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ABSTRACT
A detailed structural and spectroscopic study of a new thiourea derivative 1-butyl-3-(1-
naphthoyl)thiourea (1) is presented with the assistance of theoretical calculations. The X-ray
diffraction structure analysis reveals a planar carbonylthiourea group, favoured by intra-molecular
NH···O bond. The compound is arranged in the lattice as NH···O and NH···S bonded polymeric
ribbons, that extend along the crystal b-axis. Molecular pairs involving N–H···S hydrogen bonds are
a dominant contribution to packing stabilisation coming from coulombic component. Hirshfeld
surfaces and two-dimensional-fingerprint plots show different intermolecular contacts and its
relative contributions to total surface in each compound. The AIM approach shows the nature
and strength of the strong and weak intramolecular interactions and the solvent effect, while NBO
analysis reveals that the sulphur atom is responsible for the higher hyperconjugative stabilising
energy.

1. Introduction

Arylthiourea derivatives have shown activity against
Hepatitis C virus (HCV) infection [1], and against
pathogenic fungi [2]. Related aroylthioureas (Ar-CO-
NH-CS-NRR’) were tested against three parasites of
human relevance, colon cancer cells and human fore-
skin fibroblasts [3], and were found to be potent
inhibitors of urease [4]. They act as co-ligands in Pd(II)

CONTACT J. L. Jios jljios@quimica.unlp.edu.ar
Supplemental data for this article can be accessed at https://doi.org/./...

complexes showing liquid crystal properties [5] and have
been used extensively for the extraction of metals due
to their strong coordination ability to form metallated
complexes [6] such as in the solvent extraction of cop-
per(II) [7] and palladium(II) and gold(III) [8] from aque-
ous chloride media. These compounds are also used as
carriers from membrane transport of gold(III) across a
polymer-immobilised liquid membrane [9]. Theoretical
study of compounds with potential bioactivity is a useful

©  Informa UK Limited, trading as Taylor & Francis Group

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 1

0:
36

 1
0 

N
ov

em
be

r 
20

17
 

http://www.tandfonline.com
https://doi.org/10.1080/00268976.2017.1395917
http://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2017.1395917&domain=pdf
mailto:jljios@quimica.unlp.edu.ar
https://doi.org/10.1080/00268976.2017.1395917


2 E. C. AGUILAR ET AL.

R

X

NH
R

1

R

X

N
+ R

1

H
R

C
+

X

N
R

1

H

I      II      III

_ _

X= O, S

Electronegativity

O  3.44

S  2.58

C  2.55

Scheme . Resonance structures of amides and thioamides.

and inexpensive tool to explore in detail their structural
parameters and to know how the molecule interacts with
each other or with a receptor.

Molecular electrostatic potential (ESP) [10] is exten-
sively used to interpret and predict the reactive behaviour
of a wide variety of chemical systems in electrophilic
and nucleophilic reactions and hydrogen bonding inter-
actions. The ESP is also suitable for analysing the identifi-
cation process between a receptor drug and the enzyme-
substrate interaction because species are recognised each
other primarily through its potential. As previously pro-
posed by Politzer et al [11], ESP can be a useful tool
to predict and interpret nucleophilic processes. Another
approach is given by Bader’s Atoms in Molecules Theory
[12], which reformulates chemical concepts like atoms,
molecules, electron pairs or reactivity from the point of
viewof electronic density,ρ(r). Like ESP, this is an observ-
able physical magnitude independent from any arbitrary
partition of the molecular orbital space. This concept is
in agreement with the essence of the density functional
theory, which establishes that total electronic density is a
fundamental magnitude for any electronic system [13].

Lattice energies and intermolecular interaction ener-
gies associated to different molecular pairs are calcu-
lated to determine the energy components contributing
to crystal stabilisation [14,15]. Hirshfeld surfaces analysis
[16,17] is used for exploration of the packing modes and
visualisation of intermolecular interactions. Quantitative
pictures of intermolecular contacts, including the relative
percentage of each type of interaction, are obtained from
fingerprint plots and their decompositions [18,19]. Fur-
thermore, the intermolecular interactions are analysed in
terms of a combined quantitative study based on molec-
ular dipole moments (μ) and ESP maps.

In this work, a new thiourea derivative, 1-butyl-3-
(1-naphthoyl)thiourea (henceforth 1), was synthesised
and studied by theoretical and spectroscopic methods.
This compound consists of a naphthyl ring and a butyl
chain connected by successive amide C(=O)-NH and
thioamide C(=S)-NH functions. The C=O and C=S
bond length differ significantly and theπ bond alsomight
be expected to be strongly affected in the latter, due to the
ineffective p-orbital overlapping between first and second

row atoms [20]. Due to the electronegativity difference
between the of oxygen and carbon atoms [C =O ↔ C+–
O−], the second charged resonance form of carbonyl is
more important that in the case of thiocarbonyl [21]. For
amides and thioamides, three major tautomeric forms
can be drawn (Scheme 1), but the importance of III is
drastically reduced in thioamides due to the small Paul-
ing electronegativity difference between S (2.58) and C
(2.55) atoms (the C=S bond has a small polarisation). In
contrast, the larger sulphur size allows a greater charge
transfer from N to S increasing the weight of form II
in thioamides and also its rotational barrier around C-N
bond [22]. Moreover, comparing amides and thioamides,
the solvent effect on the rotational barrier is larger in
the latter due its higher ground-state dipole moment and
there is an important change in dipole moment with
increasing solvent polarity [23].

2. Experimental

2.1. Instrumentation

... Infrared and Raman spectroscopy
Infrared absorption spectra of 1 were measured on
a Bruker EQUINOX 55 and LUMEX InfraLUM
FT-02 spectrometers (resolution of 2 cm−1) in the 4000–
400 cm−1 range, using KBr pellets. Raman dispersion
spectra of the solid, at room temperature, were recorded
on a Thermoscientific DXR Raman microscope (spectral
resolution 4 cm−1) and the 532 nm radiation line of a
diode-pump solid state laser was used for excitation in
the 3500–100 cm−1 spectral range.

... NMR spectroscopy
The 1H and 13C Nuclear Magnetic Resonance (NMR)
spectra of 1 were recorded on a Bruker Avance 300 and
Bruker Avance 250, respectively, using CDCl3 as solvent
and TMS as internal standard.

... UV-Visible spectroscopy
Electronic spectra, using methanol as solvent, were
carried out on a ChromTech CT-5700 UV/Vis
spectrophotometer at 2.0 nm spectral bandwidth using
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MOLECULAR PHYSICS 3

a quartz cell (10 mm optical path length). They were
recorded in the spectral range of 190–1100 nm.

