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a b s t r a c t

By the reaction of tetramer [Me3Pt(m3-Cl)]4 with RhCl3 and [PPN]Cl (PPN ¼ Ph3P¼N¼PPh3
þ) in a acetone-

DCM mixture under the influence of ultrasound a heterometallic ionic complex [PPN][Me3Pt(m-Cl)3Rh(m-
Cl)3PtMe3] (I) have been prepared. Tetranuclear complex [PPN]2 [(Me3Pt)2Ru2(m-O)(m-Cl)6Cl4]2- (II) have
been obtained in a small yield starting from RuCl3 in similar conditions. Complex II has also been pre-
pared purposefully in higher yield by the action of Me3Pt(Me2CO)3][PF6] on [PPN]4[Ru2OCl10]. Both
complexes were characterized by elemental analysis, 1H, 13C, and 195Pt NMR spectroscopy, and their
structures were determined by single crystal X-ray diffraction.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Interest in heterometallic complexes and clusters is determined
by the synergistic effect of various metals in the catalyst molecule
[1] and the production of highly homogeneous nano-sized mixed-
metal compositions during thermolysis of such compounds [2],
often showing better catalytic properties than similar compositions
obtained by deposition from a mixture of salts [3e5]. Notably,
nanoparticles of a platinum-rhodium alloy are active for the
oxidation of ethanol in direct ethanol fuel cells [6], and platinum-
ruthenium compounds are active in the reaction of oxygen reduc-
tion in fuel cells [7].

It is known that a trimethylplatinum fragment can be used to
construct heterometallic complexes by forming a direct Pt-Metal
bond as in BipyPtMe3Mn(CO)5 (Bipy¼ 2,20-bipyridine) [8] and
BipyPtMe3ReO3 [9] or by the coordination of various metal con-
taining ligands. By this way a great number of complexes were
obtained, for example: the platinum-iridium and platinum ruthe-
nium complexes Cp*Ir(C3H3N2)3PtMe3, CymRu(C3H3N2)3PtMe3 [10]
with pyrazolate bridges; rhenium-platinum hydroxide bridged
cubanes [11]; sulfide bridged complexes TpWS3PtMe3 [12] and
y).
Re2((Me3Si)2C2S2)2(S)4(PtMe3)2 [13]; phosphite bridged CpCo((R-
O)2PO)3PtMe3 (R¼Me [14], Et [15]) and tripple-decker complex
CpCo(C3B2Me5)PtMe3 [16].

On the other hand, a lot of trinuclear homometallic complexes
[L3M(m-X)3M0(m-X)3ML3 ]n� (X¼Cl or I; М¼M’¼ Ti [17],V [18],Mo
[19],Re [20], Ru [21],Ni [22],Cu [23], Cd [24]) were structurally
characterized, and two analogous mixed metal structures with
Ir/Ag/Ir [25] and Ru/Rh/Ru [26] chloride bridged chains are
known.

In this work we report the synthesis and characterization of
halogen-bridged mixed-metal derivatives of trimethylplatinum:
[PPN][Me3Pt(m-Cl)3Rh(m-Cl)3PtMe3] (I) analogous to known com-
plexes with trimetallic chains, and [PPN]2[(Me3Pt)2Ru2(m-O)(m-
Cl)6Cl4] (II) e product of the coordination of two PtMe3 fragments
to Ru2OCl10 tetraanion in unusual structure type.
2. Experimental

2.1. Materials and general methods

All reactions were performed in dry solvents under an argon
atmosphere using standard Schlenk techniques. [Me3PtCl]4 [27]
and К4Ru2OCl10 [28] were prepared as previously reported. All
other chemicals and solvents were obtained from a commercial
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source and were used as received without further purification.
Infrared spectra were recorded with FTIR spectrometer « Bruker
Alpha» with Platinum ATR accessory. Elemental analyses were
performed on a CHNS analyzer ЕА3000 «EuroVector». 1H
(300.13MHz), 13C (75.4MHz), and 195Pt (64.5MHz) NMR spectra
were recorded on a Bruker AV 300 spectrometer, all 1H and 13C{1H}
NMR spectra were referenced to carbons or residual protons pre-
sent in deuterated solvent (CD2Cl2) with respect to TMS, 195Pt NMR
spectra were referenced to Na2PtCl6 in D2O used as external stan-
dard. CD2Cl2 was used without additional purification.

