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Abstract—Three crystal modifications of phenyl-substituted diphenylphosphoryl thiosemicarbazide (com-
pound (1) and two its solvates with dimethyl sulfoxide (2, 3)) have been obtained and analyzed by the X-ray
diffraction (XRD) method. The independent molecules of compounds in crystals 1 and 2 are characterized
by the identical (“rolled”) conformation of acyclic framework, stabilized by the intramolecular hydrogen
bond N–H⋅⋅⋅O, and their crystals exhibit the formation of an identical chain supramolecular motif, oriented
along the axis corresponding to the smallest unit-cell parameter. In crystal 3, the independent molecules are
in two different conformations: one is stabilized by an intramolecular hydrogen bond, and the other (“lin-
ear”) is due to the molecular adjustment during the formation of a point supramolecular associate with a
hydrophilic nucleus and a hydrophobic shell.
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INTRODUCTION
Hetero-containing organic compounds are recog-

nized universally as a reliable resource for developing
potential and real drugs. For example, organic nitro-
gen- and sulfur-containing compounds (e.g., sulfon-
amides and thiazines [1–3]) became an integral part
of medical chemistry. Among hetero-acyclic mole-
cules, one may distinguish thiosemicarbazides, the
chemistry of which has been actively developing in the
last decade in view of the variety of important fields of
their application. Free 1,4-disubstituted thiosemicar-
bazides and their complexes with various metals make
up a universal class of compounds exhibiting biologi-
cal activity (including antibacterial, antifungus, anti-
inflammatory, antimalarial, viricidal, anticancer) [4–
12]. Complexes of thiosemicarbazones with Zn(II)
exhibit f luorescent properties and can be used to visu-
alize living cells [13–15]. Thiosemicarbazides may
serve as intermediates when synthesizing other
important classes of heterocyclic compounds (e.g.,
1,2,4-triazoles, 1,3,4-tidiazoles, 1,3,4-oxadiazoles)
[16–18]. In addition, thiosemicarbazides are widely
used in the production of dyes, photographic films,
and plastics, as well as in textile industry [19].

The energies of eight possible conformers of a
thiosemicarbazide molecule were estimated within the
density functional theory; it was established that the
conformation implemented in the crystal is most

favorable [20]; i.e., the molecule should not have con-
formational lability in a crystal. However, functional-
ization of thiosemicarbazide by various pharmacoph-
oric groups in order to obtain polyfunctional com-
pounds (for aggregation and improvement of
pharmacological properties due to the synergetic
effect) may increase the acyclic framework of the mol-
ecule and its possible conformational mobility in crys-
tals.

Conformation of molecules affects the supramo-
lecular organization in a crystal and its chemical and
physicochemical properties (e.g., solubility, stability,
complexing, etc.) [21]. From the crystallographic
point of view, the compounds whose crystals may
exhibit different types of conformations are of interest.
It is urgent to reveal the reasons for this molecular
behavior of compounds (specifically, phenyl-substi-
tuted (diphenylphosphoryl)acetyl thiosemicarbazide),
and our study was aimed at solving this problem.

The general scheme of synthesis of (diphenylphos-
phoryl)acetyl derivatives of thiosemicarbazide and the
crystal structure of N-unsubstituted thiosemicarba-
zide in the form of a solvate crystal with dimethyl sulf-
oxide (DMSO) were reported previously in [22]. In
continuation of the studies of compounds of this
series, we will consider the specific features of molec-
ular and crystal structures of the (phosphoryl)acetyl
derivative of thiosemicarbazide (N4-substituted
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Scheme 1. Structural formula of N1-(diphenylphos-
phoryl)acetyl-N4-phenyl- thiosemicarbazide, with frame-
work atoms enumerated.

N

O

N

H

H

N

S

H
PO

1

1

2

2

3

4

4

11

11
1313

12

Fig. 1. Conventional superposition of independent mole-
cules of compounds 1 and 2. The intramolecular hydrogen
bond N–H⋅⋅⋅O is indicated by a dotted line. The hydrogen
atoms of phenyl cycles are omitted.

N4 H4
O13
(scheme 1)), presented in the form of three crystal
modifications, obtained by slow crystallization from
(1) ethanol, (2) DMSO, and (3) DMSO/ethanol mix-
ture in a ratio of 1 : 1.