... X-ray diffraction data
The measurements were performed on an Oxford Xcal-
ibur, Eos, Gemini CCD diffractometer with graphite-
monochromatedMoKα (λ= 1.54 184 Å) radiation. X-ray
diffraction intensities were collected (ω scans with ϑ and
κ-offsets), integrated and scaled with CrysAlisPro [24]
suite of programs. The unit cell parameters were obtained
by least-squares refinement (based on the angular set-
tings for all collected reflections with intensities larger
than seven times the standard deviation of measurement
errors) using CrysAlisPro. Data were corrected empir-
ically for absorption employing the multi-scan method
implemented in CrysAlisPro.

The structure was solved by direct methods with
SHELXS of the SHELX suit of programs [25]. The molec-
ular model was refined by full-matrix least-squares pro-
cedure with SHELXL of the same package. The hydro-
gen atoms were positioned on stereo-chemical basis and
refined with the riding model. The position of the H-
atoms in the methyl group was optimised by treating this
group as a rigid one which was allowed to rotate around
the C-CH3 bond during the refinement such as to max-
imise the sumof the residual electron density at the calcu-
lated H-positions. As a result, the methyl converged to a
staggered rotational conformation. Crystal data, data col-
lection procedure and refinement results are summarised
in Table 1.

Crystallographic structural data have been deposited
at the Cambridge Crystallographic Data Centre (CCDC).
Enquiries for data can be direct to: Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge, UK,
CB2 1EZ or (e-mail) deposit@ccdc.cam.ac.uk or (fax)
+44 (0) 1223 336 033. Any request to the Cambridge
Crystallographic Data Centre for these materials should
quote the full literature citation and the reference number
CCDC 1557 949.

2.2. Synthesis of 1

Following a similar procedure to that described by Zaid
et al. [26], a solution of 1-naphthoyl chloride (1.4 mmol)
in dry acetonitrile (20 mL) was added dropwise to a sus-
pension of potassium thiocyanate (2.8 mmol) in acetoni-
trile (10 mL) and the reaction mixture was refluxed with
magnetic stirring for 1 h. The reaction flask was cooled
at room temperature and then placed into a crushed ice
bath. A solution of n-butylamine (1.7 mmol) in dry ace-
tonitrile (10 mL) was added dropwise into the cooled

Table . Crystal data and structure refinement results for 1.

Empirical formula CHNOS
Formula weight .
Temperature () K
Wavelength .  Å
Crystal system Triclinic
Space group P1̄
Unit cell dimensions a= .() Å

b= .() Å
c= .() Å
α = .()°
β = .()°
γ = .()°

Volume .() Å

Z, density (calculated) , . Mg/m

Absorption coefficient . mm-

F() 
ϑ-range for data collection . to .°.
Index ranges −� h� ,−� k� ,−� l�
Reflections collected 
Independent reflections  [R(int)= .]
Observed reflections [I>σ (I)] 
Completeness to ϑ= .° .%
Refinement method Full-matrix least-squares on F

Data/restraints/parameters //
Goodness-of-fit on F .
Final R indices [I>σ (I)] R= .,wR= .
R indices (all data) R= .,wR= .
Extinction coefficient n/a
Largest diff. peak and hole . and−. e.Å-

a R = �||Fo|-|Fc||/�|Fo|,wR = [�w(|Fo|-|Fc|)/�w(|Fo| )]/

mixture (−5 °C) and keep under stirring 1 h. The reac-
tion was poured into cold water and the precipitated solid
recrystallised in aqueous ethanol (Scheme 2) [14].

2.3. Quantum chemical calculations

Optimisations of the most stable conformers of 1
were performed applying the B3LYP method in com-
bination with the standard split-valence basis sets 6-
311++G(d,p). For the prediction of electronic transi-
tions, the polarisable continuum model (C-PCM) [27–
32] was used to include the solvent effect on the rotational
isomerism.

To evaluate the relative stability of the molecule, iso-
lated and in solution,Natural BondOrbital (NBO) energy
decomposition scheme (NBO 4.0 code [33]) was applied
at the B3LYP/6-31G(d) level. Besides, a reactivity anal-
ysis of the 1 was carried out within Bader’s Atoms In
Molecules theory (AIM) [12] by using AIM2000 code
[34]. All these methodologies were performed with the
program package Gaussian 09 [35].

2.4. Lattice and interaction energies

To compare 1 with similar compound containing the N-
(1-naphthoyl)thiourea moiety, five related crystal struc-
tures were obtained fromCambridge Structural Database
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(CSD), with their refcodes being AJIQAN [36], MUL-
MUD [37], MULNAK [37], XATSET [38], and XATRUI
[38]. For each crystal under consideration, lattice energy
and intermolecular interaction energies for specific
molecular pairs were calculated with the MP2 method
and 6-31G(d,p) basis set, using the CLP (Coulomb–
London–Pauli) approach implemented in the PIXEL pro-
gram package [39,40]. It enables partitioning of the total
energy into their coulombic, polarisation, dispersion and
repulsion contributions.

2.5. Hirshfeld surface calculations

Hirshfeld surfaces and their associated two-dimensional
(2D) fingerprint plots [41–44] were plotted using Crys-
talExplorer3.0 software [45]. The dnorm (normalised
contact distance) surface and the breakdown of 2D fin-
gerprint plots were used for decoding and quantifying
intermolecular interactions in the crystal lattice. The fin-
gerprint plots can be decomposed to highlight particu-
lar atom pair close contacts [46], which overlap in the
full fingerprint. The dnorm is a symmetric function of dis-
tances to the surface from nuclei inside and outside the
Hirshfeld surface (di and de, respectively), relative to their
respective van derWaals radii. The surfaces weremapped
over a fixed colour scale of −0.050 au (red) – 0.130 Å au
(blue). The 2D fingerprint plots were displayed by using
the translated 0.6–2.6 Å range, including reciprocal con-
tacts. ESPs on 0.008 eÅ−3 isosurfaces were calculated at
the HF/6-31G∗ level by using Tonto program [47] inte-
grated into CrystalExplorer.

2.6. Molecular electrostatic potentials

To find more evidences on the particular electro-
static nature of intermolecular N–H···S hydrogen bonds,
molecular ESPs and dipole moments for compounds
1, MULMUD, MULNAK, XATSET and XATRUI were
computed from experimental electron distributions (for

method and basis set see Section 2.5), which are deter-
mined from X-ray diffraction data [42,48]. The experi-
mental dipole moment of the molecules was calculated
with the MP2 method and 6-31G(d,p) basis set.

