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Abstract—The reaction of [VO(OPr);] (Pr is n-propyl) with hexamethyldisylthiane Me;SiSSiMes in the
presence of B-diketones (acetylacetone (HAcac), hexafluoroacetylacetone (Hfac), and dipivaloylmethane
(Dpm)), is studied. In all cases, vanadium(IV) and vanadium(I1I) B-diketonate complexes of different types
are formed. New crystalline modification [V(Acac);] is obtained in the reaction with HAcac. The mixed-
ligand vanadium(I1I) complex of the composition [V,(Hfac),(p-OPr)], is formed with Hfac. In the presence
of Dpm, the known vanadium(IV) complex [V,0,(Dpm),(p-OPr),] is obtained in which two vanadyl groups
VOZ* are linked by two bridging propoxy groups. The structures of all products are determined by X-ray dif-

fraction analysis.
DOI: 10.1134/S1070328413020085

Compared to the well developed chemistry of chal-
cogenide molybdenum clusters, the chemistry of chal-
cogenide clusters of the diagonal analog (vanadium) is
studied to a lesser extent [1, 2]. Only the clusters with
the {V,(u1-S,),}** core were rather well studied and are
easily available. There are different approaches to the
synthesis of these complexes. The trithiocarbonate
complex [V,(u-S,),(CS;),]*~ was synthesized from
[VS,(S,)(SPh)]*~ and CS, [3]. The reaction of diben-
zolvanadium [V(n°-C¢Hg),] with dithioacetic acid in
toluene afforded [V,(u-S,),(CH;CS,),] [4]. Com-
plexes [Vy(H-Sy),(E6LNCS,)]  and - [V,(1-S,),(iso-
Bu,NCS,),] were synthesized by the reactions of
[VS,]?~ with thiuram disulfides (R,NCS,), [5—8]. The
reactions of dithiocarbamates [VO(S,CNEt,);] and
xanthates VO(S,COR); with hydrogen sulfide gave
[V,S4(S,CNE,),] and [V,S,(S,COEt),] [9]. As can be
seen from the data presented, in all known cases, the
cluster core {V,(u-S,),}** is coordinated by the biden-
tate sulfur-containing ligands only. In this work we
studied the possibility of obtaining the [V,S,(B-
Dike),] complexes from [VO(OPr);], free B-diketone,
and a sulfidizing agent (hexamethyldisilthiane or
hydrogen sulfide). It turned out that no sulfide clusters
were formed in any case and the vanadium(IV) and
vanadium(III) B-diketonate complexes were the
products, whose structures are determined by the
nature of 3-diketone used.

EXPERIMENTAL

All experiments were carried out under argon using
a standard Schlenk technique. Solvents were purified
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by standard procedures. The starting reagents
from commercial sources (Sigma-Aldrich) were used
as received. IR spectra were recorded on a Scimitar
FSC-2000 spectrophotometer (KBr pellets). Elemen-
tal analysis was carried out at the Analytical Labora-
tory of the Nikolaev Institute of Inorganic Chemistry
(Siberian Brabch, Russian Academy of Sciences).

Synthesis of [VO(Dpm)(p-OPr)],. Dipivaloyl-
methane (1.5 mmol, 350 pL) was added to a solution
of [VO(OPr);] (200 pL, 800 pmol) in toluene (5 mL),
and the resulting solution was treated with hexameth-
yldisilthiane (200 pL, 900 pmol). A dark brown solu-
tion was stirred for 3 days at ambient temperature and
turned green. Green crystals of the product were
obtained by the slow evaporation of the solvent in
vacuo. The yield was 70%. The structure of the com-
plex was determined by X-ray diffraction analysis. IR,
v, ecm™): 3005 m, 2923 m, 1556 s, 1527 s, 1419 s,
1374 s, 1358 s, 1287 s, 1021 s, 998 s, 936 m, 797 m,
686 m, 609 m, 484 s, 424 m.

