm�1

as a less intense absorption (see Fig. 3 for atom numbering). On
the other hand, for the U conformer, both C@O stretchings are pre-
dicted to have very similar frequency values: 1770 and 1765 cm�1

for the m (C7@O1) and m (C13@O2), respectively. From this compar-
ison, it is apparent that the N2AH� � �O1@C7 intramolecular interac-
tion is responsible for the red-shift and high intensity of the m
(C@O) mode observed for the S form [11,40]. In the experimental
infrared spectrum, a single broad absorption with strong intensity
is observed centered at 1685 cm�1. Such a low value is typical for
1-acyl-3-monosubstituted thiolactones with the C@O group in-
volved in an intramolecular hydrogen bond interaction [41]. It is
plausible that the broadening of the band toward the high
wavenumber side can account for the superposition with the m
(C13@O2) absorption. This description is well complemented by
the analysis of the Raman spectrum, where a strong signal appears
at 1683 cm�1 with a low intensity shoulder at higher wavenum-
bers (1703 cm�1). It is well-known that due to the large dipole mo-
ment of the carbonyl group, C@O stretching vibrations are much
stronger in the IR than in Raman. However, the stretching fre-
quency and the intensity observed in the Raman spectrum can be
affected by the formation of hydrogen bonds [42,43]. For the S con-
former of the title molecule, quantum chemical calculations pre-
dict the 1716 cm�1 C@O stretching mode with strong Raman
activity (207 Å4/amu) whereas the m (C13@O2) for the ketene
group at 1779 cm�1 displays a ‘‘normal’’ low activity (computed
value: 8 Å4/amu).

The infrared spectrum shows two absorptions at 1531 and
1487 cm�1, with very strong and medium intensities, respectively,
which are tentatively assigned to the d (NAH) deformation modes
on the acyl thiourea group. Counterpart signals appear in the Ra-
man spectrum at 1526 and 1493 cm�1, respectively. For the d
(NAH) deformation modes, quantum chemical calculations for
the S form confirms the presence of very intense absorptions at
1599 and 1557 cm�1 assigned to the d (N2AH) and d (N1AH),
respectively. Both fundamentals appear at lower wavenumbers
(around 1520 cm�1) for the U form, a region in the spectrum that
is congested by superposition with the d(CH3) modes. Finally, the
m (C8@S1) stretching is tentatively assigned to the medium inten-
sity absorption observed at 737 cm�1 (733 cm�1 Raman), in good
agreement with the computed value of 754 cm�1 [B3LYP/6-
311++G(d,p)] and with reported data for species in the S form
[11,33].

It is worth noticing that the joint analysis of the infrared and Ra-
man spectra of the title compound, together with the vibrational
results obtained from the quantum chemical calculations, gives
rather conclusive evidences on the preference of the S form in
the solid phase, after confirmed (see Section 2.4) by crystallo-
graphic results. Quantum chemical calculations are also in agree-
ment with the preference of the S conformation, which is
computed more stable than the U form by 11.8 kcal/mol for the
molecule isolated in a vaccum (DE� value corrected by zero point
energy at the B3LYP/6-311++G(d,p) level of approximation).

2.3. Natural bond orbital analysis

It has been proposed that the electrostatic character present in
‘‘classical’’ hydrogen bonds, like C@O� � �HAN [44], can be mainly
explained on the basis of the hyperconjugative interaction involv-
ing the partial transfer of a lone pair of electrons of the oxygen
atom to the NAH antibonding orbital [45]. In the frame of the Nat-
ural Bond Orbital (NBO) population analysis delocalization of elec-
tron density between occupied Lewis-type (bond or lone pair) NBO
orbitals and formally unoccupied (antibond or Rydberg) non-Lewis
NBO orbitals corresponds to a stabilizing interaction. The energy of
these donor–acceptor interactions can be estimated by the second
order perturbation theory [46]. Donor–acceptor interactions



Fig. 2. 3D representation of the remote lpO1 ? r⁄(N2AH) NBOs overlap for the S
conformer.
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between remote orbitals deserve close inspections owing to the
influence they can play on the backbone conformation [47]. For
instance, the molecular structures of benzenesulfonylamin
acetamide molecules are determined by the formation of a
C@O� � �HAN hydrogen bond. Accordingly, lpO ? r⁄(NAH) interac-
tion values of ca. 9.5 kcal/mol were computed by using DFT meth-
ods [48].

