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a b s t r a c t 

The thiohydantoin core is used in the synthesis and development of new drugs. Furthermore, the study 

of these materials allows us to analyze the role that non-covalent interactions play in their supramolecu- 

lar structure and how they can influence their pharmacological properties. Herein, a novel thiohydan- 

toin compound, namely ( Z )-5-ethylidene-2-thiohydantoin was synthesized and characterized by FT-IR, 
1 H-NMR, and 13 C-NMR spectroscopy. Its crystal structure was determined and refined by powder X-ray 

diffraction techniques. This material crystallizes in the monoclinic system with space group P 2 1 / c , Z = 4. 

The crystal packing is controlled by N–H ···O, N–H ···S and C–H ···O hydrogen bond interactions, forming 

infinite two-dimensional sheets with graph-set motifs R 2 2 (8), R 1 2 (7), and R 6 6 (26). NCI calculations, Hir- 

shfeld surface analysis, and the Energy framework study reproduce in good agreement the crystal packing 

exhibited by the X-ray diffraction study. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Thiohydantoins and hydantoins are five-member heterocyclic 

ompounds with a very reactive nucleus, which provides four pos- 

ible points of diversity [ 1 , 2 ]. Due to the biological importance of

his class of compounds, there has been interested in the devel- 

pment of new strategies for the synthesis of substituted hydan- 

oins and thiohydantoins prepared more straightforwardly. Their 

olecular and crystalline structure has been studied, in solution 

nd in the solid-state [3-5] . The biological activities of these mate- 

ials have been known for a long time and are responsible for their 

ide range of therapeutic properties [ 6 , 7 ]. The best-known hydan- 

oin, phenytoin, is the most widely used antiepileptic drug [ 8 , 9 ].

n particular, in the case of thiohydantoin (2-thioxo-imidazolidin- 

-ones), the principal current interest comes from its recent appli- 

ation for the treatment of prostate cancers [ 10 , 11 ]. 
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Both of these heterocycles, thiohydantoins and hydantoins, are 

ommonly used as templates in combinatorial chemistry libraries 

12] , due to the possibility of forming simple building blocks to 

enerate supramolecular architectures mainly based on the diverse 

nd strong non-covalent interactions that can be formed. Precisely, 

n biological systems constituted by amino acids and their deriva- 

ives, the non-covalent interactions are key factors in their bi- 

logical and chemical activity, particularly due to the formation 

f hydrogen bond interactions [13] . Thiohydantoins and hydan- 

oins structural motifs, therefore, are suitable to form excellent 

upramolecular architectures through hydrogen bonds, which play 

 key role in molecular recognition and crystal engineering [ 14 , 15 ].

On the other hand, single-crystal X-ray diffraction is the most 

owerful technique for crystal structure determination of small 

olecules. However, when the intrinsic nature of the material is 

olycrystalline, or when a single crystal is not available, powder 

-ray diffraction is the crystallographic tool to be used [16] . 

In this work, in continuation of our ongoing interest in the 

tructural studies of thiohydantoin and hydantoin α-amino acid 

https://doi.org/10.1016/j.molstruc.2021.130361
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130361&domain=pdf
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Fig. 1. Synthesis of ( Z )-5-ethylidene-2-thiohydantoin ( I ). 
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erivatives [17-23] , we analyze a new thiohydantoin crystal, ob- 

ained from a natural amino acid. We analyze the molecular 

nd crystalline structure of the new compound ( Z )-5-ethylidene-2- 

hiohydantoin, which was obtained from conventional X-ray pow- 

er diffraction data and refined by the Rietveld method. We con- 

ider this a good opportunity where non-covalent interactions, 

hich exist within the crystal, can be discussed. The crystal three- 

imensional hydrogen-bond network is examined here using pow- 

er X-ray diffraction. Furthermore, the nature of the non-covalent 

nteractions existing in the crystal is analyzed through several the- 

retical methods and theories as DFT solid-structure optimization 

ith NCI calculations, Hirshfeld surface and Energy framework 

nalysis, and the main geometric characteristics rendered by this 

alculations were compared with those found from the crystallo- 

raphic analysis. 