3. Results and discussion

3.1. Crystal structure description

A drawing of the crystal packing is shown in Figure 1
and selected bond lengths and angles are listed in Table 2.
As expected from extended π-bonding, the naphthyl
group is planar (the maximum deviation from the best

Figure . View of the crystal packing for 1, showing the labelling
of the non-H atoms. H-bonds are indicated by dashed lines. Space
group symmetry operations: () -x+, -y, -z+; () -x+, -y+, -z+.
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MOLECULAR PHYSICS 5

Table . Selected bond lengths [Å] and angles [°] for 1.

Param. Exp.a Calc.b Param. Exp.a Calc.b

r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(C-C-C) .() .
r(C-C) .() . �(N-C-C) .() .
r(C-C) .() . �(O-C-C) .() .
r(C-C) .() . �(O-C-N) .() .
r(C-C) .() . �(N-C-S) .() .
r(C-C) .() . �(N-C-N) .() .
r(C-N) .() . �(N-C-S) .() .
r(C-O) .() . �(N-C-C) .() .
r(C-N) .() . �(C-C-C) .() .
r(C-N) .() . �(C-C-C) .() .
r(C-S) .() . �(C-N-C) .() .
r(C-C) .() . �(C-N-C) .() .
r(C-N) .() . �(C-C-N-C) − .() − .
r(C-C) .() . �(C-C-C-N) .() .
r(C-C) .() . �(C-C-C-O) − .() − .
�(C-C-C) .() . �(C-C-C-N) − .() − .
�(C-C-C) .() . �(C-C-C-O) .() .
�(C-C-C) .() . �(C-C-N-C) .() .
�(C-C-C) .() . �(N-C-N-C) .() .
�(C-C-C) .() . �(N-C-N-C) .() − .
�(C-C-C) .() . �(N-C-C-C) .() .
�(C-C-C) .() . �(O-C-N-C) .() .
�(C-C-C) .() . �(S-C-N-C) − .() .
�(C-C-C) .() . �(S-C-N-C) − .() .

a Experimental data from X-ray diffraction.
b Computed parameters for the most stable conformer 1a (BLYP/-++g(d,p)).

plane of the ten non-H atoms is 0.0498(1) Å for C8
atom), with C–C distances in the range from 1.338(7) to
1.437(6) Å, which corresponds to a resonant-bond struc-
ture. Carbonyl (C=O) and thiocarbonyl (C=S) double
bond lengths are 1.220(3) Å and 1.675(2) Å, respectively.
These values agree with the difference found between
carbonyl and thiocarbonyl groups, as expected, a C=S
bond length (∼1.6 Å) considerably longer than C=O
(∼1.25 Å) [20]. It is interesting to note that the shortest
C–N bond length belongs to C12-N2 (1.318 Å) followed
by C11-N1 (1.371 Å) (see Table 2). The significant dif-
ferences between them suggest a strong π-donation from
N2 resulting in an increase in electron density at both car-
bon and sulphur atoms of the thioamide function (form
II in Scheme 1)[23].

An intramolecular NH···O hydrogen bond
[d(N···O) = 2.672(2) Å, �(N–H···O) = 135.4°]
favours the observed nearly planar carbonylthiourea
C(O)NHC(S)NH group (the maximum deviation from
the best plane of the six non-H atoms is 0.0703 (1)
Å for O1 atom), which subtends a dihedral angle of
53.81(8)° with the naphthyl plane. Besides, the detected
weak intramolecular interaction between C9-H9···O
[d(H9···O) = 2.527 Å, �(C9-H9···O) = 115.0°] con-
tributes to the adopted conformation in the solid.

Table . Intra and intermolecular hydrogen bond dis-
tances and angles in 1.

D-H···A d(D-H) d(H···A) d(D···A) �(DHA)

N()-H() ··S()# . . .() .
N()-H(A) ··O() . . .() .
N()-H(A) ··O()# . . .() .

Symmetry transformations used to generate equivalent atoms:
(#) -x+, -y, -z+; (#) -x+, -y+, -z+.

As shown in the crystal packing of Figure 1, neigh-
bouring molecules are arranged in centrosymmetric
dimers with R2

2(12) motifs linked through intermolec-
ular N–H···O hydrogen bonds [d(N···O) = 3.113(2) Å,
�(N–H···O) = 134.8°]. The dimers, in turn, are con-
nected to each other by intermolecular N–H···S bonds
[d(N···S)= 3.391(2) Å,�(N–H···S)= 158.2°] giving rise
to polymeric ribbons (R2

2(8)) extended along the crystal
b-axis (see Table 3). For more parameters, see Tables S1-
S3, ESI†).

3.2. Conformational analysis

The conformational study of 1 allowed to predict two
conformers, 1a and 1b, as the most stable, being 1b
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6 E. C. AGUILAR ET AL.

Figure . Optimised structures of conformers 1a and 1b.
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Figure . Infrared spectrum of the solid (upper trace, KBr pellets)
and Raman spectrum (lower trace) of 1.

∼0.6 kcal/mol higher in energy (Figure 2). The popu-
lations according to Boltzmann equation are 72% and
28% for 1a and 1b, respectively (see Figures S4 and S5,
ESI†). The structural difference between the predicted
conformations is related to the orientation of the naphthyl
ring relative to the carbonyl thiourea core. The naphthyl
ring in 1b has the H-2 atom towards the carbonyl group
(�C10C1C11O1 = −139.7°) giving rise a pseudo five-
membered ring. However, in 1a the H-9 of the naphthyl
ring is oriented towards the C=O group (the calculated
torsion angle C10C1C11O1 is 41.3°), originating a most
stable pseudo six-membered ring favouring this preferred
conformation (see Figure 2) which is coincident with the
X-ray elucidated structure. The experimental and calcu-
lated (1a) bond lengths and angles shown inTable 2 reveal
a very good agreement.

3.3. Vibrational spectroscopy

A complete tentative assignment of the experimental
IR and Raman spectra (Figure 3) was performed, by

Table . Experimental, calculated and tentative assign-
ment of relevant vibrational modes for 1a and 1b.