For the title compound, the representation of the NBOs involv-
ing in the donor ? acceptor lpO1 ? r⁄(N2AH) remote interaction
is shown in Fig. 2. The second-order perturbation analysis of the
Fock matrix indicates a strong donation, amounting 12.03 kcal/
mol for the S form, whereas for the U form the corresponding value
is below the threshold limit (less than 0.5 kcal/mol). The hypercon-
jugative interaction increases the electronic population of the
r⁄(N2AH) orbital (0.046 e) and produces an elongation of the
N2AH bond, which is computed to be 1.02 and 1.01 Å for the S
and U forms, respectively.

Other interesting electronic properties of the central
AC(O)NHC(S)HNA moiety can be derived from the NBO analysis.
In 1-acyl thiourea compounds, the resonance model of the amide
and thioamide bonds leads to the conjugation of the nitrogen lone
pairs with the C7@O1 and C8@S1 double bonds in terms of reso-
nance structures showed in Scheme 5.

The NBO analysis for the S and U conformers of the title mole-
cule indicates the presence of a pure p-type [lpp(N)] lone pair orbi-
tal on both amide and thioamide nitrogen atoms. These orbitals
display low electron occupancies (1.64 and 1.61 e and 1.70 and
1.66 e for the lpp(N1) and lpp(N2) of the S and U forms, respec-
tively) indicating the electron-donating capacity for this orbital,
especially for the S conformer. Delocalizing interactions evaluated
by a second-order perturbation approach reveals that the lone pair
orbital contributes to a strong resonance interactions with both
carbonyl bonds lpp(N1) ? p⁄(C7@O1), leading to the ‘‘amide reso-
nance’’ (form IV in Scheme 5). The computed E(2) interaction values
are 55.9 and 40.9 kcal/mol for the S and U conformations, respec-
tively. For comparison, this interaction in the amide group of
formamide [49] and imide [50] amounts 59.8 and 44.4 kcal/mol,
respectively.

The resonant forms represented by the structures II and III in
the Scheme 5 involve the thioamide group and can be also
evaluated within the donor? acceptor approach, the acceptor
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Scheme 5. Main resonance structure
being the p⁄(C@S) antibonding orbital. For the S form, the
lpp(N) ? p⁄(C8@S1) interactions are computed to be 48.1 and
83.6 kcal/mol for the N1 and N2 nitrogen atoms, respectively.
These electron donations into the p⁄(C7@O1) and p⁄(C8@S1) anti-
bonding orbitals are reflected in the high population found for
these ‘‘vacant’’ molecular orbitals, with an electronic occupancy
of 0.30 and 0.48 e, respectively, as computed for the S form.

These results suggest a partial double bond character in the
three NAC bonds of the central moiety [55], similar to those ob-
served for thiocarbamate compounds [51,52]. The computed sec-
ond order perturbation energies agree with the tendency
observed for N1AC7, N1AC8 and N2AC8 bonds, with experimental
bond length values of 1.3798(16), 1.4024(15) and 1.3268(16) Å,
respectively (see below). Higher lpp(N) ? p⁄(C@O/S) interaction
values are associated with shorter CAN bond distances.

2.4. Molecular and crystal structure and topology of the electron
densities

The title compound crystallizes in the P21/c spatial group with
an only nonequivalent molecule adopting the S-shaped conforma-
tion, as is shown in Fig. 3 (taken from Ortep [53]). This conforma-
tion is stabilized by an intramolecular N2AH� � �O1 hydrogen bond
[d(N2� � �O1) = 2.6392(14) Å] which forms a pseudo-six-membered
ring.