EXPERIMENTAL

Single crystal X-ray diffraction (XRD) experiments
were performed on a Bruker Kappa Apex II CCD
automatic diffractometer (graphite monochromator,
МоKα radiation, λ = 0.71073 Å) at temperatures of (1,
3) 150 and (2) 293 K. The data collection, edition and
the refinement of unit cell parameters were performed
using the APEX2 program [23]. The absorption cor-
rection was calculated based on the SADABS program
[24]. The crystallographic characteristics and struc-
ture refinement parameters are listed in Table 1. The
structures were solved by direct methods and refined
by the least-squares method, first in the isotropic
approximation and then in the anisotropic approxi-
mation (for all non-hydrogen atoms) within the
SHELXTL software package [25]. The coordinates of
the hydrogen atoms of amino groups (except for H2A in
compound 2) were determined based on the electron-
density difference maps and refined in the isotropic
approximation. The coordinates of other hydrogen
atoms were determined using stereochemical criteria
and refined in the riding models. All calculations were
carried out using the WinGX program [26]. The inter-
molecular interactions were analyzed and images were
plotted using the PLATON [27] and Mercury [28]
programs. The crystallographic data for compounds
1–3 have been deposited with the Cambridge Crystal-
lographic Data Centre (CCDC) and can be freely
accessed at http://www.ccdc.cam.ac.uk/data_re-
quest/cif.

Powder XRD patterns were obtained on a D8
Advance automatic X-ray diffractometer (Bruker),
equipped with a Vario attachment and a Vantec linear
coordinate detector (CuKα1 radiation, λ = 1.54063 Å,
a curved Johansson monochromator; the X-ray tube
mode was 40 kV and 40 mA). The experiments were
performed at room temperature in the Bragg–Bren-
tano geometry. The single crystals of the compounds
CR
under study were previously ground, and the thus pre-
pared powders were deposited (without strong press-
ing) onto silicon plate decreasing the background scat-
tering. The diffraction patterns were recorded in the
range of scattering angles 2θ = 3°–95° with a step of
0.008°, the collection time at a point was 4 s. The sam-
ples were rotated in their planes at a rate of 15 rpm to
eliminate the influence of preferred orientation and
average data.

RESULTS AND DISCUSSION
In the solvate-free form, N1-(diphenylphos-

phoryl)acetyl-N4-phenyl-thiosemicarbazide forms
orthorhombic crystals (1) with one molecule in the
independent part of unit cell. Two its solvates with
DMSO in the ratio of 2 : 1 are (2) monoclinic and (3)
triclinic crystals with two independent thiosemicarba-
zide molecules in their unit cells.

The acyclic-framework conformations of mole-
cules in crystals 1 and 2 are identical; they are formed
due to the realization of intramolecular interaction of
the N–H⋅⋅⋅O type between hydrogen atom H4 of the
terminal amine group and oxygen atom О13 of the
phosphoryl group (Fig. 1). The difference between
two independent molecules of compound 2 is mainly
due to the rotations of phenyl substituents, which is
likely caused by the formation of different supramo-
lecular motifs by independent molecules. The struc-
ture of molecule А of compound 2 is close to that of a
molecule of compound 1 and they form identical
supramolecular motifs in the crystal, which will be
discussed below.

The О…Н distance in a molecule of compound 1 is
2.54(6) Å, and the corresponding distances in mole-
cules А and B of compound 2 are, respectively, 2.27(4)
and 2.14(3) Å. The parameters of strong intra- and
YSTALLOGRAPHY REPORTS  Vol. 66  No. 3  2021
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Table 1. Crystallographic characteristics, details of the X-ray experiment, and structure refinement parameters for com-
pounds 1–3

Compound 1 2 3

Formula C21H20N3O2PS 2(C21H20N3O2PS), C2H6OS 2(C21H20N3O2PS), C2H6OS
M, g/mol 409.43 896.99 896.99
Crystal system, sp. gr., Z, Z ' Orthorhombic, Pbca, 8, 1 Monoclinic, P21/c, 8, 2 Triclinic, P , 4, 2
a, b, c, Å 9.4178(8),

19.588(2),
21.774(2)

10.4952(4),
45.426(2),
9.5699(5)