. Experimental Section 

.1. Synthesis 

All the reagents used were purchased from commercial suppli- 

rs without further purification. Melting point determination was 

ecorded using the Barnstead 9100 Electrothermal digital melting 

oint apparatus. L-threonine (476.5 mg, 4.0 mmol) and NH 4 SCN 

304.5 mg, 4.0 mmol) were dissolved in a mixture of acetic an- 

ydride (9 mL) and acetic acid (2 mL) ( Fig. 1 ). This solution was

armed, with agitation, to 100 °C over 1 hour, and then cooled to 

oom temperature and stored in a freezer overnight. The resulting 

rown solid was collected by filtration and washed with cold water 

m.p. 227-229 °C). 

.2. Spectroscopic characterization (FTIR, 1 H-NMR, 13 C-NMR) 

The FT-IR absorption spectrum was obtained as KBr pellet using 

 Perkin-Elmer 1600 spectrometer. 1 H and 

13 C NMR spectra were 

etermined on a Bruker Advance 400 model spectrometer, using 

MSO-d 6 as solvent. FT-IR v (cm 

−1 ): 3233 and 3140 (N-H sp 

2 ), 

861 (C-H sp 

3 ), 1724 (C = O), 1673 (C = C), 1460 (C-N), 1186 (C = S).
 H-NMR (400 MHz): δ 12.06 (s, 1H, N3-H3), 11.93 (s, 1H, N1-H1), 

.73 (c, 1H, C6-H6), 1.85 (d, 3H, C7-H7. 13 C-NMR (100 MHz): δ
78.0 (C2, C = S), 164.1 (C4, C = O), 131.8 (C5, C-C), 111.6 (C6, C-H),

2.5 (C7-CH 3 ). 

.3. Powder X-ray diffraction 

Powder X-ray diffraction experiments were performed at room 

emperature (295 K) using a Siemens D5005 diffractometer (40 KV, 

0 mA) equipped with Ge < 111 > monochromated CuK α1 radiation 

 λ = 1.54059 Å). A small quantity of the sample was ground me- 

hanically in an agate mortar and pestle. The resulting fine powder 

as mounted on a flat sample holder covered with a thin layer of 

etroleum jelly. The sample was spun about its normal at 15 r.p.m. 

nd step scanned from 5 ° to 60 ° in 2 θ , with a step size of 0.02 °
nd counting time of 40 s. Quartz was used as an external stan- 

ard. 

The powder pattern revealed that the synthesized compound 

 I ) was a single-phase and was indexed in a monoclinic cell with
2 
 = 4.0310(5) Å, b = 16.087(3) Å, c = 9.649(1) Å, β= 95.00(1) ° us-

ng the program Dicvol04 [24] , with figures of merit: M 20 = 76.9 

25] and F 20 = 146.6(0.0038, 32) [26] . Evaluation of the system- 

tic absences in the diffraction pattern indicated the space group 

 2 1 / c (No 14). The crystal structural solution was obtained by di- 

ect methods using the program EXPO [27] . All nine non-hydrogen 

toms from the molecule were found in the E map of the best so- 

ution proposed by the EXPO program. The hydrogen atoms were 

laced in calculated positions. The model was refined by the Ri- 

tveld method [28] using the GSAS-II program [29] . Bragg reflec- 

ions were modeled using a pseudo-Voigt peak shape function [30] , 

nd the background was fitted by the automatic interpolation of 

0 points through the whole pattern. The powder pattern did not 

how preferred orientation, as can be seen in the well-modeled 

eaks in Fig. 2 . Rotating the sample during data collection con- 

iderably reduces this problem. Therefore it was not necessary to 

pply this type of correction. Table 1 summarizes the crystal data, 

ntensity data collection, and refinement details for the title com- 

ound ( I ). Experimental, calculated, and differences plot for the fi- 

al Rietveld refinement cycle for compound ( I ) are shown in Fig. 2 .

Crystallographic data for the structure reported here have been 

eposited with the Cambridge Crystallographic Data Centre (De- 

osition No. CCDC-1994886). These data can be obtained free 

f charge via www.ccdc.cam.ac.uk/data _ request/cif . The Cambridge 

tructural Database (CSD, version 5.42, November 2020) was used 

or structure analysis [31] . 

.4. NCI calculations 

The Non-Covalent-Index (NCI) is based on the analysis of the 

lectron density. This approach can highlight interactions on the 

ow density, low gradient regime, and allowed us to identify differ- 

nt types of chemical interactions in terms of the electron density 

nd its reduced gradient of density [ 32 , 33 ]. 

