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Abstract—Crystallization of the Ph3Sb(O2CCH2−CH=CH2)2 complex upon fast solvent (benzene) evapora-
tion gives monoclinic crystals (I), whereas in the case of slow evaporation, triclinic crystals are formed (II).
Also, monoclinic crystals are spontaneously transformed into triclinic crystals within 6 months. It was shown
that the presence of voids near one carboxylate ligand in the monoclinic phase of Ph3Sb-
(O2CCH2−CH=CH2)2 decreases the energy of intermolecular interactions and, as a consequence, leads to a
conformational transition with a noticeable decrease in the crystal lattice energy. Thus, the presence of voids
in the monoclinic phase crystal allows the formation of a thermodynamically more favorable conformation
of the molecule in the crystal. Several structural models were determined for the
Ph3Sb(O2CCH2−CH=CH2)2 complex (CIF files no. 1887561 (IIAM), model of non-interacting atoms;
1887562 (I), multipole model; 1887563 (IIIAM), model of non-interacting atoms; 1887564 (II), multipole
model).

Keywords: triphenylantimony complex with vinylacetic acid, high-precision X-ray diffraction, conforma-
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INTRODUCTION
Carboxylate complexes of triarylantimony exhibit

antitumor activity [1–8], which is potentially import-
ant for the treatment of cancer. However, these drugs
also have adverse effects, first of all, high toxicity.
Therefore, most studies of Sb(V) carboxylate deriva-
tives address the relationship between the chemical
and pharmacological properties of these compounds
with the goal to minimize adverse effects and increase
the efficacy of drugs. Of wide practical interest are
studies on the use of triarylantimony carboxylate com-
plexes in the polymerization [9–11], cross-coupling
reactions [12–14], and also in the design of photore-
sists for microelectronics [15]. Also, we found that
during crystallization of the Ph3Sb(O2CCH2−
CH=CH2)2 complex (I), fast evaporation of the sol-
vent (benzene) results in the formation of monoclinic
crystals, whereas slow evaporation gives triclinic crys-
tals. Monoclinic crystals are spontaneously trans-
formed into triclinic crystals within six months.

The present study is devoted to the causes of spon-
taneous monoclinic to triclinic transition of Ph3Sb-
O2CCH2−CH=CH2)2 (I).

EXPERIMENTAL
The triphenylantimony(V) vinylacetate complex I

was prepared by a known procedure described in [16].

High-precision X-ray diffraction study of complex I
and its conformational polymorph (II) was carried out
at 100 K on Oxford Xcalibur (Eos detector) (for I) and
Bruker D8 QUEST (CMOS detector) (for II) auto-
mated diffractometers (graphite monochromators,
MoKα radiation, λ = 0.71073 Å). The experimental
sets of reflection intensities were integrated using
CrysAlisPro [17] and SAINT [18] programs. The
SCALE3 ABSPACK [19] and SADABS program
packages [20] were used to apply absorption correc-
tions. The structures were solved by the direct method
and refined by full-matrix least-squares method on F 2

(SHELXTL) [21]. All non-hydrogen atoms were
refined in the anisotropic approximation. Hydrogen
atoms were placed into geometrically calculated posi-
tions and refined isotropically with the riding model.

The multipole refinement of complexes I and II
was performed using the Hansen–Coppens model
[22] and the MoPro program package [23]. In the
high-precision X-ray diffraction, all hydrogen atoms
were normalized prior to the multipole refinement to
the ideal neutron diffraction-derived lengths [24]. The
multipole expansion level was hexadecapole for the
antimony atom, octapole for all non-hydrogen atoms,
and dipole for hydrogen atoms. All bonded pairs of
atoms satisfied the Hirshfeld test [25]. The topological
analysis of the experimental ρ(r) function was per-
formed using the WINXPRO software package [26].
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Table 1. Key crystallographic characteristics and high-precision X-ay diffraction parameters for the multipole refinement
model of complexes I and II

Parameter
Value

I II

Molecular formulas C26H25O4Sb C26H25O4Sb

М 523.216 523.216

System Monoclinic Triclinic

Space group P21/c P1

а, Å 12.4174(2) 8.1823(3)

b, Å 22.1246(4) 8.8194(3)

c, Å 8.8020(2) 17.9141(7)

α, deg 90 77.880(1)

β, deg 104.647(2) 89.821(1)

γ, deg 90 62.885(1)

V, Å3 2339.59(8) 1118.62(7)