The topological analysis of the electron density showed that in
addition to the N2AH� � �O1@C7 interaction, the in-crystal molecule
is also stabilized by three other weak hydrogen bonds (HBs) (see
Fig. 4). In particular, the second C13@O2 group, forming the ketene
moiety, weakly interacts with a methyl group. The most relevant
topological parameters of all close shell intramolecular (3,�1) crit-
ical points (CPs) and the corresponding values obtained for the iso-
lated molecule are reported in Table 1.

As regards molecular conformation, the carbonyl oxygen is
twisted slightly away from the mean plane of the benzene ring,
the C5/C4/C7/O1 torsion angle being �152.59(13)�. Similar confor-
mational features were reported for benzoyl thioureas [54]. Fur-
thermore, the sulfur atom is twisted away from the carbonyl
group even more with C7/N1/C8/S1 = �161.65(10)�, C5/C4/C7/
N1 = 27.57(17)� and C8/N1/C7/C4 = 174.75(11)�, respectively,
forming weak CAH� � �S intramolecular interactions. Bond lengths
and angles are within normal ranges (see Tables S5 and S6 in the
Supplementary data).

Crystal packing is schematically shown in Fig. 5, where short
contacts are displayed. Those short contacts were confirmed to
correspond to non bonding interactions by the electron density
topological analysis. As expected for a crystal made of molecules
with a large number of potential binding sites, the topological anal-
ysis revealed the existence of a rather complicated network of
intermolecular interactions. In fact, thirty-one intermolecular
(3,�1) critical points (CPs) were found. Relevant topological
parameters of all of them are collected in Table S9 of the Supple-
mentary data. For the dominant interactions – almost all involving
a hydrogen atom –, topological parameters are also reported in
Table 1. Main intermolecular bondpaths in the crystal are schemat-
ically shown in Fig. 6. On the basis of the q and k3 values [55] at the
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Fig. 3. Molecular structure of the title compound in a single crystal at 173 K (with
the thermal ellipsoids shown at a 50% probability level). For simplicity, the labeling
scheme is restricted to the atoms discussed in the text.

Fig. 4. Intramolecular bondpaths for the title molecule derived from the topological
analysis.

Table 1
Topological parameters (atomic units) of the crystal and isolated molecule (3,�1)
critical points: electron density (q), Laplacian (r2q) and positive curvature (k3).

q r2q k3

INTRAMOLECULARa,b

N2AH� � �O1 0.0401 0.1249 0.2421
0.0399 0.1260 0.2429

Hmet� � �O2 0.0145 0.0510 0.0748
0.0135 0.0471 0.0719

Hmet� � �S 0.0147 0.0455 0.0697
0.0146 0.0451 0.0690

Het� � �S 0.0122 0.0400 0.0584
0.0125 0.0387 0.0575

INTERMOLECULAR
O2� � �HAN1 (v) 0.0143 0.0448 0.0758
Har� � �O2 (viii) 0.0096 0.0362 0.0531
O2� � �Har (v) 0.0099 0.0304 0.0505
O2� � �Har (iv) 0.0091 0.0317 0.0500
Cl� � �N1 (viii) 0.0089 0.0269 0.0386
O1� � �Har (v) 0.0079 0.0220 0.0374
Hmet� � �N2 (vi) 0.0066 0.0194 0.0304
N2� � �Hmet (vii) 0.0052 0.0170 0.0258
S� � �Het (i) 0.0057 0.0181 0.0234
S� � �Hmet (ii) 0.0043 0.0150 0.0203
S���Het (ii) 0.0045 0.0142 0.0191
S���Hmet (iii) 0.0036 0.0094 0.0142

a Crystal (first line) and isolated molecule in the crystal geometry.
b Symmetry codes: i: x,1 + y,z; ii: 1 � x,1/2 + y,1/2 � z, iii: x,1.5 � y,1/2 + z; iv:
�x,�1/2 + y,1/2 � z; v: x,�2 + y,z; vi: x,1.5 � y,�1/2 + z; vii: x,1.5 � y,1/2 + z; viii:
�x,1/2 + y,1/2 � z.

