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Abstract—The fabrication of hybrid materials combining the physicochemical properties of various classes is
a complicated but promising trend for the development of the modern science. The formation of new hybrid
cluster cations [Mo;Pd(Cq,)S,Cl5(R,Bipy);]" and [{M03PdS4C13(R2Bipy)3}~2(C60)]2+ (Bipy is 2,2-bipyri-
dine) containing fullerene Cg, coordinated to the palladium atom by the reaction of [Mo3S,Cl;(R,Bipy);]PF¢
with Pd,(Dba); (Dba is dibenzylideneacetone) and Cg is shown by a complex of physicochemical methods.
The reaction products are studied by IR and NMR ('H, 3'P, and C—H correlations) spectroscopy and mass
spectrometry. The quantum-chemical calculations are performed by the DFT method for the correct inter-
pretation of the spectroscopic data and elucidation of the electronic structures of the fullerene-containing

compounds.
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INTRODUCTION

Since the methods for the synthesis of fullerenes
have been developed, these compounds became
objects of numerous studies due to the unique struc-
tures and corresponding physicochemical properties
[1]. “Fullerene par excellence” Cg, is the most avail-
able and abundant fullerene. The term “fullerene” fur-
ther implies the Cg, molecule. The spatial structure of
this molecule and specific features of the electronic
structure (Fig. 1, at the right), such as the fivefold
degeneration of the highest occupied molecular
orbital (HOMO) low-lying in energy (4,), threefold
degeneration of the lowest unoccupied molecular
orbital (LUMO) (#,,), and a relatively low discrepancy
between the frontier orbitals (~1.6 €V), are reasons for
the attractive properties of fullerene and related com-
pounds: the redox [2—4], catalytic [5—7], optical [8],
photovoltaic [9], and magnetic [10] properties, as well
as toxicity [11], antimicrobial activity [12], and others
[13—16].

There are four main types of reactions affording
transition metal complexes with fullerenes [16]. The
first type includes the coordination of the metal at the
bond between the six-membered rings (6—6) (Fig. 1,
at the left), which is olefinic in character, to form n?-
coordination complexes. The second type of the reac-

tion is the reduction of fullerene to form a fulleride
salt. The third type is the functionalization of fullerene
by the “bridging” groups to which the metal is coordi-
nated. The fourth type is the formation of cocrystalli-
zates of fullerene and metal complex and can include
some degree of charge transfer between particular
components.

For the m? coordination of fullerene to palla-
dium(0), the backward donation of the electron den-
sity from the d orbitals of the metal to the ©* orbitals of
fullerene predominates over the ¢ donation. Fullerene
by the acceptor ability occupies an intermediate posi-
tion between ethylene and electron-deficient alkenes:
tetracyanoethylene and tetrafluoroethylene. The low
oxidation state of Pd(0) and the strong m-acceptor
nature of Cg, lead to a strong Pd—fullerene coupling.
The calculated dissociation energies of the Pd—C
bond are higher than those for the corresponding
complexes with ethylene but are lower than those for
complexes with the strong acceptors: tetracyanoeth-
ylene or tetrafluoroethylene [17].

Many heterometallic cubane complexes
{M;M'S,}"" were described [18—24]. They are formed
most frequently in the reactions of the trinuclear
molybdenum or tungsten clusters {M,S,} with com-
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Fig. 1. Molecular structure of fullerene Cg (at the left): six-membered rings are violet-colored, five-membered rings are blue-
colored; and the view of the frontier orbitals and energy levels for fullerene Cg (at the right).
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Fig. 2. Scheme of the [3 + 1] formation of the palladium-containing cubane complexes with the bipyridine ligands (R ="CgH 9,

'Bu).

plexes of various transition metals M' in low oxidation
states (0—II) (Fig. 2).