Synthesis of [V(Acac);] (I). Acetylacetone (500 pL,
5 mmol) was added to a solution of [VO(OPr);]
(610 uL, 2.5 mmol) in toluene (5 mL). The solution
gradually turned bright red. After the color stabilized,
hexamethyldisilthiane (2.1 mL, 9 mmol) was added
and the solution turned brown. The solvent was evap-
orated to a minimum volume, and hexane was added
to turbidity. Brown crystals of [V(Acac);] grew upon
keeping the mixture in a refrigerator at —18°C for
2 days. The yield was 80%. IR, v, cm~': 2963 m,
2922 m, 2049 w, 1959 w, 1564 s, 1526 s, 1420 s, 1380 s,
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Table 1. Crystallographic data and details of diffraction experiments for structures I and 11

Value
Parameter
1 I 11
Molecular formula C,sH,, 06V C,sH,, 06V Cy6H gF2400V>
FW 348.26 348.26 1048.28
Crystal system Monoclinic Monoclinic Triclinic
Space group; Z P2,/c; 4 P2,/c; 4 pI; 2
T,K 100 150 150
a, A 13.8782(3) 13.9154(6) 9.1764(4)
b, A 7.4462(2) 7.4779(4) 12.9073(4)
c, A 16.1939(4) 16.2411(9) 17.4229(6)
a, deg 90 90 68.886(1)
3, deg 99.7420(10) 99.530(2) 85.762(1)
vy, deg 90 90 83.060(1)
v, A3 1649.34(7) 1666.69(15) 1909.94(12)
F(000) 728 728 1032
Pealed» &/cm’ 1.402 1.388 1.823
w(MoK,), mm~! 0.626 0.619 0.657
Crystal size, mm 0.21 X 0.12 x 0.10 0.30 x 0.15 % 0.10 0.50 x 0.35 x 0.08
Tins Tmax 0.828; 1 0.741; 1 0.735; 0.949
Measured reflections (R;;) 14003/4517 (0.0237) 11532/4411 (0.0370) 1510/9182 (0.0259)
Observed (1> 2a(1)) 3602 2952 6487
20.x deg 62.62 62.92 56.60
R, (with I>2c(1)) 0.0392 0.0485 0.0493
wR(F?) (for all reflections) 0.1088 0.1298 0.1491
Goodness-of-fit 1.057 1.048 1.082
AP o/ MPrnin» €A3 0.55/—-0.44 0.68/—0.43 1.55/-0.86

1359 s, 1274 s, 1021 s, 997 m, 932 m, 798 m, 667 m,
587 m, 484 m, 445s, 413 m.

Synthesis of [V(Hfac),(p-OPr)], (II). Hexafluoro-
acetylacetone (170 plL) was added to a solution of
[VO(OPr),] (100 pL) in dichloromethane (5 mL), and
the solution immediately turned intensively dark
brown. Then hexamethyldisilthiane (200 uL) was
added. The dark violet solution that formed was stirred
for 24 h, and the solvent was distilled off in vacuo at
ambient temperature. The product was sublimed when
temperature was increased to 100°C and deposited as
large black-violet crystals on the walls of a Schlenk
vessel. The yield was 60%. The structure of the com-
plex was determined by X-ray diffraction analysis.

X-ray diffraction analysis. All measurements were
performed by a standard procedure on a Bruker-No-
nius X8Apex automated four-circle diffractometer
equipped with a CCD two-coordinate detector
(MoK, radiation, A = 0.71073 A, graphite monochro-
mator). Reflection intensities were measured in ¢ and
o scan modes for narrow (0.5°) frames. An absorption
correction was empirically applied using the SADABS

program [10]. Structures I and II were solved by a
direct method and refined by full-matrix least squares
in the anisotropic approximation for non-hydrogen
atoms using the SHELXTL program package [11].
Hydrogen atoms were refined in the rigid body
approximation.

Disorder of the acetylacetonate ligand over two
equally probable positions with an “inflection” along
the O---O line was observed in structure I at 7= 150 K.
In order to obtain more exact data, the X-ray diffrac-
tion analysis was carried out from another single crys-
tal at 7= 100 K; however, the disoder remained.

The fluorine atoms of all CF; groups in structure I1
are disordered over two positions with different contri-
butions, which is a result of rotation.