Fig. 5. Packing diagram of the title compound viewed along the c axis. NAH� � �O and
CAH� � �O short contacts forming infinite 1-D chains along [010] are shown by
dashed lines. H atoms not involved in hydrogen bonding have been deleted for
clarity.
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Fig. 6. Main intermolecular bondpaths in the crystal: (a) O� � �H interactions; (b)
S� � �H interactions; (c) N� � �H and H� � �N interactions; (d) Cl� � �N and H� � �O interac-
tions. R stands for the reference molecule. Each of the remaining molecules is
labeled with the symmetry operation it is generated by (see Table 2).
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corresponding critical points, the most relevant intermolecular
interaction, comparable with the weakest intramolecular ones, is
the NAH� � �O@C that can be characterized as hydrogen bond (HB)
on geometrical grounds. On the same grounds, the remaining
XAH� � �Y interactions can also be considered weak hydrogen bonds,
their relevant geometrical parameters falling within the accepted
ranges (see Table S8 in the Supplementary data). It is worth notic-
ing, however, that if the third of the Koch and Popelier criteria [56]
were considered strictly valid also for S as acceptor and B3LYP peri-
odic calculations, interactions between methyl hydrogen atoms
and sulfur could not be classified as hydrogen bonds (see Table 1).
All intermolecular bond paths are nearly straight lines, as can be
observed in Fig. 6.

Not surprisingly, intramolecular HBs are only marginally af-
fected by crystal packing, this behavior being consistent with the
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fact that intermolecular interactions range from weak to very
weak, as can be concluded from their topological characterization.
As an indirect conclusion, it can be said that the ability of sulfur
and oxygen atoms to behave as acceptors in intermolecular HBs
is not affected by their roles in the rather strong intramolecular
ones.

There is one non HB intermolecular interaction that deserves
particular attention. If the criterion based on qc and k3 values is
extrapolated to non HB interactions [57], the path linking the Cl
atom of the reference molecule with one N atom of one of its first
neighbors (see Fig. 6d) should contribute to crystal stability as
much as the medium strength HBs. Interactions of this kind were
thoroughly studied by Lommerse et al. [58], though some role in
molecular packing had already been assigned to them still from be-
fore. But CACl� � �N interactions are also nowadays subject of study
[57,59]. Accordingly to Lommerse et al. [58] geometrical parame-
ters characterizing the interaction in the title compound are
a = 109.0� and d = 3.316 Å; and then R3 = 1.015 and 1 –cosh = 0.67.
These values place the present case in a rather borderline position
as regards the statistical results presented in Fig. 3 of reference
[58]. Unfortunately we were not able to find more recent good
quality statistical data and performing searches in the CSD data-
base is beyond the scopes of the present paper. However, in the ti-
tle compound the interaction is clearly far from head on, the
Laplacian of the electron density was analyzed in several planes
through the attractors, in order to find evidences of polar flattening
in the electron density around the involved atoms. Though some
polar flattening is observed (see Fig. S1 of the Supplementary data),
local accumulations and depletions of electron density could
hardly account for an attractive interaction [60]. It is worth notic-
ing that in solid phase several intermolecular interactions are usu-
ally competing and departures from the ‘‘ideal’’ geometry are the
rule. In order to elucidate to what extent crystal environment
could be responsible for the behavior of the CACl� � �N interaction
in the title compound crystal, the electron density topology of
the corresponding isolated molecular pair was also analyzed, keep-
Table 2
Crystal data and structure refinement for the title compound.