Such heterometallic clusters often demonstrate a
high catalytic activity in diverse reactions of organic
synthesis [22]. In particular, the palladium-containing
clusters {M;PdS,} first described by Japanese scien-
tists [25, 26] catalyze the allylation of aromatic com-
pounds [27—29] and nucleophilic addition to the tri-
ple bond [25, 30] and can stabilize such forms of acids
as As(OH);, P(OH);, PhP(OH),, Ph,P(OH), and
P(OH),H in the coordination sphere of palladium [31,
32]. Taking into account the stability of the known
mononuclear Pd complexes with fullerene and inter-
esting properties of both fullerene and heterometallic
Pd-containing clusters, we aimed at synthesizing the
cluster complexes [Mo,Pd(Dba)S,Cl;(R,Bipy);]" and
at studying their reactions with fullerene Cg, followed
by the isolation of new hybrid compounds. It was
found in the studies that the coordination of fullerene
occurred indeed, but the products of these reactions
were always mixtures of complexes, because fullerene
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contains sufficiently high number of accessible coor-
dination sites. In spite of the applied efforts, we failed
to isolate individual compounds and obtain crystals
suitable for X-ray diffraction analysis. A similar behav-
ior of complicated nonsymmetric sterically hindered
fullerene compounds is an abundant problem.

EXPERIMENTAL

The starting compounds [MoS,Cl;(Dbbipy);] PFq
and [Mo;S,Cl;(Dnbipy);] PF, (Dbbipy is 4,4'-di-fert-
butyl-2,2'-bipyridine and Dnbipy is 4,4'-di-n-nonyl-
2,2'-bipyridine) were synthesized according to pub-
lished procedures [33, 34]. Other reagents and sol-
vents were purchased from commercial sources, and
all of them were not worse than analytical grade. The
solvents were purified by distillation according to stan-
dard procedures if not additionally specified. The
complexes were synthesized in air or in argon (special
purity grade) using the Schlenk techniques.
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IR spectra were recorded in a range of 4000—
400 cm~! in KBr pellets on Scimitar FTS 2000 and
Vertex 80 Fourier spectrometers. Electrospray mass
spectra were detected on Agilent (6130 Quadrupole
MS, 1260 infinity LC) and Micromass Q-Tof Premier
mass spectrometers. NMR spectra were recorded on
Agilent 500, Agilent 600 DD2, and Bruker Avance 500
instruments using internal standards for 'H (TMS),
BC (TMS), and 3'P (H,;PO,). Elemental analyses to C,
H, N, and S were carried out on a Euro EA 3000
instrument.

The geometry optimization of the [Mo,;Pd(Cq)-
S,Cl;(Bipy);]™ cluster was performed in the ADF2017
program package [35] using the all-electron TZ2P
basis set for all elements and VWN and BP functionals.
Relativistic effects were applied by the ZORA zero-
order regular approximation. No negative values were
found by optimization. Using the obtained geometry,
the NMR spectra were calculated in a chloroform
solution for the optimized structure of [Mo;Pd-
(C0)S4Cl5(Bipy);]* in the GAUSSIAN G16.A03 pro-
gram package [36] using the B3LYP-GD3BJ/6-
31+g(d,p) hybrid functional for all atoms. No negative
frequencies were either observed.

Reaction of [Mo;S,Cl;(Dbbipy);](PF,) with
Pd,(Dba);CHCI; and Cg. A mixture of solid sub-
stances Pd,(Dba);CHCI; (0.035 g, 33.9 umol),
[Mo5S,Cl;(Dbbipy);](PF¢) (0.1 g, 67.8 umol), and Cg,
(50 mg, 67.8 umol) was dried in vacuo for 1 h and dis-
solved in deaerated toluene (20 mL) in an argon flow.
The mixture was refluxed for 5 h. The resulting solu-
tion was evaporated on a rotary evaporator to dryness,
redissolved in CH,Cl,, and precipitated with hexane.
A black solid was obtained, washed with ether, and
dried in vacuo.

For Mo;S,PdCl1;C,,H7,N¢PFg
Anal. caled., % N, 3.7
Found, % N, 3.7

C,59.5
C,54.0

H,3.2
H,3.3

S, 5.6
S,5.3

IR (v, cm™"): 3400 w.sh, 3221 (w), 3058 w, 2962 m,
2871 w, 1735 w, 1650 m, 1615 s, 1482 m, 1448 m,
1410 m, 1337 m, 1307 w, 1253 m, 1184 m, 1098 m,
1023 w, 982.7 m, 837 vs, 766 m, 735 w, 699 s, 603 w,
555 m, 534 w, 525 m, 474 w, 433 w. 'H NMR
(CD,CN, 500 MHz), 8, ppm: 9.81 (d, J = 6.11 Hz,
3H), 9.47 (d, J = 6.11 Hz, 3H), 8.35 (d, J = 1.60 Hz,
3H); 8.23 (d, /= 1.70 Hz, 3H); 7.56 (dd, J = 6.11 Hz,
J=2.08 Hz, 3H), 7.40 (dd, /= 6.00 Hz, /= 1.80 Hz,
3H), 1.46 (s, 27H) 1.43 (s, 27H). *P NMR (CD,CN,
500 MHz), o, ppm: —144.27.