2.2. Synthesis of [PPN](PtMe3)2RhCl6.(I)

A suspension of [Me3PtCl]4 (100mg, 0.091mmol), [PPN]Cl
(98mg, 0.17mmol) and RhCl3$3H2O (51mg, 0.19mmol) in acetone
(10ml) and DCM (4ml) was treated in ultrasound bath at 40 �C for
3 h. Volatiles were removed in vacuo, and the red solid obtained
was triturated with heptane and extracted with DCM (7� 2ml).
The extract was evaporated to ¼ its initial volume at reduced
pressure and kept at �25 �C overnight. Complex I was isolated as
red crystals (yield 14mg). An additional amount of сomplex I was
obtained as a pink powder by further evaporation of mother liquor
and the addition of hexanes. Total yield: 24mg (11%).

1H NMR (CD2Cl2, 298 K) d: 1.32 (s, 2JPtH¼ 81.8 Hz, 18H, Pt(CH3)3),
7.48, 7.66 (m, 30H, PPNþ).

13C{H}(DEPT-135) NMR (CD2Cl2, 298 K) d: 4.03 (s, 1JPtC¼ 750Hz,
Pt(CH3)3), 129.5 (m, 2JC-P¼ 13Hz, 2JP-P¼ 7Hz, o-Ph), 132.2 (m. 3JC-
P¼ 11 Hz, 2JP-P¼ 7 Hz, m-Ph), 133.6 (s, p-Ph).

195Pt{H} NMR (CD2Cl2, 298 K) d: 2269.7 (2JPt-Rh 7.6 Hz).
IR (ATR, cm�1): 3059 w., 2978 w.br., 2896m, 2805 w., 1585 w.,

1573 w., 1482 w., 1432 w., 1381 s.br., 1330m, 1304m.br., 1266m,
1224 s, 1183m, 1159 w., 1112 s.br., 1025 w., 997m, 922 w., 855 w.br.,
742m, 721 v.s., 688 v.s, 585m, 527 v.s, 497 v.s., 449m, 441m.

Anal. Calculated for C42H48Cl6NP2Pt2Rh (1334.6 g/mol): C 37.30;
H 3.51; N 1.01. Found: C 37.80; H 3.63; N 1.05.

2.3. Synthesis of [PPN]2[(PtMe3)2Ru2OCl10] (II)

A suspension of K4Ru2OCl10 (181mg, 0.25mmol) and [PPN]Cl
Table 1
Data collection and refinement statistics for structures I and II.

Empirical formula C42H48Cl6NP2Pt2Rh

Formula weight 1334.54
Temperature/K 150
Crystal system triclinic
Space group P-1
a/Å 9.2527(9)
b/Å 11.5666(12)
c/Å 12.0329(12)
a/� 104.8800(14)
b/� 96.8919(13)
g/� 112.1181(13)
Volume/Å3 1118.74(19)
Z 1
rcalcg/cm3 1.981
m/mm�1 7.062
F(000) 640.0
Crystal size/mm3 0.22� 0.14� 0.12
Radiation MoKa (l¼ 0.71073)
2Q range for data collection/� 4.436 to 59.998
Index ranges �13� h� 13, �16� k� 16,
Reflections collected 13431
Independent reflections 6482 [Rint¼ 0.0283, Rsigma¼
Data/restraints/parameters 6482/0/250
Goodness-of-fit on F2 1.041
Final R indexes [I� 2s (I)] R1¼ 0.0202, wR2¼ 0.0516
Final R indexes [all data] R1¼ 0.0215, wR2¼ 0.0523
Largest diff. peak/hole/e Å�3 1.24/-0.92
(570mg, 1 ммоль) in 10% hydrochloric acid (20ml) was stirred for
three days. During this period the solution was almost discolored,
and the homogenous orange precipitate formed, which was
filtered, washed with 10% hydrochloric acid, water, and dried in air.

A part of resulting orange powder (270mg, 0.1mmol
[PPN]4Ru2OCl10) was dissolved in DCM (10ml) and solution of
Me3Pt(Me2CO)3PF6, prepared from [Me3PtI]4 (73mg, 0.05mmol)
and AgPF6 (0.2mmol) in acetone (10ml) was added. Volatiles were
removed in vacuo; the residue was dissolved in DCM (5ml) and
layered with toluene. The resulting mixture of large brown-orange
and pale yellow crystals was washedwith chloroform (3� 10ml) to
remove the last. The orange-brown crystals were washed with
toluene (2� 10ml) and recrystallized from DCM-toluene mixture.
Yield: 66mg (31%).

1H NMR (CD2Cl2, 297 K) d: 1.44 (br.s, 2JPtH¼ 78.8 Hz, 18H,
Pt(CH3)3), 7.49, 7.67 (m, 60H, PPNþ).

1H NMR (CD2Cl2, 233 K) d: 1.27 (s, 2JPtH¼ 77.5 Hz, 6H, Pt(CH3)3),
1.41 (s, 2JPtH¼ 78.6 Hz, 6H, Pt(CH3)3), 1.55 (s, 2JPtH¼ 80.4 Hz, 6H,
Pt(CH3)3), 7.47, 7.64 (m, 60H, PPNþ).