Empirical formula C14H17N2O2SCl
Formula weight 312.81
Temperature 173(2) K
Wavelength 0.71073 Å
Crystal system monoclinic
Space group P 21/c
Unit cell dimensions a = 15.9805(3) Å a = 90�

b = 7.07622(15) Å b = 90.2566(15)�
c = 13.4469(2) Å c = 90�

Volume 1520.59(9) Å3

Z 4
Density (calculated) 1.366 Mg/m3

Absorption coefficient 0.391 mm�1

F(000) 656
Crystal size 0.44 � 0.38 � 0.32 mm3

Theta range for data
collection

3.03 to 32.35�

Index ranges �22 <= h <= 23, �10 <= k <= 10,
�19 <= l <= 19

Reflections collected 18955
Independent

reflections
5051 [R(int) = 0.0201]

Completeness to
theta = 25.00�

99.9%

Refinement method Full-matrix least-squares on F2

Goodness-of-fit 1.072 1.072
Final R indexes

[I >= 2 s(I)]
R1 = 0.419, wR2 = 0.0994

Final R indexes [all
data]

R1 = 0.517, wR2 = 0.1049
ing the in-crystal geometry intact, and, more importantly, after a
full geometry optimization. The two main intermolecular links
within the pair are the one under analysis and one CAH� � �O hydro-
gen bond, the two having similar strength other than in the crystal.
When the geometry is optimized, however, the HB is reinforced
and becomes dominant while the Cl� � �N becomes weaker, the
Cl� � �N distance changing from 3.3 Å to 4.0 Å. This fact is a clear
indication that CACl� � �N is favored by crystal packing, its geometry
in the crystal being strongly conditioned for the remaining interac-
tions. Some speculation can then be made on a little or no contri-
bution of the interaction at the early stages of aggregation.
3. Conclusions

A novel 1-(4-chlorobenzoyl)-3-(2-methyl-4-oxopentan-2-yl)
thiourea derivative was prepared by treating 4-chlorobenzoylis-
othiocyanate (produced in situ) with 4-amino-4-methylpentan-2-
one in good yield. This molecule was especially synthesized with
the aim to investigate the effect exerted by competing intramolec-
ular C@O� � �HAN hydrogen bonds in the molecular structure. The
molecular and X-ray structure reveals that the 1-acyl thiourea
group adopts a usual S form, stabilized by an intramolecular
C@O� � �HAN hydrogen bond. The NBO analysis allowed to charac-
terize the hyperconjugative lpO1 ? r⁄(N2AH) remote interaction
as an important factor of covalency for this bond. From a topolog-
ical analysis of the corresponding electron densities four hydrogen
bonds were characterized in the in-crystal and isolated molecules.
The analysis in the crystal also revealed the existence of a network
of weak intermolecular hydrogen bonds and a Cl� � �N interaction
with a rather relevant role in the crystal packing.
4. Experimental