ESI-MS (+; CH,Cl/CH,OH; m/z): 21534
[Mo;Pd(Cq)S,Cly(Dbbipy);]*, 1792.6  [{Mo;PdS,-
Cl,(Dbbipy)3},(Cg)1**, 1328.1 [Mo;S,Cly(Dbbipy),]™,
1055.1 [Mo3Pd(Cgy)S,CL(Dbbipy)s]2*.
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Reaction of [Mo;S,Cl;(Dnbipy);]PF, with
Pd,(Dba);;CHCl; and Cg,. A mixture  of
Pd,(Dba);-CHCl; (74 mg, 0.14 mmol), [MosS,.
Cl;(Dnbipy);] PF, (400 mg, 0.28 wmol), and Cg, (220
mg, 0.28 mmol) in toluene (40 mL) was refluxed in an
inert atmosphere for 48 h. The further treatment pro-
cedure was similar to that used in the previous synthe-
sis.

For C144H132F6N6S4PC13M03Pd
Anal. calcd., % N,31 C,63.6
Found, % N,3.0 C,679

H, 4.9
H, 4.7

S, 4.7
S, 3.5

IR (v,cm™1): 29225, 2850, 1614s, 1553 w, 1487 w,
1461 m, 1418 m, 1288 w, 1243 w, 1182 m, 1102 w,
1024 m, 912 w, 842 vs, 737 w, 704 m, 577 m, 557 m,
536 w, 526 s, 491 w, 436 w. 'H NMR (CD;CN,
500 MHz), 0:9.83s,9.815,9.85s,9.79s, 9.515,9.50 s,
9.49 (d, J = 3.18 Hz), 9.46 s, 9.45 s, 9.38 s, 9.37 s,
8.36s, 8.35s, 8.315,8.30s, 8.25s,8.24s,8.20 s, 8.16
(d, J =159 Hz), 8.10 (d, J = 1.83 Hz), 7.56 (d, J =
1.71 Hz), 7.55 (d, J = 1.71 Hz), 7.46 (d. J = 1.96 Hz),
7.44(d,J=196 Hz),7.43(d, /=196 Hz),7.41 (d,J =
1.71 Hz), 7.40 (d, J = 2.20 Hz), 7.38 (d, J = 1.83 Hz),
1.88 (dd, J = 7.21 Hz, J = 7.34 Hz), 1.72 m, 1.62 m,
1.52m, 1.46 m, 1.45s, 1.43 s, 1.42 s, 1.40 s, 1.37 s,
1.30s, 1.27 s. BC NMR (CD;CN, 500 MHz), &: 13.85
and 13.92 (s, CH;), 22.65 and 22.72 (s, CH,), 29.39
(m, CH,), 31.85 and 31.92 (s, CH,), 35.58 and 35.64
(s, CH,), 122.79—126.72 (s, Bipy), 141.90 and 143.00
(s, Cg), 153.01—157.76 (s, Bipy, Cqo). ESI-MS (+;

CH,CL,/CH;OH): m/z = 25754 [MosPd(-
Ce0)S.Cly(Dnbipy);]*, 22158  {[Mo;PdS,Cl;-
(Dnbipy);1,(Ceo) 12+, 1855.3 [Mo;PdS,Cl;-

(Dnbipy);]*, 1748.4 [Mo0,S,Cl;(Dnbipy),]*.

RESULTS AND DISCUSSION

In this work, we studied a possibility of the coordi-
nation of Cg to palladium in the [Mo;Pd-
(Dba)S,Cl;(R,Bipy);]* cubane complexes synthe-
sized in situ without isolation and characterization
(Fig. 2). We have previously described the formation
of a similar cubane complex [Mo;Pd(Tu)-
S,Cl;(Dbbipy);]Cl in which the coordination site at
palladium is occupied by a thiourea (Tu) molecule
[37]. The cubane complexes [(Cp*M),S,Pd-
(Dba)]PF¢ (M = Mo, W) containing the Pd(Dba)
fragment are also known, and their properties were
described [28, 29, 38].