Z 4 2

ρ(calcd.), g cm–3 1.486 1.554

μ, mm–1 1.208 1.263

F(000) 1056 528

Crystal size, mm 0.45 × 0.35 × 0.20 0.46 × 0.18 × 0.16

Range of θ, deg 3.02–51.42 2.34–51.43

Number of collected/unique reflections 971802/25476 336077/28905

R1/wR2 (I > 2σ(I)) 0.0394/0.0314 0.0177/0.0144

GOOF 0.993 0.998

Residual electron density, e Å–3 0.320/–0.449 0.311/–0.856
The presence of a disordered allyl moiety in II
induces some deviations from the standard multipole
refinement scheme, in which the atomic coordinates
and thermal and multipole parameters were refined
successively. Here we split the molecule into two
blocks, one containing atoms with 100 and 80% site
occupancy and the other containing only atoms with
20% occupancy. The same parameters were first
refined in one block (100% + 80% occupancy) and
then in the other block (20% occupancy), and this was
done for each parameter to be refined. In addition,
because of disorder of the allyl moiety, we applied the
WINXPRO program to separately analyze the elec-
tron density topologies of two different conformations
RUSSIAN JOURNAL OF C
of II (IIa and IIb). In this case, site occupancy for each
disordered allyl moiety was equal to unity.

The key crystallographic characteristics and X-ray
diffraction parameters for the multipole refinement
model for complexes I and II are summarized in
Table 1.

The structures were deposited in the Cambridge
Crystallographic Data Centre (CCDC) (no. 1887561
(IIAM), model of non-interacting atoms; 1887562 (I),
multipole model; 1887563 (IIIAM), model of non-
interacting atoms; 1887564 (II), multipole model;
http://www.ccdc.cam.ac.uk/data_request/cif).
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Fig. 1. Molecular structure of Ph3Sb(O2CCH2−CH=CH2)2: (a) molecule of the monoclinic phase (I); (b) molecule of the tri-
clinic phase (II). One carboxylate ligand in II is disordered over two sites with 80% occupancy (C(6)C(7)C(8) moiety, compound
IIа) and 20% occupancy (C(6')C(7')C(8') moiety, compound IIb). The thermal ellipsoids are drawn at the 30% probability level.
Hydrogen atoms are omitted for clarity. 
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RESULTS AND DISCUSSION

In order to study the spontaneous phase transition
of monoclinic crystals I to triclinic crystals II, their
high-precision X-ray diffraction analysis was per-
formed. The molecular structure of the complexes is
shown in Fig. 1. The coordination environment of the
central Sb atom in I and II is intermediate between
trigonal-bipyramidal and tetragonal-pyramidal ones.
The parameter τ is 0.50 for both complexes [27]. The
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
carboxylate groups in I and II occupy cis-positions.
The key Sb(1)−O(1, 3), Sb(1)−O(2, 4), and
Sb(1)−C(Ph) distances in I and II are in the
2.1196(3)–2.1512(8), 2.7778(9)–2.9816(4), 2.1063(4)–
2.1190(3) Å ranges, respectively. According to CCDC
data [28], these bond lengths are typical of triphe-
nylantimony(V) carboxylate complexes. Note that the
monoclinic (I) to triclinic (II) transition gives rise to
two conformers, because of the disorder of one allyl
moiety of the carboxylate ligand in II with occupan-
  Vol. 45  No. 8  2019
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Table 2. Distances and key topological parameters for the CP(3, −1)* in the antimony coordination sphere of the
Ph3Sb(O2CCH2−CH=CH2)2 complex as the monoclinic and triclinic phases

* CP(3, −1) is the (3, −1) critical point.

Bond Distance, Å ν(r), a.u. ρ(r), a.u. ∇2ρ(r), a.u. he(r), a.u.

Monoclinic phase (I)
Sb(1)−O(1) 2.1255(9) –0.102 0.077 0.272 –0.017
Sb(1)−O(3) 2.1512(8) –0.092 0.071 0.257 –0.014

Sb(1)…O(2) 2.8384(10) –0.017 0.024 0.068 0.0001

Sb(1)…O(4) 2.7778(9)

Sb(1)−C(9) 2.1166(11) –0.205 0.137 –0.040 –0.108
Sb(1)−C(15) 2.1102(12) –0.166 0.117 0.063 –0.075
Sb(1)−C(21) 2.1081(12) –0.191 0.128 0.055 –0.089

Triclinic phase (II)
Sb(1)−O(1) 2.1196(3) –0.138 0.099 0.198 –0.044
Sb(1)−O(3) 2.1277(3) –0.128 0.094 0.205 –0.039

Sb(1)…O(2) 2.8021(4)

Sb(1)…O(4) 2.9816(4)