Experimentala BLYP/-++g(d,p)c

IRb Ramanb 1a 1b Assignmentd

 vw  vw  () () ν(N-H)
 m vw  () () ν(N-HA)
 m  s () () ν(C=O)
 s  s () () ν(C-N)But
 vw  vw  () () ν(C-N)C=O
 vw  vw () () ν(C-S)

a in cm−.
b s, strong;m, medium;w, weak; vw, very weak; Sh: Shoulder.
c Calculated IR frequencies (cm−) and intensities (kmmol−) in
parentheses.
d ν and δ represent stretching and in plane deformation,
respectively.

inspection of the corresponding calculated spectra for the
most stable conformer 1a and reported values for related
compounds (see Table S6 ESI†). Some relevant vibrational
modes and the corresponding computed values for both
conformers are shown in Table 4.

The N–H stretching is observed as very weak and
medium bands at 3327 and 3227 cm−1, respectively. The
former was attributed to the N–H bonded to the car-
bonyl carbon atom, considering the well-known electron
withdrawing effect of the carbonyl oxygen atom. The N2-
H2A donor forms intramolecular hydrogen bond inter-
actions with the acceptor oxygen atom, so that the band
is shifted to lower wavenumbers with increased intensity
(calc. 3612 and 3452 cm−1 for 1a and 3607 and 3440 cm−1

for 1b). The C=O stretching appeared in IR as a strong
band at 1669 cm−1 and at 1670 cm−1 in Raman, being the
latter the most intense band of the spectrum (calc. 1709
(1a) and 1714(1b)). The absorptions localised at 1537 and
1118 cm−1 in IR and at 1575 and 1115 cm−1 in Raman are
assigned to the C-N stretching attached to the butyl and
carbonyl moieties, respectively. The difference between
the observed frequencies of both C-N bonds is attributed
to the partial double character of the N-C bond with the
butyl substituent on the nitrogen atom.
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Figure . Calculated (a) and experimental (b) electronic spectra
(BLYP/-++G(d,p) of 1.

The C-S stretching is assigned to the bands at 734 (IR)
and 731 (Raman) cm−1. The location of this band sug-
gests the single character of this bond (calc. 744 (1a) and
746 (1b) cm−1).

3.4. Electronic spectra

The experimental and calculated electronic absorption
spectra of 1 are shown in Figure 4. The wavelengths of
the main observed bands, the corresponding calculated
values and a tentative assignment of the electronic tran-
sitions are presented in Table 5. Only the dominant tran-
sitions (f > 0.06) were taken into account to assign the
observed bands (the main molecular orbitals involved in
the electronic transitions are depicted in Figure S7 ESI†).

The shoulder observed at 204 nm is due to the con-
tribution of one electron transition HOMO→LUMO+4
(calc. 226 nm) which is originated by excitations from
non-bonding orbitals of the sulphur atom to the π∗

orbitals of the aromatic rings and carbonyl group. The

Table . Experimental and calculated electronic spectrum
of 1 in acetonitrile solution, along with relevant transitions
assignments.

Experimentala calculatedb f c Assignment %

sh  . HOMO→ LUMO+ 
  . HOMO-→ LUMO 
  . HOMO-→ LUMO 

HOMO-→ LUMO+ 
HOMO-→ LUMO+ 

 . HOMO-→ LUMO+ 
  . HOMO-→ LUMO 

a in nm.
b Calculated electronic transitions (BLYP/-++G(d,p) for the most
stable conformer 1a.
c The oscillator strength of the transitions calculated in atomic units. sh:
Shoulder.

band at 218 nm corresponds to excitations fromHOMO-
5 to LUMO orbitals. The absorption is generated by tran-
sitions from to the π∗ of the fused aromatic rings to the
non-bonding orbitals of the sulphur atom. The shoulder
localised at 236 nm (calc. 251 and 259 nm) is attributed
principally to one-electron excitations HOMO-3 →
LUMO,HOMO-3→ LUMO+1,HOMO-1→ LUMO+2
and HOMO-2 → LUMO+1. The shoulder comes basi-
cally from contributions of π orbitals of the naphthyl
moiety, non-bonding orbitals of oxygen, nitrogen and
sulphur atoms to π∗ orbitals of the aromatic rings. The
band centred at 284 nm is dominated by transitions from
HOMO-1 to LUMO (92%) corresponding to π → π∗

excitations within the aromatic skeleton.
The shape of the electronic spectrum agrees acceptably

with the experimental one, although the calculated max-
ima are shifted to lower wavelengths (see Figure 4). The
efforts of theoretical chemistry to approximate calculated
electronic spectra closer to experimental ones have been
considered in a recent publication by a performance com-
parison of electronic excitation calculation methods for a
set of compounds [49].

3.5. NMR spectroscopy

The NMR chemical shifts of N–H protons showed broad
singlets at 10.74 and 8.99 ppm. The most deshielding
value was assigned to the BuN–H proton, connected to
the carbonyl oxygen atom via intramolecular hydrogen
bond (BuN–H···O). The 1H NMR of the naphthoyl moi-
ety were compared with reported values for naphthoyl
esters [50]. The most deshielded aromatic proton corre-
sponds to H9 and agree with the calculated most stable
conformation 1a (see Section 3.2.), that predict a hydro-
gen bond interaction for this nucleus. The atom num-
bering was taken from Figure 1. The C–H carbon atoms
were distinguished from the quaternary carbon signals
through theDEPT spectrum (by comparisonwith the 13C
NMR one). The COSY spectrum allowed the unambigu-
ous assignment of aromatic protons (see Figures S10 and
S11, ESI†).

1H NMR (300 MHz, CDCl3) δ = 10.74 (br.s, 1H, Bu-
NH); 8.99 (s, 1H, O=C-NH); 8.31 (dd, 1H, H9, J= 8 and
1 Hz); 8.02 (d, 1H, H2, J = 8 Hz); 7.91 (dd, 1H, H4, J =
7 and 2 Hz); 7.74 (dd, 1H, H6, J = 7 and 1 Hz); 7.60 (dt,
2H, H8 and H7, J = 7 and 8 Hz); 7.50 (dd, 1H, H3, J = 8
and 7 Hz); 3.74 (dt, 2H, N-CH2, J = 7 and 5 Hz); 1.75 (q,
2H, NCH2CH2, J = 7 Hz); 1.49 (sext, 2H, CH3CH2, J =
7 Hz); 1.01 ppm (t, 3H, CH3, J = 7 Hz).

13C NMR (75 MHz, CDCl3) δ = 179.9 (C=S); 169.1
(C=O); 133.9 (C1); 133.0 (C2); 131.0 (C10); 129.9 (C4);
128.9 (C5); 128.3 (C6); 127.1 (C7); 126.3 (C3); 124.7
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8 E. C. AGUILAR ET AL.