The molecular crystals have different types of non-covalent in- 

eractions that cannot be straightforwardly analyzed from direct 

nspection of the atom’s position. The geometric characterization 

onstitutes the first phase in the description of non-covalent in- 

eractions on the crystal structure, nevertheless, the relationship 

n the kind or strength of these interactions is not free of con- 

roversy [34] . So, the classification for the different types of non- 

ovalent interactions based on pairwise distances and van der 

aals radius could give systematics errors. Additionally, weak non- 

ovalent interactions, such as dispersion interactions cannot be 

traightforwardly characterized by molecular orbital analysis. In 

uch cases, a complementary topological analysis for the derived 

lectron density is required. Many methods based on electron den- 

ity have been proposed in recent years [35] , as is the case of 

he Atoms in Molecules (AIM) theory [36,37] . In this theory, topo- 

ogical properties of electron density ρ( r ) can be employed for 

he quantitative assessment of weak interactions [38-41] . Lapla- 

ian of electron density can be written as the sum of contribu- 

ions along the three principal axes of maximum variation, that is, 

 

2 ( r ) = λ1 + λ2 + λ3 , where λi , are the eigenvalues of Hessian

atrix. These eigenvalues allow the classification of critical points 

ccording to their rank, ω, number of non-zero curvatures at the 

ritical point, and the sing of their algebraic sum of signs of the 

essian eigenvalues λi , σ : ( ω, σ ). The bond critical point (3,-1) 

BCP) is the most important type of critical point in the charac- 

erization of chemical interactions [34] , there λ3 varies along the 

nter-nuclear direction, whereas λ1 and λ2 vary in the plane per- 

endicular to λ3 . Bonding interactions are associated with an elec- 

ron density concentration in the inter-nuclear region. For cova- 

ent interactions negative contributions dominate and ∇ 

2 ( r ) < 0, 

hereas for non-covalent interactions positive contributions domi- 

ate and ∇ 

2 ( r ) > 0, with λ < 0. In the particular case of hydrogen
2 

http://www.ccdc.cam.ac.uk/data_request/cif
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Fig. 2. Final Rietveld refinement plot for ( I ). The vertical scale of the 20 ° and 42 ° portions of the profiles has been multiplied by a factor of 2 and 4, respectively. 

Fig. 3. FT-IR spectra of ( I ). 
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onds, the electron density accumulation in the interatomic region, 

t BCP, is larger than the corresponding to van der Waals interac- 

ions. 

Another classical alternative for non-covalent interaction char- 

cterization is the electron localization function (ELF) ( eq 1 ), which 

epends on the difference between the total kinetic energy and 

he von Weizsäcker density functionals weighted by the Thomas- 

ermi kinetic energy density functional through the localization 

ndex χ ( r ). This function yields the local excess of electron ki- 

etic energy due to Pauli repulsion. In regions where electron pairs 
3 
re localized, Pauli repulsion has little significance. In consequence 

( r ) → 0 and η( r ) → 1, allowing us to highlight the regions where

lectron localization occurs, which are associated with chemical in- 

eractions [41] . The ELF function represents a measure of the elec- 

ron localization. Within the ELF representation, it is possible to 

nd in a molecule two kinds of basins, core, and valence basins. 

he first ones are surrounding the nuclei. The other type of basins 

re characterized by the number of atomic valence shells in which 

hey participate, in other words by the number of core basins with 

hich they share a boundary, this is their synaptic order. In hy- 
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Table 1 

Crystallographic data and experimental details for ( I ) 

Chemical formula C 5 H 6 N 2 OS CCDC 1994886 

Formula weight 142.19 Diffractometer Siemens D5005 

Crystal system monoclinic Radiation [ ̊A] 1.54059 

Space group P 2 1 / c (N °14) 2 θ range [ °] 5-60 

a [ ̊A] 4.0307(3) Step size ( °) 0.02 

b [ ̊A] 16.0744(9) Step time (s) 40 

c [ ̊A] 9.6457(8) Structure determination EXPO2014 

β [ °] 95.006(2) Refinement method Rietveld (GSAS-II) 