10.500(2),
12.807(3),
16.864(3)

α, β, γ, deg 90, 90, 90 90, 93.970(3), 90 97.64(1), 101.49(1), 95.73(1)
V, Å3 4016.7(6) 4551.5(4) 2183.9(8)
Т, K 150(2) 296(2) 150(2)
Crystal size, mm 0.07 × 0.22 × 0.70 0.09 × 0.26 × 0.37 0.03 × 0.20 × 0.50
F(000) 1712 1880 940
ρcalc, g/cm3 1.354 1.309 1.364
μ, mm–1 0.263 0.284 0.296
θ, deg 2.280–27.943 2.787–28.032 2.623–27.218
Number of ref lections:
measured (N1)/unique, 
Rint/with I > 2σ(I) (N2)

59273/4689, 0.1192/3110 40493/10865, 0.1075/4844 25398/9359, 0.1088/4825

Number of refined parame-
ters/limitations

262/3 561/4 565/1

R1/wR2 for N1 0.1594/0.3303 0.1732/0.1646 0.1653/0.1981
R1/wR2 for N2 0.1119/0.2924 0.0638/0.1236 0.0811/0.1536
S 1.097 0.961 1.021
ρmin/ρmax, e Å–3 –0.733/2.350 –0.451/0.397 –0.81/0.724
CCDC 2021596 2021597 2021595

1

Scheme 2. Molecular fragment used to search for
thiosemicarbazide derivatives with structures similar to
those of compounds 1–3. The covalent bonds of different
types are shown by dotted lines.
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intermolecular interactions in the crystals are listed in
Table 2 (the geometry of individual molecules in crys-
tals is shown in Figs. S1–S3 in the Supplementary
Materials).

It is likely that, in the case of phosphoryl-acetyl
derivatives of thiosemicarbazides, the arrangement of
the hydrogen-bond donor and acceptor at different
ends of molecule and the length of the spacer between
them favors realization of an intramolecular hydrogen
bond, which is observed in the crystals of molecules 1
and 2. To establish the generality of this interaction,
we searched thiosemicarbazides and their nearest
structural analogs (scheme 2) with identical arrange-
ment of donor and acceptor of the N–H⋅⋅⋅O hydrogen
bond in the CCDC. The search was restricted by the
molecules whose acyclic frameworks contain nine or
ten atoms, depending on the acceptor type (phos-
phoryl, carbonyl, or sulphonyl).

Based on the search results, 32 compounds were
chosen. Some of them, characterized by significant
deviations of the interaction parameters from the val-
ues corresponding to the formal criteria of hydrogen
bond formation, were excluded from consideration
(the detailed data are listed in Table S1). Note that
CRYSTALLOGRAPHY REPORTS  Vol. 66  No. 3  202
molecules of some compounds contained several frag-
ments that were specified for search. Finally, 25 com-
pounds were chosen, 17 of which were in the form of
solvate crystals. It is noteworthy that intramolecular
hydrogen bond X=O⋅⋅⋅H–N (X = C, S, P) is imple-
mented in the crystals of all these compounds. The
О⋅⋅⋅Н distances are in the range of 2.05–2.40 Å; their
values are listed in Table 3. Note that the presence of
solvate molecules (including strong acceptors. e.g.,
DMSO and DMF) in the crystals does not hinder
realization of intramolecular bonding of this type.

Thus, the following empirical rule is valid for all
chosen compounds: if there are no obstacles in a mol-
1
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Table 2. Parameters of the intra- and intermolecular interactions in crystals 1–3

D–H⋅⋅⋅A D–H, Å H⋅⋅⋅A, Å D⋅⋅⋅A, Å ∠DHA, deg Symmetry operation

Compound 1
N4–H4⋅⋅⋅O13 0.87(3) 2.54(6) 3.202(7) 133(6)
N2–H2⋅⋅⋅O13 0.88(6) 1.99(7) 2.836(6) 160(7) –1/2 + x, y, 1/2 – z