4.1. Synthesis and characterization of 1-(4-chlorobenzoyl)-3-(2-
methyl-4-oxopentan-2-yl) thiourea

A freshly prepared solution of 4-chlorobenzoyl chloride
(10 mmol) in dry acetone was added dropwise to a suspension of
potassium thiocyanate (10 mmol) in acetone (30 ml) and the reac-
tion mixture was refluxed for 30 min under nitrogen. After cooling
to room temperature, a solution of 4-amino-4-methylpentan-2-
one [61] (2.2 mL, 10 mmol) in acetone (10 mL) was added and
the resulting mixture refluxed for 4 h. The reaction mixture was
poured into cold water and the precipitate was recrystallized from
ethanol and ethyl acetate as a yellow crystalline solid (2.7 gr,
8.8 mmol) with a yield of 88%. m.p: 167 �C; IR (KBr, t/cm�1):
3338, 3148, 3054, 2996, 2961, 1704, 1673, 1234; 1H-NMR (CDCl3,
300 MHz): d 11.00 (s, CONH, 1H), 8.71 (s, CS-NH, 1H), 7.78 (d,
J = 8.4 Hz, Ar-H), 7.49 (d, J = 8.1 Hz, Ar-H), 3.44 (s, 2H, �CH2�),
2.18 (s, 3H, CH3), 1.64 (s, 6H, �C(CH3)2); 13C NMR (CDCl3,
75 MHz): 206.3 (�CH2ACO), 177.4 (C@S), 165.6 (�C@O), 130.3,
129.6, 129.4, 129.1, 128.8, 127.6, 55.2 (CH2), 49.4 (COACH3), 31.0
(�C(CH3)2), 27.0 (�C(CH3)2); GC–MS: 312 M+., 275, 262, 231, 216,
183 (100%), 135, 107, 91, 76, 51; Elemental analysis: Calcd. for
C14H17ClN2O2S C 53.75, H 5.48, N 8.96, S 10.25. found C: 53.69%,
H: 5.50%, N; 8.92%, S: 10.21%.
4.2. Instrumentation

The melting points were recorded using conventional appara-
tus. 1H and 13C NMR spectra were recorded in CDCl3 at 300 MHz
and 75 MHz, respectively. Elemental analyses were conducted
using a standard analyzer.
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4.3. Vibrational Spectroscopy

Solid-phase (in KBr pellets) infrared spectra were recorded with
a resolution of 2 cm�1 in the 4000–400 cm�1 range on a Bruker
EQUINOX 55 FTIR spectrometer. The FT-Raman spectra of the pow-
dered solid sample were recorded in the region 4000–100 cm�1

using a Bruker IFS 66v spectrometer equipped with Nd:YAG laser
source operating at 1.064 lm line with 200 mW power of spectral
width 2 cm�1.

4.4. Computational details

Molecular quantum chemical calculations were performed with
the GAUSSIAN 03 program package [62] at the B3LYP/6-
311++G(d,p) level of approximation. The calculated vibrational
properties corresponded in all cases to potential energy minima
for which no imaginary frequency was found. Periodic calculations
were performed at the B3LYP/6-31G(d,p) level with Crystal98 and
Crystal09 [63,64] codes. Using the experimental estimations as the
starting point, the coordinates of the hydrogen atoms in the crystal
were optimized to minimize the B3LYP/6-31G(d,p) crystal energy
with heavy atom coordinates and cell parameters fixed at their
experimental values. The topology of the resulting electron density
was then analyzed using the TOPOND98 [65] code. For consistency
with the periodic results, molecular and supramolecular electron
densities were also analyzed with TOPOND98 from calculations
performed with Crystal98 using geometry optimized with
Crystal09.

4.5. X-ray data collection and structure refinement

Crystallographic data for C14H17N2O2SCl are given in Table 2.
The crystal was kept at 173(2) K during data collection. Using
Olex2 [66], the structure was solved with the Superflip [67] struc-
ture solution program using Charge Flipping and refined with the
XL refinement package [68] using Least Squares minimization. All
of the H atoms were placed in their calculated positions and then
refined using the riding model with CAH lengths of 0.93 Å (CH),
0.97 Å (CH2) or 0.96 Å (CH3) [69]. The isotropic displacement
parameters for these atoms were set from 1.18 to 1.21 (CH, CH2),
or from 1.48 to 1.50 (CH3), times Ueq of the parent atom.

Full crystallographic data have been deposited with the Cam-
bridge Crystallographic Data Centre (CCDC). Enquiries for data
can be directed to: Cambridge Crystallographic Data Centre, 12 Un-
ion Road, Cambridge, UK, CB2 1EZ or (e-mail) deposit@ccdc.cam.a-
c.uk or (fax) +44 (0) 1223 336033. Any request to the Cambridge
Crystallographic Data Centre for this material should quote the full
literature citation and the reference number CCDC 949912.
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[37] H. Pérez, R.S. Corrêa, B. ÓReilly, A.M. Plutín, C.C.P. Silva, Y.P. Mascarenhas, J.