The crystallographic characteristics of complexes I and
IT and details of diffraction experiments are given in
Table 1. The CIF files containing the full information on
the studied structures were deposited with the Cambridge
Crystallographic Data Centre (nos. 864189 (I) and 864191
(II); deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk/data_request/cif).
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RESULTS AND DISCUSSION

The possibility for the synthesis of unknown com-
plexes [V,S,(B-Dike), from [VO(OPr);], free B-dike-
tone, and a sulfidizing agent was studied. It
was assumed that [VO(OPr);] would react with
free B-diketone to generate complexes [VO(B-
Dike);], which could be transformed upon sulfidation
into [V,S,(B-Dike),] due to the redox condensation by
analogy to xanthates and dithiocarbamates,
[VO(ROCS,);] and [VO(R,NCS,);] [9]. However, it
turned out that hydrogen sulfide treatment of a mix-
ture of [VO(OPr);] and HAcac resulted only in the
quantitative reduction of vanadium(V) to vana-
dium(IV) to form known [VO(Acac),| and sulfur. The
replacement of the sulfiding agent by hexamethyldi-
silthiane gave the known complex [V(Acac);] (I) (with
a small admixture of [VO(Acac),]) crystallized in a new
modification. The replacement of HAcac by more
bulky HDpm changes the “route” of the reaction with
hexamethyldisylthiane: the product (after recrystalli-
zation from ethanol) was the known binuclear com-
plex [V,0,(Dpm),(n-OEt),] [12] in which two
vanadyl groups are bound by two bridging ethoxy
groups. The new vanadium(IIl) complex
[V,(Hfac),(u-OPr)] (II) was obtained when HHfac
was used. The complex turned out to be rather volatile,
and single crystals suitable for X-ray diffraction analy-
sis were obtained by vacuum sublimation. It should be
mentioned that this is the second known complex of
the [V(B-Dike),(u-OR)], type. The first representa-
tive of this family of ligands containing acetylaceto-
nate as a chelate and pyrogallol as a bridge was synthe-
sized by the reaction of [VO(Acac),] with a pyrogallol
excess [13]. Thus, attempts to obtain vanadium sulfide
clusters with B-diketonate ligands lead to the reduc-
tion of vanadium only and the formation of the vana-
dium(IIl) and vanadium(IV) [-diketonate com-
plexes, depending on the nature of B-diketone and the
sulfiding agent.

The monoclinic (space group P2,/c) modification
of [V(Acac)] obtained in this work (Fig. 1) differs
from the known monoclinic (P2,/n) [14] and ortho-
rhombic (Pbca) [15] modifications by molecular
packing. The geometric characteristics in the mole-
cules in the polymorphous modifications of com-
pound I (Table 2) are consistent with each other.

Polymorphism in metal tris(acetylacetonates) has
been studied from the mid-1920s [17]. The most mod-
ern and complete review [18] systematized the known
structural types of these compounds based on the
chirality of the [M(Acac);] molecule, which can take
one of two enantiomeric forms (C or C*¥). The packing
in all structures of this type can be considered as dis-
torted monolayer hexagonal (4A4A4). To assign the
packing (and, correspondingly, the crystalline phase)
to this or another type, a closely packed hexagonal
molecular layer is chosen, and the distance between
the centers of the molecules in the layer is 7.4—8.1 A.
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Fig. 1. Structures of molecules [V(Acac);] in compound 1.

The specific of the enantiomer (C or C¥) is determined
for all molecules. According to the mutual arrange-
ment of molecules of this or another type in the layer,
the structural type is designated by Greek letters: a, f3,
Y, 8, and m. Four subtypes a,, (n = 1—4) are distin-
guished in the a type. In addition, few homochiral
structures are ascribed to type C. According to this
classification, new polymorphous modification I is
attributed to type o, and those described in the liter-
ature belong to the 3 and J types.