V [ ̊A 3 ] 622.6(1) R exp 0.040 

Z 4 R p 0.031 

D cal [g •cm 

−3 ] 1.517 R wp 0.049 

Temperature [K] 295 χ 2 1.5 

R exp = 100 [(N-P + C) / �w (y obs 
2 )] 1/2 

R p = 100 �|y obs - y calc | / �|y obs | 

R wp = 100 [ �w |y obs - y calc | 
2 / �w |y obs | 

2 ] 1/2 

χ2 = [R wp / R exp ] 
2 
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rogen bonds two valence basins appear, one disynaptic basin as- 

ociated with the bond electron pair in the donating group D-H 

nd a monosynaptic basin associated with the acceptor lone pair. 

he ELF allows us to define localization domains, which contain all 

ttractors bounded by an external isosurface with η( r ) = f. Succes- 

ive reductions of localiation domains, resulting from an increase 

n the f value, will split the parent domain into several domains, 

ach one containing fewer attractors of the parent one. This split 

ccurs at turning points located in the separatrix of two basins, 

riginally involved in the parent domain. Ordering by increasing 

he value of f has been successfully employed to evaluate the HB 

trength [ [40,42] . 

( r ) = (1 + χ2 ( r )) −1 (1) 

The recently non-covalent interaction (NCI) index developed by 

honson et al ., use the reduced gradient ( eq. 2 ) [ 32 , 33 ], in contrast

o AIM which reveals covalent and non-covalent interactions, NCI 

dentify the space regions where the non-covalent interactions take 

lace, with the advantage of mapping the reduced gradient isosur- 

aces with a color scale based on electron density multiplied by 

he design of the second eigenvalue of the Hessian, allowing the 

dentification of different interactions types, steric/repulsive ( λ2 > 

), Van-der-Waals like ( λ2 ≈ 0), and attractive ( λ2 < 0). 

 ( r ) = ∇ρ( r ) / 2(3 π2 ) 1/3 ρ4/3 ( r ) (2)

To study the non-covalent interactions experimentally observed 

n the crystal structure, we used four structural models based 

n the crystal structure coordinates and without further geome- 

ry optimizations, to represent the most important non-covalent 

nteractions in the crystal structure. The non-covalent interac- 

ions were assessed by the analysis of the DFT-CAM-B3LYP-D3BJ/6- 

11G ++ (d,p) [ 43 , 44 ] electron density ρ( r ) topology employing the

uantum Theory of Atoms in Molecule (QTAIM), the NCI-index 

reduced gradient of ρ( r )) and the Electron Localization Function 

ELF). For the QTAIM analysis, we use the AIMALL program [45] , 

hile the NCI-index calculations were carried out with NCIPLOT 

rogram [41] and the ELF calculations were carried out with Mul- 

iwfn program [46] . All the isosurfaces were build up with VMD 

47] . 

.5. Hirshfeld surfaces 

Hirshfeld surfaces of molecules in a crystal structure are con- 

tructed based on the electron distribution, which is calculated as 

he sum of spherical atom electron densities [48] and is unique 
4 
or each crystal [49] . The properties of the surface give informa- 

ion about the intermolecular interactions in the crystal. Each point 

n the Hirshfeld surface represents two distances: (1) the distance 

rom this point to the nearest external nucleus (d e ) and (2) the 

istance to the nearest internal nucleus (d i ). Graphical plots of 

he molecular Hirshfeld surfaces are mapped with the normalized 

ontact distance (d norm 

), and these indicate regions of important 

ntermolecular interactions [50] . The value of the d norm 

is repre- 

ented by red, white, or blue when the intermolecular contacts 

re shorter, equal, or longer to the van der Walls separation, re- 

pectively. The normalized contact distance d norm 

, defined in terms 

f d e , d i, and VdW radii of the atoms, was calculated using Eq. 1 ,

here d e and d i are the distance from the Hirshfeld isosurface to 

he nearest external and internal nucleus, respectively, and VdW is 

he van der Waals radii of atoms taken from the literature [51] . 

 norm 

= 

d i − r vdw 

i 

r vdw 

i 

+ 

d e − r vdw 

e 

r vdw 

e 

(3) 

The combination of d e and d i in the form of a 2D fingerprint 

lot gives a summary of the intermolecular contacts in the crystal 

52] . The fingerprint plots enable observation of contributions from 

ifferent interaction types and it provides a valuable quantitative 

nalysis of the intermolecular interactions occurring in the crys- 

al structure. Moreover, quantification of energy framework ener- 

ies is considered a powerful method for understanding the topol- 

gy of the overall interactions of molecules in the crystal. This 

ethod allowed us to calculate and compare different energy com- 

onents, i.e. repulsion (E rep ), electric (E ele ), dispersion (E dis ), polar- 

zation (E pol ), and total (E tot ) energy based on the anisotropy of the 

opology of pairwise intermolecular interaction energies. 