Struct. Chem. 53 (2012) 921.
[38] F. Aydin, H. Ünver, D. Aykaç, N.O. Iskeleli, J. Chem. Crystallogr. 40 (2010) 1082.
[39] H. Arslan, D.S. Mansuroglu, D. VanDerveer, G. Binzet, Spectrochim. Acta 72A

(2009) 561.
[40] A. Saeed, M.F. Erben, M. Bolte, Spectrochim. Acta 102A (2013) 408.
[41] F. Karipcin, M. Atis, B. Sariboga, H. Celik, M. Tas, J. Mol. Struct. 1048 (2013) 69.
[42] K.J. Rothschild, I.M. Asher, H.E. Stanley, E. Anastassakis, J. Am. Chem. Soc. 99

(1977) 2032.
[43] O. Estévez-Hernández, E. Otazo-Sánchez, J.L.H.-H.d. Cisneros, I. Naranjo-

Rodríguez, E. Reguera, Spectrochim. Acta A64 (2006) 961.
[44] G.R. Desiraju, Acc. Chem. Res. 35 (2002) 565.
[45] I.V. Alabugin, M. Manoharan, S. Peabody, F. Weinhold, J. Am. Chem. Soc. 125

(2003) 5973.
[46] A.E. Reed, L.A. Curtiss, F. Weinhold, Chem. Rev. 88 (1988) 899.
[47] A.J. Lopes Jesus, M.T.S. Rosado, I. Reva, R. Fausto, M.E.S. Eusébio, J.S. Redinha, J.

Phys. Chem. A 112 (2008) 4669.
[48] L. Aguilar-Castro, M. Tlahuextl, L.H. Mendoza-Huizar, A.R. Tapia-Benavides, H.

Tlahuext, ARKIVOC (2008) 210.
[49] F. Weinhold, C.R. Landis, Valency and Bonding: A Natural Bond Orbital Donor-

Acceptor Perspective, Cambridge University Press, Cambridge, 2005.
[50] A. Saeed, M.F. Erben, M. Bolte, J. Org. Chem. 77 (2012) 4688.
[51] S. Torrico-Vallejos, M.F. Erben, O.E. Piro, E.E. Castellano, C.O. Della Védova,

Polyhedron 28 (2009) 937.
[52] A.R. Modarresi-Alam, I.D. Inaloo, E. Kleinpeter, J. Mol. Struct. 1024 (2012) 156.
[53] J.L. Farrugia, J. Appl. Crystallogr. 30 (1997) 565.
[54] (a) N. Selvakumaran, M.M. Sheeba, R. Karvembu, S.W. Ng, E.R.T. Tiekink, Acta

Crystallogr. E 68 (2012) o3259;

http://dx.doi.org/10.1016/j.chemphys.2014.01.009
http://dx.doi.org/10.1016/j.chemphys.2014.01.009
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0005
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0010
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0010
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0010
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0010
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0010
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0015
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0020
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0025
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0025
http://dx.doi.org/10.1080/17415993.2013.834904
http://dx.doi.org/10.1080/17415993.2013.834904
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0035
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0035
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0040
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0045
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0050
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0055
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0055
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0060
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0060
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0065
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0070
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0075
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0080
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0080
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0085
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0085
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0090
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0095
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0095
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0100
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0105
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0110
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0110
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0115
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0115
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0120
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0120
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0125
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0125
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0130
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0130
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0135
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0135
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0140
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0145
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0150
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0155
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0160
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0165
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0170
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0170
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0175
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0175
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0175
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0180
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0185
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0185
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0190
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0195
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0195
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0200
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0205
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0210
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0210
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0215
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0215
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0220
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0225
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0225
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0230
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0235
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0235
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0240
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0240
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0245
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0245
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0245
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0250
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0255
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0255
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0260
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0265
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0355
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0355
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0355


46 A. Saeed et al. / Chemical Physics 431-432 (2014) 39–46
(b) N. Gunasekaran, P. Jerome, R. Karvembu, S.W. Ng, E.R.T. Tiekink, Acta
Crystallogr. E 67 (2011) o1149.