All crystal structures considered [18] and
structure I belong to the so-called homomolecular
type where the crystal includes molecules of only one
sort. V.A. Blatov and E.V. Peresypkina developed a
conceptual apparatus for the description of packings
in homomolecular structures including the concepts
of molecular lattice and molecular network [19, 20]. A
molecular lattice implies a system of centers of gravity
in molecules regardless their shape and a totality of
intermolecular contacts in the structure. When a
molecular network is formed, the molecules are also
“drawn together” into their center of gravity; however,
a bond (an edge of the network) is retained between
the centers in the obtained three-dimensional net-
work, if at least one intermolecular contact is found
between atoms of the corresponding molecules in the
structure. Then the molecular lattice and network are
examined by topological methods incorporated in the
TOPOS program package [21]. For this purpose, the
molecular lattice and network are presented by three-
dimensional periodical graphs, whose nodes corre-
spond to the centers of gravity of the molecules and the
edges correspond to intermolecular contacts or closest

Vol. 39
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Table 2. Structural parameters of the polymorphous modifications of [V(Acac)s]

Polymorph B (15D 3 ([14]) a, (this work) o, (this work)
a,A 15.1901(10) 16.34 13.8782(3) 13.9154(6)
b, A 13.3920(7) 13.06 7.4462(2) 7.4779(4)
c, A 16.4043(6) 8.108 16.1939(4) 16.2411(9)
B, deg 90.00(1) 90.00 99.74(1) 99.53(1)
Space group Pbca P2,/n P2,/c P2,/c
Z 8 4 4 4
T, K 120 Room temperature 150 100
a(OVO), deg 86.30(10)—88.74(9) 87.0—87.8 86.81(5)—89.25(5) 87.20(6)—89.09(7)
Capture* 1.38 1.38 1.38 1.38
Angle 0, deg* 27.8 26.5 29.2 29.1

* The parameters were calculated according to [16].

contacts between the centers of gravity (molecular lat-
tice). The topological characteristics, such as coordi-
nation sequences, Schlafli symbols, etc. [21], are cal-
culated for the graphs. The basic difference between
molecular lattices and molecular networks is that the
molecular network “inherits” the properties of the sys-
tem of intermolecular contacts in the structure, while
all information about them is lost in the molecular lat-
tice: the molecules, whose centers of gravity are neigh-
boring, are considered “bound in network” in this
case. In other words, the molecular network represents
the system of intermolecular contacts, whereas the
molecular lattice indicates the mutual arrangement of
molecules in crystal. In the general case, their topo-
logical characteristics do not coincide.

The principal distinction of the topological
approach from that proposed in [18] is that the three-
dimensional structure is not divided into closely
packed planes but is considered as a single whole. In
addition, the algorithm of analysis is entirely auto-
mated, which minimizes the factor of subjectivity of a
researcher. It seemed interesting to apply this
approach to the structures of [M(Acac);] and to com-
pare the results with those obtained in [18].

The crystal packings were analyzed by the TOPOS
program package for the structures considered in [18]
(except for those without coordinates of atoms) using
the data on structure I. As a significant topological
characteristic of the molecular lattice and molecular
network we chose a set of the first five members of the
coordination sequence indicating the number of
nodes in the first, second, etc. coordination sphere
about each topologically unique node in the corre-
sponding network. For example, such a traditional
characteristic of the packing as a molecular coordina-
tion number is turned out to be equal to the first num-

ber in the coordination sequence for the molecular
network.

The characteristics of the molecular lattice were
calculated for all structures, whereas those for the
molecular network were characterized only for the
structure in which hydrogen atoms are localized (since
they are important for the correct determination of all
molecular contacts).

It was revealed that a unique set of the first five
members of the coordination sequence of the molecu-
lar network (Table 3) corresponds to particular “race-
mic” type (o, B, v, 0, and 1), although the character-
istics of the molecular lattice for all types, except o,,,
coincide. In the o, phase, the center of gravity of each
molecule is surrounded by ten centers of gravity of the
neighbors, and the molecular coordination number
for a,_, differs, varying from 14 to 19. In the f3, v, 9J,
and m phases, the center of gravity of each molecule is
surrounded by eight rather than ten centers of gravity
of the neighbors, and the molecular coordination
number varies from 16 to 18. As for the chiral type (C),
the number of nodes in the first coordination sphere of
the molecular lattice and molecular network coincides
with that for a,; however, differences are observed
already in the second sphere.

Thus, to distinguish the oo and C packings from oth-
ers, it is enough to know the topological characteristics
of the molecular lattice. An additional calculation of
the molecular network makes it possible to unambigu-
ously determine the packing (phase) type.