For the title compound, an analysis of the Hirshfeld surfaces 

48] was performed with the aid of CrystalExplorer17.5 software 

53] . The two-dimensional fingerprint plots were calculated for the 

rystal, as were the electrostatic potentials [52] . The electrostatic 

otentials were mapped on the Hirshfeld surfaces using the 6- 

1G(d,p) basis set at B3LYP level of theory over a range of ± 0.002 

u. The crystallographic information file (CIF) of ( I ) was used as 

nput for the analysis. For the generation of fingerprint plots, the 

ond lengths of hydrogen atoms involved in interactions were nor- 

alized to standard neutron values (C-H = 1.083 Å, N-H = 1.009 
˚ , O-H = 0.983 Å). 

. Results and Discussion 

.1. FT-IR and NMR spectroscopic characterization 

Spectroscopic studies confirm the molecular skeleton (see 

ig. 1 ) of (Z)-5-ethylidene-2-thiohydantoin ( I ). Fig. 3 shows the FT- 
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Fig. 4. 1 H-NMR spectra of ( I ). 

Fig. 5. 13 C-NMR spectra of ( I ). 

I  

b  

c

o

i  

(

H

m  

p

c

δ  

Table 2 

Hydrogen bonds geometry ( ̊A, °) for ( I ). 

D–H 

•••A D—H H 

•••A D •••A D–H 

•••A 

N1–H1 ••O4 (i) 0.860 2.000 2.854(5) 172 

N3–H3 ••S2 (ii) 0.860 2.550 3.399(4) 170 

C7–H7A ••O4 (iii) 0.960 2.400 3.352(5) 170 

Symmetry codes: (i) -1 + x, ½-y,- ½+ z 
(ii) 1-x,-y,1-z 
(iii) -1 + x, ½-y,- ½+ z 

S

R spectra where N-H, C-H, C = O, C = C, C-N, and C = S absorption

ands in the regions of 3233 and 3140 cm 

−1 , 2915 cm 

−1 , 1724

m 

−1 , 1673 cm 

−1 , 1460 cm 

−1, and 1186 cm 

−1 , respectively were 

bserved. 

For ( Z )-5-ethylidene-2-thiohydantoin ( I ) six signals are observed 

n the 1 H NMR spectra ( Fig. 4 ) corresponding to N3-H3 in δ 12.64

1H, s), C5-H5 in δ 4.57 (1H, d), C7-H methyl in δ 2.73 (3H, s), C8- 

8 in δ 2.43 (1H, m), C9-H methyl in δ 1.09 (3H, d) and C10-H 

ethyl in δ 0.77 (3H, d). The 13 C NMR spectrum ( Fig. 5 ) of ( I ) dis-

layed eight resonances including a thiocarbonyl C2 δ 183.0, two 

arbonyl group C4 δ 172.3 and C6 δ 169.7, C5 δ 66.7, C8 δ 29.0, C7 

27.3, C9 δ 17.4 and C10 δ 15.4. The COSY ( Fig. 1 S), HMBC (Fig.

p

5 
2) and NOESY (Fig. S3) spectra confirm the Z configuration of the 

resent thiohydantoin ( I ). 
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Table 3 

Electron density topological properties in (3,-1) critical points found in structural models derived from 

the crystal structure of (Z)-5-ethylidene-2-thiohydantoin. 

Interaction CP ρ( r ) (au) ∇ 

2 ( r ) (au) λ2 (au) H(r) (a.u) Ellipticity ELF ∗

N1—H1 …O4 (3,-1) 0.01892 0.09379 -0.02365 0.00437 0.013182 0.03932 

N3—H3 …S2 (3,-1) 0.01380 0.04152 -0.01283 0.00173 0.076212 0.06497 

C7—H7A …O4 (3,-1) 0.01026 0.03492 -0.00961 0.00136 0.016159 0.03429 

C6—H6 …S2 (3,-1) 0.00407 0.01056 -0.00275 0.00520 0.05188 0.01918 

S2 …C7 (3,-1) 0.00344 0.01432 -0.00122 0.00091 0.434434 0.00699 

H7B …H7C (3,-1) 0.00307 0.01181 -0.00219 0.00074 3.812222 0.00688 

N3 …S2 ∗∗ (3,-1) 0.00642 0.01765 -0.00250 0.00059 0.415658 0.02687 

N1 …C4 ∗∗ (3,-1) 0.00529 0.01812 -0.00194 0.00065 0.267336 0.01469 

O4 …C5 ∗∗ (3,-1) 0.00444 0.01530 -0.00119 0.00061 0.869834 0.01127 

C6 …H7A ∗∗ (3,-1) 0.00291 0.00947 -0.00126 0.00050 0.432932 0.00819 

∗ ELF value evaluated at (3,-1) electron density CP; 
∗∗ CP found in stack model. 