Table . Important hyperconjugative interactions of the
natural bond orbitals for 1, calculated using BLYP/-
++G(d,p).a

Isolated Acetonitrile solution

kcal mol−

a b a b

LP()O→ σ ∗C-C . . . .
LP()O→ σ ∗C-N . . . .
LP()O→ σ ∗N-HA . . . .
LP()O→ π∗C-C . . . .
LP()O→ π∗C-N . . . .
LP()O→ π∗N-HA . . . .
LP()N→ LP∗C . . . .
LP()N→ σ ∗C-O . . . .
LP()N→ π∗C-O . . . .
LP()N→ LP∗C . . . .
LP()N→ σ ∗C-HA . . . .
LP()N→ σ ∗C-HB . . . .
LP()N→ σ ∗C-C . . . .
LP()N→ σ ∗C-C . . . .
LP()S→ σ ∗N-C . . . .
LP()S→ σ ∗C-N . . . .
LP()S→ σ ∗N-C . . . .
LP()S→ σ ∗C-N . . . .
LP()S→ LP∗C . . . .
Total . . . .

(C9); 124.6 (C8); 45.8 (N-CH2); 30.4 (NCH2CH2); 20.3
(CH3CH2); 13.9 ppm (CH3).

3.6. NBO analysis

The role of hyperconjugative interactions in the conform-
ers stabilisation has been assessed using NBO analysis,
where the hyperconjugation represents the transfer of an
electron between a lone pair (LP) or bonding orbital and
an antibonding orbital. As aforementioned, the rotational
barrier around the C–N bond is solvent dependent. The
effect is greater on thioamides since for them the polar-
ity changes between the basal and the rotational transi-
tion state is more pronounced [23]. For this reason, the
calculations include also the evaluation in acetonitrile as
solvent. It was chosen as a polar aprotic solvent (3.92 D)
in order to detect the major differences and avoiding the
rupture of intramolecular hydrogen bond interactions.

Table 6 contains the main hyperconjugative interac-
tions for conformers 1a and 1b. In terms of NBO anal-
ysis, it was found that the hyperconjugation effect has
a pendular behaviour with solvation for both conform-
ers, but is more defined around the atoms belonging to
amide and thioamide groups. Thus, LPs of the oxygen,
nitrogen and sulphur atoms transfer electronic charge
to the σ ∗ orbital of C–C, C=O and C–N bonds. Fur-
thermore, LPs of the oxygen atom in both forms trans-
fer electronic charge to the virtually empty σ ∗ orbital of
the N2-H2A bond. The magnitude of the interaction is
7.81 and 8.46 kcal/mol (1a and 1b, respectively) for the
LP(2)O1→σ ∗N2-H2A, showing a remarkable decrease

for 1b with the solvation. The most important hyper-
conjugative interactions were observed from the LP of
nitrogen (1 and 2) and sulphur atoms to the antibond-
ing orbital of the C12 atom (LP∗C12) with values for
1a of 99.51, 182.51 and 369.68 kcal mol−1 for LP(1)N1,
LP(1)N2 and LP(1)S1, respectively. According to Table
S14, it can be observed that C11 and C12 atoms bounded
to the electronegative oxygen and sulphur atoms, respec-
tively, have a positive charge. Although a high nega-
tive charge on sulphur would be expected, due to the
ineffective π overlapping with C12 and the strong π-
donation from N2, the high hyperconjugative stabilisa-
tion energy of 369.68 kcal mol−1 found for LP(1)S1 →
C12 LP∗ is another way of justifying the C–S bond dis-
tance and its atomic charge. The more significative sol-
vation effects were found around the sulphur atom (see
the last five hyperconjugative interactions described in
Table 6). These interaction energies decrease 5.8%–6.8%
after solvation, whereas those around oxygen atom are
scarcely affected. These results agree with the insight
that the more polar thioamide group is better stabilised
in solution than the amide function. Now, the solvent-
stabilised sulphur LP are less available to hyperconjuga-
tive interaction.

3.7. AIM analysis

The quantum theory of Atoms in Molecules (AIM) has
repeatedly shown to be helpful in bonds characterisation
through a topological analysis of the electronic charge
density and its Laplacian at the bond critical point (BCP)
[12]. In this theory, the nature of a bonding interaction
can be determined through an analysis of the properties
of the charge density ρ and its Laplacian �2ρ at the BCP
(the latter provides an enhanced view of the local form
of the electronic density), the ellipticity (ε), the relation-
ships between the perpendicular and parallel curvature
(|λ1|/λ3) and the potential and kinetic energy densities
(|Vb|/Gb) [12]. In Figure 5 are displayed the molecular
graphs, formed by a network of bond paths (BPs), for con-
former 1a.

In Figure 5(a), big circles correspond to attractors
or (3, −3) nuclear critical points (NBP, attributed to
the positions of the atomic nuclei), lines connecting the
nuclei are the BPs and the small circles are the BCP or
(3, −1) critical points, obtained from topological analy-
sis of the electronic density. The presence of a BP and its
associated virial path provides an universal indicator of
bonding between atoms.

Table 7 presents the BCPs for 1a. As observed, the
charge density at the C–S BCP is relatively high and its
Laplacian �2ρ negative, indicating that the charge den-
sity is concentrated in the internuclear region. Besides,
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MOLECULAR PHYSICS 9

Figure . (a) Topological graphs for 1a showing bond and ring paths (solid lines that join adjacent atoms and also those involved in
hydrogen bonding interactions), and bond and ring critical points (small circles located along the bond paths and circles inside the rings
and pseudo rings, respectively). (b) Contour map of the Laplacian, showing the same orientation of a) and atoms in the same plane
(-CO-NH-CS-NH-) are indicated by circles.

whereas the ρ(rc) value for C–S bond decreases with
solvation (isolated: 0.213; acetonitrile solution: 0.209),
its bond length (r(c)) increases (1.677 and 1.694 Å).
Moreover, the charge of the C-S group turns after sol-
vation from negative (−0.014, isolated) to slightly pos-
itive (+0.054, acetonitrile solution) (see Table S14).
This behaviour indicates a bond polarisation when the
molecule is solvated in a polar environment and agrees
with the decreasing hyperconjugative effect observed in
theNBOanalysis of Section 3.6. This feature increases the
reactivity of the C-S group in acetonitrile solution.

The contour map of �2ρ for 1a is shown in
Figure 5(b). Solid lines enclosed by thick ones corre-
spond to negative values of �2ρ, indicating areas of elec-
tron density concentration, whereas the lines around the
atoms location and themost external to themare low elec-
tron density zones with positive values of �2 ρ.