Sb(1)−C(9) 2.1190(3) –0.147 0.105 0.161 –0.053
Sb(1)−C(15) 2.1089(3) –0.161 0.113 0.116 –0.066
Sb(1)−C(21) 2.1063(4) –0.174 0.121 0.058 –0.080
cies of 80% (IIa) and 20% (IIb) (Fig. 1b). The disor-
dered groups in triclinic phase II are roughly related by
a mirror plane passing through the O(3)O(4)C(5) car-
boxylate group. Superposition of the Ph3Sb-
(O2CCH2−CH=CH2)2 complex molecules for mono-
clinic (I) and triclinic (IIa, IIb) phases is shown in
Fig. 2. The most pronounced conformational differ-
ences are between the C(6)C(7)C(8) moieties of the
monoclinic (I) and triclinic (IIа) phases (Fig. 2а) and
the C(6)C(7)C(8) and C(6')C(7')C(8') moieties of I
and IIb (Fig. 2b). The C(6)C(7)C(8) allyl group of the
vinylacetic ligand (80% site occupancy) of IIа is
rotated through ~170° relative to the similar
C(6)C(7)C(8) group of I around the C2 axis extended
along the C(5)–C(6) bond (Fig. 2а). In turn, the
C(6')C(7')C(8') moiety of the vinylacetic ligand (20%
site occupancy) of IIb and the C(6)C(7)C(8) moiety
of I are roughly related by a mirror plane. Thus, the
spontaneous transition of the monoclinic crystals I
gives rise to two conformational isomers in the tri-
clinic phase.

For studying the nature of chemical bonds in the Sb
coordination sphere of I and II, we used Bader’s the-
ory [29], according to which the Sb(1)−O(1, 3) and
Sb(1)−C(15, 21) bonds in I refer to the intermediate
type of interactions (∇2ρ(r) > 0, he(r) < 0), whereas the
Sb(1)−C(9) bond is a shared interaction (∇2ρ(r) < 0,
he(r) < 0) (Table 2). In II, all interactions in the anti-
mony coordination sphere are of intermediate type.
Note that the Sb−C(Ph) bonds in the previously stud-
ied triphenylantimony dicarboxylate complexes were
RUSSIAN JOURNAL OF C
characterized as either intermediate [30, 31] or shared
type interactions [32].

To reveal the nature of conformational polymor-
phism in the Ph3Sb(O2CCH2−CH=CH2)2 crystals, all
interactions between the complex molecules in the
monoclinic (I) and triclinic (II) phases were identified
and their energies were estimated using the Espinosa–
Molins–Lecomte correlation [33]. It is of interest that
the energy of intermolecular contacts of the
O(1, 2)C(1−4) ligand in the monoclinic polymorph I
(–9.41 kcal/mol) virtually coincides with the corre-
sponding energy value for this ligand in the triclinic
polymorph II (–9.49 kcal/mol). This is in line with
the moderate conformational changes of the
O(1.2)C(1−4) ligand upon conversion to the triclinic
phase II. Meanwhile, the O(3, 4)C(5−8) ligand
undergoes much more pronounced conformational
changes upon the monoclinic (I) to triclinic (II) tran-
sition. The energy of intermolecular contacts of this
ligand in I is –8.01 kcal/mol, which is smaller than
that in IIа (–10.25 kcal/mol) or IIb (–8.42 kcal/mol).
As a result of phase transition, the crystal lattice energy
decreases by ∼5 kcal/mol in IIa and ∼3.5 kcal/mol in
IIb; also, the molecular volumes decrease and, hence,
the density and the packing factor increase (Table 3).
It is noteworthy that the volume of the C(6)C(7)C(8)
allyl group in I, including hydrogen atoms, found as
the sum of atomic basins is 76.3 Å3, which is markedly
greater than the volume of analogous group in II
(73.9 Å3 in IIа and 72.9 Å3 in IIb). This difference can
be interpreted as being due to the presence of voids
around the C(6)C(7)C(8) allyl group in I, which
OORDINATION CHEMISTRY  Vol. 45  No. 8  2019
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Fig. 2. Superposition of molecules of Ph3Sb(O2CCH2−CH=CH2)2 in monoclinic (I) and triclinic ((a) IIа and (b) IIb) phases.
The bonds are shown by solid lines in the monoclinic phase molecules and by contour lines in triclinic phase molecules. The ther-
mal ellipsoids are drawn at the 30% probability level. Hydrogen atoms are omitted for clarity. 
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allows this group to change conformation without
crystal destruction (Fig. 3).

Thus, the presence of voids near one of the carbox-
ylate ligands in the monoclinic phase (I) of
Ph3Sb(O2CCH2−CH=CH2)2 decreases the energy of
intermolecular interactions and, hence, enables a con-
formational change with a pronounced decrease in the
crystal lattice energy. In other words, the voids present
in the crystals of monoclinic phase I provide a way to
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
thermodynamically more favorable molecular confor-
mation in the crystal.
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Fig. 3. Positions of voids in the monoclinic phase (I) of the Ph3Sb(O2CCH2−CH=CH2)2 complex.
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Table 3. Energy and crystal characteristics of the
Ph3Sb(O2CCH2−CH=CH2)2 complex

* The values for IIb are given after the slash.

Monoclinic phase (I) Triclinic phase (II)*

Energy of all intermolecular contacts, kcal/mol

–40.04 –45.72/–43.50

Density, g/cm3

1.486 1.554

Packing factor, %

70.2 73.3/73.1

Volume of the molecule
(sum of the Voronoi–Dirichlet polyhedra), Å3

596.2 565.5

Volume of the molecule
(sum of the atomic basin volumes), Å3

582.8 557.3
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