Fig. 6. The asymmetric unit of ( I ), showing the atomic numbering scheme; H atoms 

are shown as spheres of arbitrary radii). 
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.2. Crystal and molecular structure 

(Z)-5-ethylidene-thiohydantoin ( I ) crystallizes in a monoclinic 

ell with space group P 2 1 / c with one molecule in the asymmetric

nit. Fig. 6 shows the atom labeling and molecular conformation 

f the title compound. Supplementary material contains the frac- 

ional atomic coordinates and anisotropic temperature factors for 

on-hydrogen atoms, atomic positions and isotropic temperature 

actors for hydrogen atoms, and geometrical parameters as bond 

istances, bond, and torsion angles for ( I ). 

All bond distances and angles are normal [54] and agree with 

he average values found in 33 entries with thiohydantoin ring 

ragments, found in the Cambridge Structural Database (CSD, ver- 

ion 5.42, November 2020) [31] with N1 and N3 unsubstituted. A 

earch, including sp 

2 hybridization at C5 = C6 bond, showed 5 en- 

ries: AZADOV [55] , CORZIT [56] , MAKQEU [57] , WOSLEV [58] , and

INSUK [59] . The lengths of the C = S and C = O bonds are similar

o those found in the two 2-thiohydantoin polymorphs [60,61] and 

ll the entries with thiohydantoins found in CSD. The molecule is 

ssentially planar, except for hydrogens H7B and H7C that are out 

f the plane, with a maximum deviation of -0.0059 Å in N3 and 

 0.0058 Å in C2. 

In the crystal structure of ( I ) one intermolecular hydrogen bond 

nteraction N1–H1 ···O4 (-1 + x, ½-y,- ½+ z) and two non-conventional 

3–H3 ··S2 (1-x,-y,1-z) and C7–H7A ··O4 (-1 + x, ½-y,- ½+ z) interac- 

ions are observed ( Table 2 ). The thioamide groups are linked into 

entrosymmetric dimers with graph-set motifs R 

2 
2 (8) [62] labeled 

 in Fig. 7 . These hydrogen bonds form infinite sheets in the cb

lane ( Fig. 7 ), which are reinforced by the C–H ··O interactions 

orming a new ring, with the O4 atom act as bifurcated accep- 
6 
or, with graph-set R 

1 
2 (7) (labeled B in Fig. 7 ). Moreover, these hy-

rogen bonds form a macrocycle (hexamer) with graph-set R 

6 
6 (26) 

labeled C in Fig. 7 ) with 6 molecules of ( I ) involved. 

.3. NCI calculations results 

Trying to gain more insights into the characteristics of the non- 

ovalent interactions in the crystal structure of ( Z )-5-ethylidene- 

-thiohydantoin ( I ), we performed an electron density topologi- 

al analysis. In this analysis, we could identify 10 intermolecu- 

ar interactions decreasing in strength from conventional and non- 

onventional hydrogen bonds to van der Waals interactions. Run- 

ing along the [2 0 1] and [0 -1 0] crystallographic directions we 

ound a conventional N—H ···O HB and N—H ···S, C—H ···O and C—

 ···S non-conventional HB interactions. Table 3 shows the prin- 

ipal electron density topological properties calculated for all the 

on-covalent (3,-1) bond critical point (BCP) found in the four 

tructural models considered. In the first model, Fig. 8 a, we could 

dentify the three hydrogen N1—H1 ···O4, C6—H6 ···S2, C7—H7 ···O4. 

hese HBs has a close shell bond nature, with ∇ 

2 ( r ) > 0 and H( r )