Compound 2
N4А–H4А⋅⋅⋅O13А 0.88(4) 2.27(4) 3.126(4) 163(3)
N2А–H2А⋅⋅⋅O13А 0.88 2.31 2.931(4) 127 x, 1/2 –y, 1/2 + z
N1А–H1А⋅⋅⋅O11А 0.82(2) 2.53(2) 3.317(5) 161(3) x, 1/2 – y, 1/2 + z
N4В–H4В⋅⋅⋅O13В 0.83(3) 2.14(3) 2.945(4) 164(4)
N1B–H1B⋅⋅⋅O30 0.85(3) 1.98(3) 2.778(4) 158(3)
N2B–H2B⋅⋅⋅O30 0.82(3) 2.05(3) 2.826(5) 158(3) 1 – x, –y, 2 – z
С12В–Н12С⋅⋅⋅О11В 0.99 2.39 3.374(4) 172 –x, –y, 2 – z

Compound 3
N4А–H4А⋅⋅⋅O13А 0.91(5) 2.13(5) 2.999(6) 160(5)
N2А–H2А⋅⋅⋅O13В 0.93(5) 2.02(5) 2.935(6) 170(5)
N1А–H1А⋅⋅⋅O30 0.82(3) 2.03(3) 2.809(5) 160(6) 1 + x, y, z
N1B–H1B⋅⋅⋅O13В 0.76(5) 2.13(5) 2.873(5) 167(5) 1 – x, 1 – y, 1 – z
N2B–H2B⋅⋅⋅O30 0.78(4) 2.13(4) 2.882(6) 163(5) 1 + x, y, z
N4B–H4B⋅⋅⋅S3A 0.85(5) 2.60(5) 3.296(5) 140(4) 1 – x, 1 – y, 1 – z
С12B–H12D⋅⋅⋅O11В 0.99 2.40 3.350(6) 161 2 – x, 1 – y, 1 – z
С25B–H25B⋅⋅⋅O11В 0.95 2.55 3.473(6) 164 2 – x, 1 – y, 1 – z

Table 3. Parameter of intramolecular hydrogen bond
X=O⋅⋅⋅N–H in the compounds selected from the CCDC
and containing a thiosemicarbazide fragment

* Compounds are solvate crystals

Code d(H⋅⋅⋅O), 
Å Code d(H⋅⋅⋅O), 

Å

1 REWVIP* 2.19 13 GAXKEY 2.38
2 CEFWOC* 2.07 14 GAXKIC 2.27

CEFWOC* 2.09 15 IXONIU 2.28
CEFWOC* 2.11 16 KAYTOU* 2.32
CEFWOC* 2.11 17 KEQTOS* 2.11
CEFWOC* 2.14 18 MATBOB* 2.23
CEFWOC* 2.16 19 MATBOB02* 2.23

3 CICZEW* 2.33 20 MATJOJ* 2.21
4 CUNJOM* 2.14 21 MATJOJ02* 2.22

CUNJOM 2.18 22 NOBJOG 2.35
5 CUNJUS* 2.27 OREWAL 2.31
6 CUNJUS01* 2.28 23 OREWAL02 2.32
7 CUNKAZ* 2.22 24 QAPPAB* 2.15
8 GEDFUT* 2.16 25 QAPPAB02* 2.15
9 GEDFUT 2.1 26 GEDGAA 2.24

GEDGAA* 2.05 27 UYACUU 2.28
10 GEDGAA 2.13 28 ZINDOR 2.40

GEDGAA 2.23
ecule to free rotation along single bonds, its conforma-
tion is determined by the above-considered intramo-
lecular interaction, independent of the crystallization
type (solvate-free form or a solvate crystal).

One would think that, at the total confirmation of
intramolecular interaction by statistical and experi-
mental data, taking into account that the hydrogen-
bond acceptor in thiosemicarbazides must occupy a
certain position with respect to the hydrogen atom of
amine group, the existence of a crystal modification
with another molecular geometry is unlikely. How-
ever, a radically different conformation of the acyclic
molecular framework is implemented specifically in
crystal 3 of the other solvate of phosphoryl-acetyl
derivative of thiosemicarbazide with DMSO.