13C{H}(DEPT-135) NMR (CD2Cl2, 233 K) d: 1.79 (s, 1JPtC¼ 737 Hz,
Pt(CH3)3), 0.99 (s, 1JPtC¼ 744Hz, Pt(CH3)3), 1.46 (s, 1JPtC¼ 750 Hz,
Pt(CH3)3), 129.2 (m, 2JC-P¼ 13 Hz, 2JP-P¼ 7 Hz, o-Ph), 131.7 (m. 3JC-
P¼ 11 Hz, 2JP-P¼ 7 Hz, m-Ph), 133.4 (s, p-Ph).

195Pt{H} NMR (CD2Cl2, 233 K) d: 2212.3.
IR (ATR, cm�1): 3058 (w,br), 2962 (w,br), 2892 (w,br), 2806 (w),

1586 (w), 1480 (w), 1435 (m), 1285 (m), 1268 (m), 1225 (m,br), 1183
(m), 1161 (w), 1111 (s,br), 1024 (w), 996 (m), 802 (w), 745 (m), 720
(vs), 689 (vs,br), 615 (w), 545 (s), 532 (vs,br), 497 (vs,br), 453 (m),
439 (m), 410 (w).

Anal. Calculated for C72H60Cl10N2OP4Ru2 (1649.8 g/mol): C
52.42; H 3.67; N 1.70. Found: C 52.74; H 3.65; N 1.85.

2.4. X-ray crystal structure determinations

The X-ray diffraction data of complexes I and II were collected
on a Bruker SMART Apex II CCD diffractometer equipped with
graphite-monochromated Mo (Ka radiation l¼ 0.71073 Å). Crys-
tallographic data and structure refinement details for structures I
and II are listed in Table 1. Absorption correction was applied using
C39H39Cl5NO0.5P2PtRu

1065.06
150
triclinic
P-1
12.5157(12)
16.2013(16)
20.909(2)
82.501(2)
74.7590(10)
83.2950(10)
4040.5(7)
4
1.751
4.273
2084.0
0.46� 0.17� 0.07
MoKa (l¼ 0.71073)
4.06 to 56.714

�16� l� 16 �16� h� 16, �21� k� 21, �27� l� 27
42147

0.0372] 19928 [Rint¼ 0.0319, Rsigma¼ 0.0485]
19928/87/984
1.015
R1¼ 0.0358, wR2¼ 0.0810
R1¼ 0.0537, wR2¼ 0.0891
1.96/-2.00



Scheme 1. Synthesis of compound I.

Fig. 1. The molecular structure of the anionic part of complex I. Hydrogen atoms are
omitted for the sake of clarity. Selected bond lengths (Å) and angles (º): Pt(1) … Rh(1)
3.1414(3), Pt(1)eCl(2) 2.5295(6), Pt(1)eCl(1) 2.5370(6), Pt(1)eCl(3) 2.5535(6), Pt(1)e
C(1) 2.034(2), Pt(1)eC(2) 2.027(3), Pt(1)eC(3) 2.024(3), Rh(1)eCl(1) 2.3497(6), Rh(1)e
Cl(2) 2.3588(5), Rh(1)eCl(3) 2.3538(6), Cl(1) … Cl(2) 3.2580(8), Cl(2) … Cl(3)
3.2430(8), Cl(1) … Cl(3) 3.2318(8), Rh(1)Cl(2)Pt(1) 79.89(2), Rh(1)Cl(1)Pt(1) 79.91(2),
Rh(1)Cl(3)Pt(1) 79.489(2).
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the SADAB program [29]. Using Olex2 [30], structures were solved
with ShelXS program [31] by direct methods and refined with
ShelXL [32] program using Least Squares refinement on F2. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were positioned geometrically using a riding model with fixed
isotropic thermal factors on carbon atoms.

2.5. Computational details

Theoretical calculations were carried out with the ORCA 4.1.1
program package [33]. A non-hybrid PBE functional [34], dispersion
correctionwith Becke-Johnson damping (D3BJ) [35] and def2-TZVP
basis set [36] with small-core pseudopotential for Ru and Pt atoms
[37] were used for geometry optimization and Hessian calculation.
Def2/J auxiliary basis [38] was used for Coulomb fitting. Single
point energies were calculated on these geometries hybrid PBE0
functional [39] with the same basis sets and dispersion correction.
The effect of solvent on single point energies in DCM were evalu-
ated by SMD solvation model [40].