 0. Also from the same figure, we notice the acceptor bifurcated 

Bs with O4, with angles N,C—H ···O4 of 172.2 ° and 170.1 ° for the 

 and C donors respectively. Fig. 8 b, allows us to identify the N3—

3 ···S2 contact. This interaction has around the same electron den- 

ity at BCP than the C—H ···O HB and the triple of the C—H ···S HB.

 comparison between the topological parameters at BCP shows us 

hat N—H ···O has 27% more electron density at BCP than N—H ···S. 

he ellipticity has been defined as ε = | λ1 |/| λ2 | - 1, where λ1 

nd λ2 are the negative eigenvalues of the electron density Hes- 

ian at the BCP. The ellipticity at the BCP can be interpreted as a 

easure in the anisotropy of the curvature in the normal direc- 

ions to the bond path at the BCP. In the X—H ···Y interactions we 

an observe an increase in the bond anisotropy following the or- 

er: N1—H1 ···O4 < C7—H7A ···O4 < C6—H6 ···S2 < N3—H3 ···S2, the 

ontacts X—H ···S has the higher anisotropy, this is due to the high 

olarizability of the sulfur atom. Also, the title molecule ( I ) has 

wo intramolecular weak contacts, H1 ···H7A and H6—O4, which 

re not associated with any BCP. This type of interaction is asso- 

iated with an electron density distortion due to the presence of 

 second atom and corresponds to the steric clash entitled to the 

 conformation in the molecule ( I ). The combination and periodi- 

al replication of the dimers showed in Fig. 8 a and 8 b, produce a

upramolecular sheet showed in Fig. 9 in there we can observe two 

dditional interactions associated with BCPs S2 ···C7 and H7B ···H7C, 

hese two interactions can be considered as attractive with λ2 < 

 (see Table 3 ) and relative more ellipticity as X—H ···Y interac- 

ions, this is due to the dispersion nature of this interactions. The 

tacking interactions are shown in Fig. 10 . In there we can observe 

hat these stacking interactions are largely delocalized between the 

olecules, also it is possible to observe the presence of intermolec- 



G.E. Delgado, A.J. Mora, L.E. Seijas et al. Journal of Molecular Structure 1236 (2021) 130361 

Fig. 7. Packing view of ( I ) in the cb plane, showing the intermolecular N—H 

•••O, N—H 

•••S and C—H 

•••O hydrogen bonds and the formation of R 2 2 (8), R 1 2 (7) and R 6 6 (26) 

rings (labeled A, B, and C, respectively). H atoms not involved in hydrogen bonds have been omitted for clarity. 

Fig. 8. Reduced gradient of density isosurface s ( r ) = 0.6399, (a) for the dimer formed by the conventional HB N1—H1 •••O4 and (b) for the dimer formed through the 

non-conventional N3—H3 •••S2. The isosurfaces were colored employing a color scheme for ρ∗sing( λ2 ) value been red for regions with λ2 < 0 and blue λ2 > 0 regions. The 

electron density critical points (3,-1) (orange) and (3, + 1) (yellow) are shown. 

7 
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Fig. 9. Reduced gradient of density isosurface s ( r ) = 0.6399, for the molecular sheet formed by the combination of dimer showed in fig. 1 . The isosurfaces were colored 

employing a color scheme for ρ∗sing( λ2 ) value been red for regions with λ2 < 0 and blue λ2 > 0 regions. The electron density critical points (3,-1) (orange) and (3, + 1) 

(yellow) are shown. 

Fig. 10. Reduced gradient of density isosurface s ( r ) = 0.6299, for the stacking interactions in ( I ). The isosurfaces were colored employing a color scheme for sing( λ2 ) ρ value 

been red for regions with λ2 < 0 and blue λ2 > 0 regions. The electron density critical points (3,-1) (orange) and (3, + 1) (yellow) are shown. 
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lar BCPs. The delocalization of this interaction across the crystal 

tructure is associated with cooperative effects, however, the quan- 

ification of these effects is still in intense debate [63] . 

.4. Hirshfeld surfaces analysis 

A Hirshfeld surface analysis was conducted to verify the con- 

ributions of the different intermolecular interactions. This analysis 

as used to investigate the presence of hydrogen bonds and other 

eak intermolecular interactions in the crystal structure. The plots 

f the Hirshfeld surface confirm the presence of the non-covalent 

nteraction described below ( Fig. 11 ), in very good agreement with 

he diffraction and NCI analyses. 