The reactions were carried out under the condi-
tions resembling those for the synthesis of
[Mo;Pd(Tu)S,Cl;(Dbbipy);]Cl with the only excep-
tion that toluene was used as the solvent because of the
low solubility of fullerene in chlorinated hydrocarbons
and acetonitrile. Thus, solutions of complexes
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Fig. 3. Comparison of the IR spectra of (1) [Mo03S,4Cl;(Dnbipy);]PFg, (2) product of the reaction with Pd,(Dba);-CHCI3 and

Cgp, and initial fullerene (3).

[Mo;S,Cl;-(Dbbipy);]PF¢ or [Mo;S,Cl;(Dnbipy);]-
PF, with the stoichiometric amounts of
Pd,(Dba);'CHCI; and Cgj in toluene were added to
the reaction mixture. In both cases, reflux of the reac-
tion mixture in argon resulted in the formation of dark
blue solutions. Solid products were isolated as a black
powder after hexane was layered onto the solutions in
methylene dichloride. However, no crystals suitable
for X-ray diffraction analysis were obtained. There-
fore, a complex of physicochemical methods of analy-
sis was used to identify the synthesized compounds.

It is known from published data that the coordina-
tion of fullerene to the metal center is accompanied by
the characteristic splitting of the intense band at
~510 cm~!, which is observed in the IR spectrum of
pure fullerene Cgq, along with the bands at 1400, 1180,
and 580 cm~!. The splitting of the band at 510 cm~! to
534 and 525 and 536 and 526 cm~! was observed in the
IR spectra recorded for the reaction products of fuller-
ene with [Mo;S,Cl;(Dnbipy);]* and [Mo,;S,Cl;-
(Dbbipy);]*, respectively (Fig. 3). The characteristic
splitting allows one to conclude about the occurred
coordination of fullerene.

The elemental analysis data to C, H, N, and S
showed a substantial divergence for carbon for both
products together with a satisfactory agreement for
other elements. The values obtained are by 3—4%
lower than those calculated for the formula
[Mo;Pd(Cgy)S,Cl;(R,Bipy);]PFs, which could be
caused by a “deficient” of fullerene Cg, with respect to
the cluster. The results of the NMR and mass spectra
confirmed this assumption and showed that the reac-
tion of [Mo;S,Cl;(Dbbipy);]PF, or [Mo5S,Cl;-
(Dnbipy);]PF¢  with Pd,(Dba);CHCIl; and Cg,
afforded a mixture of products.

The electrospray mass spectra contain the signal
from the  single-charge  particle [Mo,Pd-
(C¢0)S4Cl5(L)5]* (m/z: 2575.4 for L = Dnbipy and
2153.4 for L = Dbbipy) and also the signal from the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

product of coordination of one fullerene molecule to
two  clusters {Mo;PdS,} and {[Mo;PdS,-
Cl3(L)5](Cgo)}*t (m/z: 2215.8 for L = Dnbipy and
1792.6 for L = Dbbipy) (Fig. 4). The ability of fuller-
ene to act as a polytopic ligand and form neutral,
amorphous, and stable in air substances (Cgy)Pd,, (n =
1-7) is well known [39]. The mass spectra also exhibit
signals corresponding to the single-charge cations
[Mo,PdS,Cl;(L);]* and [Mo5S,Cl;(L);]*, the forma-
tion of which can be related to the fragmentation of
[Mo;Pd(Cg)S,Cl5(L)5]" under the experimental con-
ditions. In addition, the single-charge cations [Mo0;S,-
CL(OH)(L);]" and [Mo;S,CI(OH),(L);]" are
observed due to the substitution of chlorine by the
hydroxy group, which is typical of the mass spectra of
the clusters of this type [40, 41].

With allowance for the symmetry, the addition of
palladium of the second cluster moiety to fullerene can
proceed via eight various types (Fig. 5, inset). Since
the cluster moiety {Mo;PdS,Cl;(Bipy),} is fairly bulky,
we assume that the insertion of palladium at two m?
bonds arranged in the Cg, molecule opposite to each
other is sterically less hindered (Fig. 5, type 1).