The values of ρ(r) and �2ρ(r) for the C–C ring, C–C
chain and C–N bonds in the structures (isolated and in
acetonitrile solution) are typical of a shared or covalent
interaction (also V r /G r > 1 and |λ1|/λ3 > 1), which is
dominated by a contraction of ρ towards the BP leading
to its accumulation in the internuclear region.[51] When
the molecule is solvated, a decrease in the covalent char-
acter of the C–Cring bond, (0.314 au (isolated) to 0.295
(solution)) is observed. For the C=O bond, the values of
ρ(r) and �2ρ(r) are (isolated/solution): 0.399/0.398 au
and −0.306/ −0.304 au, respectively [52,53].

For 1a, the calculated �2ρ(r) values that are large and
negative indicate strong shared interactions, as in the case
of C12-N2 (−0.992 au) and C12-N1 (−0.832 au).

Intramolecular N2-H2A···O1 and C9-H9···O1
hydrogen bonds are detected for 1a. Charge density
(0.032/0.014 au) and Laplacian (0.116/0.052 au) for both

Table . Local topological properties of the electron charge density calculated at BLYP/-++G(d,p) for conformer 1a.

Isolated Acetonitrile solution

BCP (,−) r(c) ρ(rc) �ρ(rc)
|λ1|/λ3 ε = |λ|/λ - 

|V (rc)|/G(rc)
r(c) ρ(rc) �ρ(rc)

|λ1|/λ3 ε = |λ|/λ - 
|V (rc)|/G(rc)

C–Ca . . −. . . . . . −. . . .
C–Cb . . −. . . . . . −. . . .
C–C . . −. . . . . . −. . . .
C=O . . −. . . . . . −. . . .
C–N . . −. . . . . . −. . . .
N–C . . −. . . . . . −. . . .
N–H . . −. . . . . . −. . . .
C–S . . −. . . . . . −. . . .
C–N . . −. . . . . . −. . . .
N–C . . −. . . . . . −. . . .
N–HA . . −. . . . . . −. . . .
C=O···HAc . . . . . . . . . . . .
C=O···Hc . . . . . . . . . . . .
RCP (.+)
C-C-C (a) . . . . . . . . −. .
C-C-C (b) . . . . . . . . −. .
C=O···HA-N . . . . . . . . −. .
C=O···H-Cc . . . . . . . . −. .
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10 E. C. AGUILAR ET AL.

interactions are within the range proposed by Koch and
Popelier [54]. In addition, the values of |λ1|/λ3 and
|Vb|/Gb are < 1 indicating intramolecular interactions.
The last indicator reveals that the kinetic energy contri-
bution is greater than the potential energy at the BCP. In
contrast, at the BCP of a proton donor bond, the rela-
tionship |λ1|/λ3 is > 1 and |Vb|/Gb is >> 1, as it occurs
for N1-H1 (1.543/10.70) and N2-H2 (1.575/10.51).

The ρ values at C=O···H2A and C=O···H9 (0.032
and 0.014 au, respectively) and the Laplacian at the BCPs
> 0 (0.116 and 0.052 au, respectively) are low, but higher
for C=O···H2A by the more acidic character of H2A.
This agrees with the shortest distance between O···H2A.
Therefore, the BCPs are localised in an electron charge
density depletion zone, indicating that the intramolecu-
lar interactions exhibit the features of closed shell interac-
tions (typical values forH-bond areρ: 0.002–0.040 au and
�2ρ: 0.02–0.150 au) [55]. Furthermore, electron charge
density and its Laplacian evidence the strength of the
hydrogen bond [56]. As observed in Table 7, for the sol-
vated molecule, the C=O···H2A interaction is not mod-
ified by the presence of the solvent, while the C=O···H9
hydrogen bond is slightly weakened. It should be noted
that the last weak hydrogen bond is also detected in the
solid state and is probably responsible for the conforma-
tion adopted 1a (this interaction is not observed in 1b).
The AIM results are here important since they evidence
the existence and strength of such weak intramolecular
hydrogen bonding.

In contrast, at the BCP of a proton donor bond, the
relationship |λ1|/λ3 is> 1 and |Vb|/Gb is>> 1, as occurs
for N1-H1 (1.543/10.70) and N2-H2 (1.575/10.51). The
values for the solvatedmolecule are slightly higher, show-
ing stronger shared interactions in solution (see Table 7).

The C=O···H–N interaction plays an important
role in stabilisation and reactivity of other molecule
sites. In addition, the efficiency of oxygen as an elec-
trophilic attack site decreases with the formation of a
six-membered ring (through the intramolecular hydro-
gen bond), and the charge delocalisation towards other
groups is favoured.

Table S15 (ESI†) shows topological properties of con-
formers 1a and 1b and Figure S13 (ESI†) the topological
graph for 1b. As observed, there are no significant differ-
ences between both conformations.

3.8. Structural motifs, lattice and intermolecular
energies

Apacking diagramof compound 1 is depicted in Figure 1.
Each molecule forms dimeric R2

2(12) and R2
2(8) cen-

trosymmetric ring motifs with neighbouring molecules,
the former through strong N–H…O hydrogen bonds

Table . Lattice energies (kJ mol−[]) partitioned into
coulombic (Ecoul), polarisation (Epol), dispersion (Edisp) and
repulsion (Erep) components for 1 and related compounds.

Compound Ecoul Epol Edisp Erep ETOT

 − . − . − . . − .
AJIQAN − . − . − . . − .
MULMUD − . − . − . . − .
MULNAK − . − . − . . − .
XATSET − . − . − . . − .
XATRUI − . − . − . . − .

[d(N…O)= 3.113(2) A, �(N–H…O)= 134.8°] (Table 8,
column 4) on the one side of thioureide moiety, and
the latest via weak N–H…S hydrogen bonds [d(N…S) =
3.391(2) A, (N–H…S)= 158.2°] on the opposite side giv-
ing rise to ribbons extended along the b-axis.