In the crystal of compound 3, two independent
molecules are characterized by different acyclic-
framework conformations: the previously described
“rolled” conformation, stabilized by an intramolecu-
lar hydrogen bond, for molecule А with the О⋅⋅⋅Н dis-
tance of 2.13(5) Å and a “linear” conformation for
molecule B (Fig. 2). Comparison of independent mol-
ecules of three investigated compounds indicates the
absence of visible reasons for a change in the molecu-
lar behavior during crystallization. Most likely, these
changes in crystal 3 are due to the influence of the
crystalline field and molecular environment rather
than incorporation of solvent molecule into the crystal
structure.
YSTALLOGRAPHY REPORTS  Vol. 66  No. 3  2021
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Fig. 2. Conventional superposition of two independent
molecules of compound 3. The intramolecular hydrogen
bond N–H⋅⋅⋅O is indicated by a dotted line. All hydrogen
atoms (except for H4А) are omitted.
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Fig. 3. Crystal of compound 1: (a) fragment of a one-
dimensional zigzag chain and (b) fragment of a packing of
one-dimensional motifs (view along Оа).
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It should be noted that the quantum-chemical cal-
culations (B3LYP, 6-31G(d,p)) with optimization of
the geometry of independent molecules of crystals 2
and 3 revealed that the “rolled” conformation, stabi-
lized by intramolecular interaction, is less favorable
(by 1.7 kcal/mol) than the “linear” one (the calcula-
tion results are reported in the Supplementary Materi-
als, Figs. S4–S7). It is not quite clear why the “linear”
conformation is somewhat more favorable at the
molecular level, and further analysis must be per-
formed to clarify this issue. A possible reason is the
influence of molecular environment in the crystal.

One should take into account that the molecule of
phosphoryl-acetyl derivative of thiosemicarbazide
contains many active functional groups, which can
participate in the intermolecular interactions of vari-
ous nature and call for separate analysis. Nevertheless,
let us first consider the realization of classical inter-
molecular hydrogen bonds in the crystals. Other
aspects of the formation of supramolecular structures
will be revealed by analyzing the Hirshfeld surface,
which represents visually the molecular environment
in crystals [29].

As the main forming motif in crystal 1, one can
consider the one-dimensional zigzag chain formed
due to the N–H⋅⋅⋅O interactions with participation of
an oxygen atom of the О13 (N2–H2⋅⋅⋅O13) phosphoryl
group and oriented along the axis corresponding to the
smallest unit cell parameter a (Fig. 3a). The packing of
one-dimensional chains in a crystal is of hexagonal
type (Fig. 3b). The N1–H1⋅⋅⋅O11 hydrogen bond also
stabilizes these chain supramolecular motifs.

A similar supramolecular motif oriented along the
c axis (corresponding to the smallest unit-cell param-
eter) is formed in crystal 2 by molecules А with partic-
ipation of similar active molecular centers (N1А–
H1А⋅⋅⋅O11А and N2А–H2А⋅⋅⋅O13А). One can observe dif-
1

Fig. 4. Pseudotetramer formed by molecules B in crystal 2.
The intermolecular interactions are indicated by dotted
lines.
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Fig. 5. Arrangement of independent molecules А (colored dark gray) and B (bright gray) in crystal 2.

a

c b
ference in the character of involvement of active cen-
ters into the formation of supramolecular motif on the
Hirshfeld surfaces for a molecule of compound 1 and
molecule А of compound 2 (Fig. S8).

A radically different supramolecular structure is
formed by the second independent molecule in crystal 2,
despite the fact that the acyclic-framework conforma-
tions of molecules A and B are identical. Two mole-
cules B form (with participation of two DMSO mole-
cules) a closed centrosymmetric motif (pseudote-
tramer) via N–H⋅⋅⋅O hydrogen bonds (N1B–H1B⋅⋅⋅O30
CR

Fig. 6. Point associate in crystal 3, formed by four com-
pound molecules and two solvent molecules. The atoms
involved in the formation of a chain from H bonds in the
supramolecular motif are shown in the sphere–rod repre-
sentation.

О30
О30N1B

N2B N2A
N1A

H1BH2B

H2A H1AO13B
and N2B–H2B⋅⋅⋅O30 with О⋅⋅⋅Н distances of 2.13(5) and
2.13(4) Å, respectively) (Fig. 4).