To visualize and quantify the similarities and differences in 

ntermolecular contacts across the crystal structure the Hirshfeld 

urface analysis was made with complementary analyses such as 

hape index and curvedness surface. For the title compound ( I ), the 

eak intermolecular interactions are mainly constituted by classi- 

al hydrogen bond interactions and some other weak interactions 

ecause of the centrosymmetric setting, the contributions are de- 

icted in Fig. 11 a. The reciprocal contacts appear as an asymmetri- 
8 
al broad wing for H ···C, with d e + d i ~ 3.3 Å, for H ···N as a broad

pot with d e + d i ~ 3.5 Å, the distance is greater than the van der

alls radii of N and H atoms ( d e + d i > 2.75 Å) and, H ···O as sym-

etrical sharp needles with d e + d i ~ 1.9 Å. Another type of weak 

nteraction is also observed in the Hirshfeld Surface analyses. For 

xample, in this compound, the contribution of O ···C and O ··· N 

ith d e + d i 2.4, 3.4 and, 3.4 Å, respectively, could be owing to O

lone pair) ···π (thiohydantoin) interaction as evidenced by the NCI 

lot in Fig. 10 . The oxygen interactions observed, corresponding to 

xygen atoms of the title compound with an imidazoline ring. To 

he best of our knowledge, this is one of the first examples ob- 

erved in the literature. The presence of this type of interaction is 

erified by a shape index plot in the molecule density ( Fig. 11 b). 

On the other hand, the interatomic contacts of H ···H interac- 

ions, show a broad triangular spot at diagonal axes d i + d e ~ 2.2 A 

< 2.4 A °, denoting H ···H short contacts with another significant 

ffect on the molecular packing. 

The energy framework analysis helped us to a better under- 

tanding of the packing and topology of the crystal structure and 

he supramolecular rearrangement (see Fig. 12 ). According to the 

ube direction, it can conclude that the formation of the framework 
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Fig. 11. Hirshfeld surface analysis and fingerprint plot (a) and, Shape index maps (b) of the title compound. 

Fig. 12. Energy framework diagrams for E ele , E dis, and E tot for title compound along the [100] direction. 
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t

r
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r
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e

s

t

s directed by the centrosymmetric setting for the title compound. 

his rearrangement allows the formation of other weak interac- 

ions to stabilize the crystal packing. The results of the calculations 

evealed that it exhibits dispersion interactions approximately par- 

llel to the tube shape by the heterocycle in an antiparallel rear- 

angement through the b -axis with -29.9 kJ ·mol −1 . The other en- 
9 
rgy components have values of + 18.7 kJ ·mol −1 , -8.1 kJ ·mol −1 , and

5.0 kJ ·mol −1 for E rep , E ele , and E pol , respectively. Energy framework 

iagrams show zig-zag ladder type and brick type topologies for 

lectrostatic and dispersion energies, respectively (see Fig. 12 ). The 

mall value of electrostatic energy versus dispersion energy in the 

itle compound is attributed to the presence of weak classical hy- 
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rogen bond interactions. The total interaction energy that resulted 

rom all four main components is - 24.3 kJ mol −1 . 

. Conclusions 

With the need to explain in detail the wide-ranging nature of 

he many interactions that exist within a crystal, here we stud- 

ed the non-covalent interactions in the new compound ( Z )-5- 

thylidene-2-thiohydantoin ( I ). Its crystal structure, determined by 

irect methods using conventional powder X-ray diffraction and 

efined by the Rietveld method, indicates that this material crys- 

allizes in the monoclinic system, space group P 2 1 / c , with one in-

ependent molecule in the unit asymmetric. Hydrogen-bond anal- 

sis show that in the crystal structure, molecules are packed 

hrough intermolecular N–H ···O, N–H ···S, and C–H ···O classical hy- 

rogen bond interactions, which lead to the formation of infi- 

ite two-dimensional sheets in the cb plane with graph-set motifs 

 

2 
2 (8), R 

1 
2 (7), and R 

6 
6 (26). The experimental structure was com- 

lemented with quantum chemical calculations as the NCI, Hirsh- 

eld surfaces, and Energy framework study showing a good agree- 

ent with available experimental data. Hirshfeld surfaces and 2D 

ngerprint plots were used to clarify intermolecular interactions in 

he crystal lattice of the title molecule. The three-dimensional in- 

eraction energy analysis showed that the dispersion energy frame- 

orks E dis were slightly dominant over classical electrostatic terms 

 ele . 
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