Thioureas can basically form two different
supramolecular motifs in the solid state such as 1D
hydrogen-bonded chains (or cyclic chains) and dimers
[57], the latest further associated into 2D hydrogen-
bonded layers, ribbons or tapes [58] via two complemen-
tary N–H…S hydrogen bonds [R2

2(8) graph set]. The
chain/dimer duality has been observed in trans–cis con-
formation for crystalline di-substituted alkylthioureas
[59], and in a series of aromatic bis(thiourea) derivatives
[60]. The dimer motif is only slightly more preferred
than that of the chain [59], observed also in structures
of aroylthioureas. The supramolecular architecture with
two kinds of intermolecular N–H…S hydrogen bonds
forming consecutive dimers that expand in ribbons has
been found only for the crystal structure of unsubstituted
N-benzoylthiourea [61]. Additionally, intermolecular
N–H…O hydrogen bonds are not common in mono-
substituted aroylthioureas. A pattern of weak bifurcate
N–H…O and N–H…S intermolecular hydrogen bonds,
joining molecules into a rare one-dimensional (1D)
ladder-like structural motif, was recently found in a
dithiourea derivative [62]. These facts confirm that the
hydrogen bonding network in 1 represent a novel pack-
ing mode for this type of compounds, which may be
useful as building block in crystal structure design [57].

In order to compare the packing mode of 1 with
similar structures, energetic calculations were per-
formed for three N’-substituted (1-naphthoyl)thioureas
with the following refcodes: AJIQAN [36], MULMUD
[37] and MULNAK [37], and two N’-dialkyl-N-(1-
naphthoyl)thioureas (refcodes XATSET [38], and
XATRUI [38]).

Lattice energy calculations (Table 8) show that the dis-
persion energy (Edisp) is the major contribution towards
the crystal stabilisation for all compounds as generally
expected for organic species, with similar percentages
ranging from 58.1% in compound 1%–65.6% inAJIQAN.
However, the coulombic component (Ecoul) is similar
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MOLECULAR PHYSICS 11

and significant for all structures representing the sec-
ond higher contributor ranging from 22.1% (AJIQAN) to
31.8% (compound 1). We observed that the lattice ener-
gies are highest and very similar for pyridinethiourea
(AJIQAN) and the two phenylthioureas (MULMUD
and MULNAK), indicating the relevant role of aro-
matic substituents in the crystal stabilisation of these
compounds, when compared to alkyl substituents (1,
XATSET and XATRUI). Curiously, significant changes
are not observed in the total lattice energies of the
two N’-dialkyl-substituted- compared to N’-monoalkyl-
substituted-naphthoylthiourea (compound 1).

Intermolecular energy calculations from selected
molecular pairs are shown in Table 9. The occurrence
of N–H···S hydrogen bonds forming dimers with R2

2(8)
motifs is a common feature for all structures except
in AJIQAN, generating molecular pairs with highest
energy stabilisation (from −66.6 kJ/mol for XATRUI to
−70.5 kJ/mol for MULNAK) in comparison with molec-
ular pairs involving other types of contacts. In structure
AJIQAN is distinctive patterns of weak intermolecular
C–H···S and C–H···O hydrogen bonds, as well as π ···π
contacts similar to analogous benzoylthiourea com-
pounds [63], being the last contacts involved in a molec-
ular pair with −49.6 kJ/mol (calculated for us) as max-
ima intermolecular energy. However, the naphthoylth-
iourea derivative (AJIQAN) differs in the appearance of
intermolecular N–H·· ·C hydrogen bonds in a molecular
pair where interaction energy increases to −63.3 kJ/mol.
It is interesting to notice in structures 1, MULMUD
and MULNAK that the total energy in molecular pairs
involving N–H···S hydrogen bonds is significantly higher
than that involving classic N–H···Ohydrogen bonds with
lower inter-centroid and H···O (1 and MULMUD) dis-
tances. This can be explained considering that the more
electronegative (and basic) oxygen atom also participates
as an acceptor in the intramolecular N–H···O hydrogen
bonds as shown in Figure 1 and therefore the total neg-
ative charge is distributed around the periphery of the
O1 atom. PIXEL intermolecular energies also reveal that
the highest contribution towards the crystal stabilisation
comes from coulombic component (40.8%–44.3%) only
for molecular pairs involving N–H···S interactions, while
the dispersion energy is clearly dominant for remaining
interactions.

3.9. Hirshfeld surface analysis

For a better comprehension of the crystal packing for
studied compounds, a complete description of the main
intermolecular interactions using Hirshfeld surface anal-
ysis have been carried out. Figure 6(a,b) shows surfaces
mapped over the dnorm property for compound 1, while

Figure . Views of theHirshfeld surfaces of 1mappedwith dnorm in
two orientations: (a) front view, (b) back view (° rotated around
the vertical axis of the plot). Full two-dimensional fingerprint plot
is shown in (c). Close contacts are labeled as follows: () S···H, ()
O···H, () C···H and () H···H.

the Hirshfeld surfaces for the five related structures can
be seen in Figure S16 (ESI†). Key contacts are indicated
by arrowswith numbers. The surfaces are shown as trans-
parent to allow visualisation of the molecules. Contacts
with distances equal to the sum of the van der Waals
radii are represented as clear regions and the contacts
with distances shorter than and longer than van derWaals
radii are shown as dark circles and intermediate intensity
colour areas, respectively.

Two largest and dark regions labelled 1 in Figure 6(a,b)
are dominant in the dnorm map, and represent H···S/S···H
contacts attributed to N1–H1···S1 hydrogen bonds in
agreement with packing diagram (Figure 1) and high-
est interaction energy of −67.6 kJ/mol. A pair of large
and dark spots labelled 2 shows H···O/O···H contacts
associated to N2–H2A···O1 hydrogen bonds, whereas
two small regions labelled 3 on the surface (Figure 6(a))
correspond to H…C/C···H contacts associated to weak
C13-H13B·· ·C9 hydrogen bonds. Both types of contacts
are involved in the same molecular pair with interaction
energy of −60.5 kJ/mol. It is worthwhile to indicate that
H···H contacts (labelled 4) represent the weakest interac-
tion (−22.2 kJ/mol) in compound 1. Although the H···H
contacts are also present in the remaining structures, are
not visible due to the contact distances are longer than the
sum of the van der Waals radii.

Full 2D-fingerprint plot of the main intermolecular
contacts for title compound and related structures are
depicted in Figure 6c and Figure S16 (ESI†), respectively.
The relative contributions of individual intermolecular
interactions to the Hirshfeld surface area for all six struc-
tures are shown in Figure 7. A similar contribution of
S…H(9%–14%) andO…H(5%–7%) contacts in all struc-
tures were observed. These interactions are identified by
a sharp spike at the bottom right region (de < di) of the
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12 E. C. AGUILAR ET AL.

Table . Interaction energies (ETOT) partitioned into coulombic, polarisation, dispersion and repulsion contributions (kJ mol−[]) for
various molecular pairs in 1 and related compounds.