On the Hirshfeld surface for molecule B, one can
observe also a pair of concentric red regions, corre-
sponding to the centrosymmetric nonclassical С–
Н⋅⋅⋅О interaction (С12В–Н12С⋅⋅⋅О11В) with a neighbor-
ing molecule B, bound with the initial one by an inver-
sion center (Fig. S9). Due to this interaction, pseudo-
tetramers are bound into a one-dimensional motif (H-
chain oriented along the a axis). An interesting aspect
of this interaction is that it is involved in the orienta-
tion of phenyl rings of the diphenylphosphoryl frag-
ment of molecules B.

Thus, despite the identity of molecular conforma-
tions, the morphology of the supramolecular motifs
formed by separately independent molecules А and B
in crystal 2 differ radically. Taking into account the
above-considered structure-forming N–H⋅⋅⋅O and
С–Н⋅⋅⋅О interactions in crystal 2, each independent
molecule forms its own one-dimensional H-chains of
different morphologies, oriented perpendicular to
each other. Each independent molecule forms a layer
of H-chains, and a crystal can be considered as a stack
of layers alternating along the b axis (Fig. 5). In this
case, two independent molecules are spatially sepa-
rated in a crystal, and the packing becomes looser. For
example, according to Kitaigorodskii packing coeffi-
cient of molecules in the crystals of compounds 1 and 2
are 67.9 and 65.6%, respectively.

Despite the fact that the character of crystallization
of crystal 3 is similar to that for compound 2 (with par-
ticipation of two independent compound molecules
and one DMSO molecule), there is no spatial separa-
YSTALLOGRAPHY REPORTS  Vol. 66  No. 3  2021



CONFORMATIONAL BEHAVIOR 439

Fig. 7. (1, 3) Theoretical and (2, 4) experimental powder XRD patterns of compounds (1, 2) 1 and (3, 4) 3. 
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tion of two independent molecules, because their
common supramolecular motif is formed. Apparently,
one of the reasons is the previously discussed fact that
one out of two independent molecules in crystal 3 is in
a conformation that is atypical for derivatives of
thiosemicarbazides with the acyclic framework. This
conformation may be due to the formation of a pecu-
liar supramolecular associate (as the main motif) with
participation of two molecules А of the “rolled” con-
formation; two molecules B of the “linear” conforma-
tion; and two DMSO molecules, bound by a set of N–
H⋅⋅⋅O interactions (Fig. 6). This motif stabilizes the
additional N4B–H4B⋅⋅⋅S3A interactions with participa-
tion of thionic fragment. Two pairs of symmetric con-
centric red regions can be observed on the Hirshfeld
surface of molecule B, one of which corresponds to the
nonclassical С12B–H12D⋅⋅⋅O11В interaction and the
other corresponds to the С25B–H25B⋅⋅⋅O11В interaction
(Fig. S10) (the latter orients phenyl cycles of the
diphenylphosphoryl fragment). Due to the presence of
double hydrogen bonds С12B–H12D⋅⋅⋅O11В, the associ-
ates are bound into a one-dimensional cylindrical
motif, oriented along the crystallographic a axis,
which corresponds to the smallest unit-cell parameter
(Fig. S11).

The powder diffraction experiments demonstrated
that polycrystalline samples 1 and 3 correspond on the
whole to the theoretical data calculated based on the
single crystal data (Fig. 7), whereas compound 2, in
which two multidirectional one-dimensional motifs
are formed, is unstable and passes to the amorphous
state.

CONCLUSIONS

Based on the results of this study and the data in the
literature (using CCDC), it was shown that all deriva-
tives of thiosemicarbazides of considered type in the
CRYSTALLOGRAPHY REPORTS  Vol. 66  No. 3  202
solid state exhibit the formation of an intramolecular
classical hydrogen bond, which leads to the “rolled”
conformation of the acyclic molecular framework,
independent of the crystallization type (non-solvate
form or solvate crystal). The preferred “rolled” type of
molecular conformation does not exclude the possi-
bility of forming supramolecular motifs of various
dimensionalities and morphologies (including those
leading to spatial separation in the crystal regions
occupied by independent molecules) in crystals of
phosphoryl-acetyl derivatives of thiosemicarbazide
due to the intermolecular hydrogen bonds.

The conformational lability, which was observed
for independent molecules in crystal 3, is likely due to
the induced deviation of molecular geometry from the
“rolled” conformation during the formation of a uni-
fied supramolecular capsule-type structure by mole-
cules of both conformers.
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