We attempted to separate the formed mixture of
products by column chromatography. For this pur-
pose, a solid mixture of products was dissolved in
CH,Cl,, introduced in a chromatographic column
with silica gel (40/100), washed with CH,Cl, and ace-
tone, and eluted with CH;CN. The resulting solutions
were evaporated to dryness on a rotary evaporator and
again dissolved in CH,Cl,. Hexane excess was layered
onto the solutions to obtain black solid products,
which were washed with ether and dried. However, in
spite of all efforts applied, the procedure did not allow
us to obtain individual compounds. On the contrary,
according to the spectroscopic data, these manipula-
tions instead of purification result in the decomposi-
tion of the formed products and/or formation of insol-
uble compounds poorly prone to analysis. Thus, no
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Fig. 4. Electrospray mass spectrum of the reaction products of [Mo3S4Cl;(Dnbipy);]PF¢ Pd,(Dba);CHCI; and Cg,.

1 trans-1 Dy,
2 trans-2 (G,
3 trans-3 G,
4 trans-4 G
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6 cis-3 G
7 cis-2 68
8 cis-1 Cs

Fig. 5. Assumed structure of the [{M03PdS4Cl3(Bipy)3}2(C60)]2+ complex and possible symmetrically nonequivalent routes for

the addition of the second metal to fullerene.

individual products of fullerene coordination to the
palladium-containing clusters were isolated, but the
fact of coordination was proved by different methods.

The DFT quantum-chemical calculations were
performed for the additional confirmation of our
interpretation of the obtained experimental data and
analysis of the electronic structures. All calculations
were performed for the [Mo;Pd(Cy,)S,Cl;(Bipy);]*
complex in which the hydrocarbon substituents at the
bipyridine ligands were replaced by hydrogen atoms.
The bond lengths calculated for the optimized geome-
try of [Mo;Pd(Cq,)S,Cl;(Bipy);]* are consistent with
the known crystallographic data for the palladium
complexes with fullerene and the palladium-contain-
ing cubane clusters (Table 1). The coordination of
fullerene via the n? mode results in the elongation of
the C—C bond in the corresponding 6:6 fragments,
which is consistent with the literature data [17]. The
bond length in the optimized fragment is 1.456 A com-
pared to the average value for other conjugated 6:6
fragments (1.397 A). The Pd—C bond lengths in the
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optimized structure are 2.227 and 2.210 A. The differ-
ence in Pd—C bond lengths is typical of the palladium
complexes with Cg, usually ranging from 0.05 to 0.2 A,
depending on the nature of other ligands at palladium
[13]. The geometry of the coordination mode
{PdS;(n*>-C,)} is a distorted trigonal bipyramid
(Fig. 6) in which palladium has an environment of
three |;-S atoms of the metallocluster and two carbon
atoms of the fullerene ligand.

A comparison of the optimized structure of
[Mo;Pd(Cg)S,Cls(Bipy);]* with the structures of the
heterometallic clusters synthesized previously [37]
showed that the presence of fullerene in the coordina-
tion environment of palladium led to the extension of
the cluster core {Mo,;PdS,}*" along the axis of the ide-
alized symmetry C; passing through the Mo, triangle
and Pd atom. The average Mo—Mo, Mo—N, Mo—Pd,
and Pd—(u;-S) bond lengths also increase. The aver-
age Mo—(u;-S) and Mo—Cl bonds are somewhat lon-

ger than the corresponding bonds in the crystal struc-
ture of [Mo;Pd(Tu)S,Cl;(Dbbipy);]Cl but lower than
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Table 1. Comparison of selected bond lengths in the complexes [M03S4C13(Dbbipy)3]+ (crystallographic data) and
[Mo;Pd(Tu)S,Cl;(Bipy);]" (DFT optimization) with the optimized fragment [Mo;Pd(Cg)S4Cl3(Bipy);]*

Bond length, A [Mo03S,Cly(Dbbipy);]* | [Mo3Pd(Tu)S,Cly(Bipy)s]* | [Mo;Pd(Cg,)S,Cly(Bipy)s]*
Mo—Mo 2.8115 2.8017 2.8375
Mo—(3-S) 2.3582 2.3422 2.3529
Mo—N 2.242 2.1713 2.2717
Mo—Cl 2.486 2.4219 2.4506
Mo—Pd 2.7966 2.7634 2.9478
Pd—(5-S) 2.375 2.3620 2.4262
those in the optimized complex [Mo;Pd(Tu)- with the appearance of up to 20 signals in a range of

S,Cl;(Bipy)]™.