Compound Symmetry Involved interactions d(H·· ·A),� D—H·· ·A Centroid distance Ecoul Epol Edisp Erep ETOT

 -x,-y,-z N-H·· ·S .(),  . − . − . − . . − .
-x,-y,-z N-HA·· ·O, .(),  . − . − . − . . − .
-x,-y,-z HB·· ·HB .()a . − . − . − . . − .

AJIQAN -x,-y,-z N-H·· ·C,∗ .(),  . − . − . − . . − .
C-HA·· ·S, .(), 
Cg·· ·Cg .()b

+x,y,z C-HA·· ·O, .(),  . − . − . − . . − .
C-HA·· ·N, .(), 
C-HC·· ·S .(), 

-x,-y,-z C-HA·· ·O, .(),  . − . − . − . . − .
H·· ·Cg .c

MULMUD -x,-y,-z N-HA·· ·S .(),  . − . − . − . . − .
-x,-y,-z N-HA·· ·O, .(),  . − . − . − . . − .

Cg·· ·Cg .()b

x,+y,z C-H·· ·S .(),  . − . − . − . . − .
-x,-y,-z C-F·· ·Cg .() . − . − . − . . − .

MULNAK -x,-y,-z N-HA·· ·S .(),  . − . − . − . . − .
-x,-y,-z N-HA·· ·O, .(),  . − . − . − . . − .

H·· ·Cg .c

.-x,½+y,-½-z H·· ·Cg .c . − . − . − . . − .
XATSET -x,-y,-z N-H·· ·S .(),  . − . − . − . . − .

-x,-y,-z C-HB·· ·OA .(),  . − . − . − . . − .
XATRUI -x,-y,-z N-H·· ·S .(),  . − . − . − . . − .

-x,-y,-z C-HB·· ·O .(),  . − . − . − . . − .
-x,-y,-z HA·· ·Cg .c . − . − . − . . − .

∗The description of the interaction was modified for better understanding.

fingerprint maps, corresponding to points on the sur-
face where sulphur and oxygen atoms act as acceptors
inside themolecular surface, while theN–H (andC–H for
AJIQAN, XATSET and XATRUI) groups in a molecule
outside the surface act as donors. A complementary spike
at the top left region (de > di) represents the reciprocal
interactions.

The H…H interactions (labelled 4) is highlighted in
the middle of scattered points in 2D-fingerprint maps,
with minimum values of (de + di) around 2.2 Å. By the
other hand, the short H…H contacts have the most con-
tribution to the total Hirshfeld surface relative to other
contacts, varying from 25% inMULNAK to 60% in XAT-
SET (Figure 7), as consequence of the relative abundances
of H-atoms in the respective molecules.

3.10. Molecular electrostatic potentials

Two views of the molecular ESP map of title com-
pound are presented in Figure 8, revealing a highly polar
molecule (μ = 3.63 D) with a region of strongly negative
ESP (−0.065 au) surrounding the S1 atom, and a com-
plementary zone of strongly positive ESP (0.119 au) near
the H1 hydrogen atom (Figure 8(a)). These values favour
a dominant electrostatic formation of intermolecular N–
H···S hydrogen bonds in this structure.

On the opposite side of the surface (Figure 8(b))
involving other pair of adjacent molecules, it is observed
an area with lower ESPs value of −0.054 au around
the O1 atom, and a zone of 0.073 au around the H2A
atom, which indicate intermolecular N1–H2A···O1

Figure . Relative contributions of various intermolecular contacts to the Hirshfeld surface area in 1 and five related structures.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 1

0:
36

 1
0 

N
ov

em
be

r 
20

17
 



MOLECULAR PHYSICS 13

Figure . Views of Hirshfeld surface mapped with electrostatic
potential over the range ± . au, in two orientations: (a) front
view, (b) back view (° rotated around the vertical axis of the
plot). Intermolecular contacts are shown as dashed lines. The iso-
surface is drawn at . eau−.

hydrogen bonds electrostatically less favoured. The
molecules of four related structures present high
polarity in the range 3.89–6.12 D (Table S17, ESI†),
and the behaviour of ESPs near the corresponding
N–H···S and H···O interactions is similar to those
found for title compound, in agreement with energetic
results.

4. Conclusions

The new compound has the amide and thioamide func-
tions, connected to each other in a planar conforma-
tion and linked by a strong intramolecular C=O···H-N
hydrogen bond interaction in both solution and solid
state. The most stable calculated conformation is coin-
cident with that found in the crystal, indicating that the
intramolecular interactions are possibly more relevant in
the adopted conformation than the intermolecular ones.
The 1H NMR spectrum shows the naphthyl C9-H as the
most deshielded aromatic proton indicating that the C9-
H···O interaction persist in non-polar solvent. The AIM
approach reveals that this interaction is also present in
acetonitrile. The strong stabilisation caused by hypercon-
jugative interaction from the LPs of the sulphur atom
to the LP∗ of the thiocarbonyl carbon atom constitute
almost half of the total stabilisation energy. This fact
might explain the decreasing of the bond order and the
lengthening of the C–S bond, which was verified by the
location of the C–S IR stretching band. The expected

high polarisation of the thioamide group, C12(=S)-N2,
could be responsible of the high charge transfer from its
nitrogen atom, causing the shortest C- bond length in
the molecule, and consequently the shifting of the C–N
stretching IR band at higher frequencies.

A complete investigation of intermolecular interac-
tions in the title compound was performed, including a
comparison with five closely related structures. Lattice
energy determination indicates that the dispersion com-
ponent has a dominant contribution to the total energy
for all compounds. Intermolecular interaction energies of
selected molecular dimers indicate maxima contribution
(40.5%–47.8%) towards the lattice stabilisation coming
from coulombic component only in the case of N–H···S
hydrogen bonds. Hirshfeld surfaces give a visual three-
dimensional (3D) picture of the nature and proportion
of intermolecular interactions in all five structures. 2D-
fingerprint plots indicate shortH···Hcontacts as themost
contributing interactions (28%–60%) to the total Hirsh-
feld surfaces. The ESPmaps allowed a visual study on the
dominant electrostatic nature of intermolecular N–H···S
hydrogen bonds in the crystal stabilisation of all struc-
tures, supported by Pixel energy values.

In summary, the nature of intermolecular interactions
in crystal structures of a series of six naphthoylthiourea
derivatives was fully analysed, and it can be useful for
the prediction of supramolecular motifs in this type of
compounds.
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