[55] E. Espinosa, M. Souhassou, H. Lachekar, C. Lecomte, Acta Crystallogr. B55
(1999) 563.

[56] U. Koch, P.L.A. Popelier, J. Phys. Chem. 99 (1995) 9747.
[57] D.R. Duarte, G. Sosa, N.l. Peruchena, J. Mol. Mod. 19 (2013) 2035.
[58] J.P.M. Lommerse, A.J. Stone, R. Taylor, F.H. Allen, J. Am. Chem. Soc. 118 (1996)

3108.
[59] U. Adhikari, S. Scheiner, J. Phys. Chem. A 116 (2012) 3487.
[60] L. Rodriguez Pirani, M.F. Erben, R. Boese, C.G. Pozzi, A.C. Fantoni, C.O. Della

Vedova, Acta Crystallogr. B67 (2011) 350.
[61] P.R. Haeseler, J. Am. Chem. Soc. 47 (1925) 1195.
[62] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox,
H.P. Hratchian, J.B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann,
O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K.
Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L.
Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.
Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez and
J.A. Pople. Gaussian Inc: Pittsburgh PA, 2003.

[63] R. Dovesi, R. Orlando, B. Civalleri, C. Roetti, V.R. Saunders, C.M. Zicovich-
Wilson, Z. Kristallogr. 220 (2005) 571.

[64] R. Dovesi, V.R. Saunders, C. Roetti, R. Orlando, C.M. Zicovich-Wilson, F. Pascale,
B. Civalleri, K. Doll, N.M. Harrison, I.J. Bush, P. D’Arco, M. Llunell, CRYSTAL09
User’s Manual, University of Torino, Torino, 2009.

[65] C. Gatti, TOPOND 98 User’s Manual, CNR-ISTM, Milano, 1999.
[66] O.V. Dolomanov, L.J. Bourhis, R.J. Gildea, J.A.K. Howard, H. Puschmann, J. Appl.

Crystallogr. 42 (2009) 339.
[67] L. Palatinus, G. Chapuis, J. Appl. Crystallogr. 40 (2007) 786.
[68] G. Sheldrick, Acta Crystallogr. A64 (2008) 112.
[69] F.H. Allen, O. Kennard, D.G. Watson, L. Brammer, A.G. Orpen, R. Taylor, J. Chem.

Soc., Perkin Trans. 2 (1987) S1.

http://refhub.elsevier.com/S0301-0104(14)00019-6/h0360
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0360
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0360
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0280
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0280
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0285
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0290
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0295
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0295
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0300
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0305
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0305
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0310
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0320
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0320
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0325
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0325
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0325
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0325
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0330
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0330
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0335
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0335
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0340
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0345
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0350
http://refhub.elsevier.com/S0301-0104(14)00019-6/h0350

	Competing intramolecular NH ? OC hydrogen bonds and extended intermolecular network in 1-(4-chlorobenzoyl)-3-(2-methyl-4- oxopentan-2-yl) thiourea analyzed by experimental and theoretical methods
	1 Introduction
	2 Results and discussion
	2.1 Synthesis and characterization
	2.2 Vibrational analysis
	2.3 Natural bond orbital analysis
	2.4 Molecular and crystal structure and topology of the electron densities

	3 Conclusions
	4 Experimental
	4.1 Synthesis and characterization of 1-(4-chlorobenzoyl)-3-(2-methyl-4-oxopentan-2-yl) thiourea
	4.2 Instrumentation
	4.3 Vibrational Spectroscopy
	4.4 Computational details
	4.5 X-ray data collection and structure refinement

	Acknowledgments
	Appendix A Supplementary data
	References