Finally, one interesting fact should be mentioned:
the values of molecular coordination numbers in the
[M(Acac),] structure significantly exceed the most
randomly probable value 14 found [19] by an analysis
of 27886 homomolecular structures of organic com-
pounds.
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Table 3. Values of the first five members of the coordination
sequences of the molecular lattices and networks in com-
pounds [M(Acac);]*

Table 4. Intermolecular distances in [V(Hfac),(u-OPr)], (the
environment of vanadium(1) is assigned to the first crystal-
lographically independent complex, and vanadium(?2) is at-
tributed to the second complex)

Type Coordination Coordination
of packing | . sequence 1...5. ~ sequence 1...5
in molecular lattice| in molecular network

oy 10 34 74 130 202 16 58 128 226 352
o 10 3474 130 202 18 66 146 258 402
10 34 74 130 202 17 65 143 257 399

10 34 74 130 202! 17 64 145 255 401

o3 10 34 74 130 202 17 65 141 253 399
10 3474 130 202 17 64 144 252 393

10 34 74 130 202 14 57 141 253 388

10 34 74 130 202 16 62 142 250 396

oy 10 3474 130 202 19 69 156 279 430
10 34 74 130 202 17 71 156 273 436

B 8265698 152 18 72 162 288 450
Y 8265698 152 18 68 160 286 450
8265698 152 17 72 158 288 446

8265698 152 17 71 161 285 449

8265698 152 18 69 161 287 449

5 8265698 152 16 62 138 246 384
n 8265698 152 17 72 163 294 461
C 1036 78 138 214 19 69 156 279 430
1036 78 138 214 17 71 156 273 436

* The values are given for topologically nonequivalent nodes (cor-
responding to symmetrically independent molecules).

The unit cell of structure II (Fig. 2, Table 4) con-
tains two crystallographically independent complexes
[V(Hfac),(u-OC;H>)1,. Each of them consists of frag-
ments {V(Hfac),} (V=0 1.99-2.01 A) bound by the
bridging propoxide ligands (V=0 1.93—1.99 A) and
forming the centrosymmetric A the isomer (isomerism
is related to the mutual arrangement of the chelating
ligands at two {V(Hfac),} linked by the bridges. The
V---V distance (3.0 A) rather indicates the absence of
the direct metal-metal bonding. The geometric
parameters of the {V(Hfac),} fragment are similar to
those of [V(Hfac);] [22]. The molecules of complexes
in structure II form a bilayer packing. The layers are
oriented along the vector r = b — ¢ and differ by the
shift of half a period (Fig. 3).

Thus, different B-diketonate vanadium(IV) and
vanadium(IIl) complexes are formed in the vana-
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Type of bond Bond length
V(1)—0(1) 1.9349(17)
V(1)-0(1) 1.9884(17)
V(1)—0(11) 1.9929(18)
V-0(12) 2.0115(18)
V(1)—0(21) 2.0067(18)
V(1)—0(22) 2.0068(17)
V(2)—0(2) 1.9681(17)
V(2)—0(2) 1.9549(17)
V(2)—0(31) 1.9990(17)
V(2)—0(32) 2.0053(18)
V(2)—0(41) 2.0056(18)
V(2)—0(42) 1.9995(17)
V(1)—V(1) 3.0126(8)
V(2)—V(2) 3.0183(8)
dium(V) alkoxide—p-diketone—hexamethyldisylth-

iane system. Sulfur is not transferred from silicon to
vanadium, and the role of hexamethyldisylthiane is

Fig. 2. Structure of one of crystallographically indepen-
dent [V(Hfac),(n-OC3sH7)],. Disordering of all CF;
groups is omitted for clarity.

Vol. 39  No.2 2013



180 SOKOLOV et al.

Fig. 3. Crystal packing for complex I1.

only the reduction of vanadium(V) to vanadium(IV)
or vanadium(III) due, most likely, to the oxidation of
sulfide sulfur. It can be expected that the reduction of
vanadium(V) alcoholates by other silyl reagents, such
as R;SiH or Si,Rg, in the presence of appropriate
ligands can serve as a convenient method for the syn-
thesis of vanadium complexes in low oxidation states.
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