The view of the optimized molecular structure and
the nature of the frontier orbitals obtained from the
calculations are presented in Fig. 7. The HOMO is
completely cluster-centered (E = —7.051 eV, atomic
orbital composition: 52.1% Mo, 17.4% S, 14.7% Cl,
and 10.6% Pd), whereas the LUMO (£ = —5.898 eV,
atomic orbital composition: 89.4% C) consists of the
orbitals of carbons of the fullerene ligand only, which
is consistent with the m-acceptor nature of fullerene.
Such an electron density distribution suggests that
these hybrid compounds will combine both the prop-
erties of the {Mo;PdS,} cluster and fullerene and pos-
sess potentially interesting physicochemical proper-
ties.

It is known that the ranges in the *C NMR spectra
in which the signals from the carbon atoms of fullerene
and pyridine rings of the bipyridine ligands are mutu-
ally intersected. The spectrum of free fullerene exhib-
its one singlet signal at 143.2 ppm. The coordination of
fullerene to one metal atom leads to a nonequivalence
of the carbon atoms and complicates the spectrum

(@)

PPh; PPh;

106,50 Pd 103.00
40.2°

1.4470

ARK

100 ppm and at 137—157 ppm [4, 43]. The BC NMR
spectra of a mixture of products exhibits 10 singlet sig-
nals of various intensity in a range of 140—160 ppm,
which can be interpreted as signals from fullerene and
the bipyridine ligand. Therefore, the possibility of
comparing the experimental and simulated spectra by
quantum-chemical calculations and distinguishing
specific signals assigned to carbon atoms of different
fragments is of special interest. To save time and com-
putational resources, the geometry optimized by the
ADF program package was used for the calculation of
the NMR spectra using Gaussian program package.
In the obtained calculated spectra, the signals from the
nonequivalent carbon atoms of fullerene coordinated
to the cluster fall in a range of 140—155 ppm. The indi-
vidual signal corresponds to each symmetrically non-
equivalent carbon atom (Fig. 8). However, the ranges
of signals from fullerene and bipyridine are not sepa-
rated sufficiently to distinguish specific signals in the
experimental spectrum using the calculated data.

It was shown in the present study that the reactions
of the cluster complexes [ Mo05S,Cl;(Dnbipy);] PF¢ and

(b)

Fig. 6. Optimized structures and coordination environments of the Pd atom in the complexes (a) (nz-C(,O)Pd(PPh3)2 [42] and

(b) [Mo3Pd(Cg0)S4Cl5(Bipy);] ™.
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LUMO:
86.4% C

521% Mo @°
17.4% S

14.7% CI
10.6% Pd

Fig. 7. Optimized molecular structure and the nature of

the frontier orbital§r of the complex
[Mo;Pd(Cg()S4Cl5(Bipy);] .
(a)
1
u 13
C, CDCl,

{H} |
190 180 170 160 150 140 130 120
(b)

TN

T T T T T T 1
190 180 170 160 150 140 130 120
8, ppm

Fig. 8. Comparison of the (a) calculated and (b) experi-
mental >C NMR spectra for the product of the reaction of
[Mo3S,4Cl3(Dnbipy)3;]PFs with Pd,(Dba);CHCI; and
Cgo- The signals from carbons of Cg are red-colored in the
calculated spectrum, and the signals from the bipyridine
ligand are blue-colored.
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[Mo;S,Cl;(Dbbipy);] PF, with Pd,(Dba);CHCI; and
Cqy afforded a mixture of the products
[Mo;Pd(Cg)S,Cl5(R,Bipy);]PF, and {[MosPdS,.
Cl;(R,Bipy);],(Ceo)1(PFg),. Although no individual
products were isolated, the coordination of fullerene
to the palladium-containing cubane cluster was
proved using the complex of spectroscopic methods
and quantum-chemical calculations.
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