3. Results and discussion

3.1. Synthesis of rhodium-platinum complex I

The reaction of the cubane complex [Me3PtCl]4 with
RhCl3$3H2O and [PPN]Cl (1: 2: 2 ratio) in a acetone-DCM mixture
leads to the formation of the mixed-metal ionic complex [PPN]
[Me3Pt(m-Cl)3Rh(m-Cl)3PtMe3] (I) as red crystals insoluble in diethyl
ether, hexanes and THF, upon recrystallization from DCM (yield
11%) (Scheme 1).

According to NMR spectral data, complex I is diamagnetic and
all methyl groups are equivalent in solution. In the 1H NMR spec-
trum of I, one signal of methyl groups on platinum was found at
1.32 ppm (2JPtH¼ 81.8 Hz), and one signal in the 13C spectrum
at �4.03 ppm, shifted upfield in comparison with reactant cubane
complex (2.7 ppm) [41]. Notably, spin-spin coupling constant 1JC-Pt
750 Hz in 1 is almost unchanged with respect to the 1JC-Pt in
[Me3PtCl]4 (746 Hz) despite the change in the coordination bridging
type of ligands in trans position to methyl groups (m2-Cl, m3-Cl). The
broad doublet in the 195Pt spectrum at �2269 shows 2JPt-Rh
coupling of about 8 Hz, which may be compared with values of 27
Scheme. 2. Synthesis
and 6Hz for (C5Me5Rh)2(m-CO)2Pt(CO)(PPh3) [42] and 24Hz for
thiolate bridged [(PhCC)Pt(m-SCH2Ph)(m-dppm)2Rh(CO)][PF6] [43].

The structure of the complex I was determined by X-ray crys-
tallography (Fig. 1). The distances between Rh and Pt 3.1414(3) Å
are significantly larger than the sum of covalent radii of Pt and Rh
(1.36 þ 1.42 ¼ 2.78 Å [44])) which corresponds with the absence of
a metal-metal bond between d6 Pt(IV) and Rh(III) ions. The bond
distances PteCl (2.5295(6) - 2.5535(6) Å) are slightly longer than
the PteCl distances in reactant cubane (2.489 Å [45]) and signifi-
cantly longer than covalent radii sum (1.36þ 1.02 ¼ 2.38 Å [34]) for
both complexes, probably, due to the strong trans influence of
methyl groups (PteC 2.024(3) - 2.034(2) Å). On the other hand, the
bond distances RheCl (2.3497(6) - 2.3588(5) Å) are shorter than
covalent radii sum (1.42 þ 1.02 ¼ 2.44 Å [34]), but showed almost
no difference with distances in free RhCl63� anion in salts with
organic cations (2.321e2.377 [46,47]) and RheCl distances in
mixed-metal complex [(PEt3)3Ru(m-Cl)3Rh(m-Cl)3Ru(PEt3)3]þ

(2.339e2.341 Å) [26] of analogous structure.

3.2. Synthesis of ruthenium-platinum complex II

Attempt to perform a similar reaction with RuCl3 instead of
RhCl3 resulted in the isolation of small amount of newmixed-metal
of compound II.



Fig. 2. The molecular structure of the anionic part of complex II. Hydrogen atoms are
omitted for the sake of clarity. Selected bond lengths (Å) and angles (º): Pt(1)eC(1)
2.039(5), Pt(1)eC(2) 2.029(5), Pt(1)eC(3) 2.015(5), Pt(2)eC(4) 2.028(5), Pt(2)eC(5)
2.033(5), Pt(2)eC(6) 2.030(5), Pt(1)eCl(3) 2.486(1), Pt(2)eCl(7) 2.492(1), Pt(1)eCl(2)
2.543(1), Pt(2)eCl(8) 2.516(1), Pt(1)eCl(10) 2.563(1), Pt(2)eCl(4) 2.578(1), Ru(1)eCl(3)
2.382(1), Ru(2)eCl(7) 2.418(1), Ru(1)eCl(2) 2.390(1), Ru(2)eCl(8) 2.372(1), Ru(2)e
Cl(10) 2.380(1), Ru(1)eCl(4) 2.384(1), Ru(2)eCl(9) 2.323(1), Ru(1)eCl(5) 2.327(1),
Ru(1)eCl(1) 2.310(1), Ru(2)eCl(6) 2.299(1), Ru(2)eO(1) 1.772(3), Ru(1)eO(1) 1.771(3),
Ru(1)O(1)Ru(2) 168.8(2).
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compound [PPN]2[Ru2OCl10(PtMe3)2] (II) as orange-brown crystals.
Complex II was also prepared by reaction of [PPN]4Ru2OCl10 with
two equivalents of Me3Pt(Me2CO)3PF6 generated from [Me3PtI]4
and AgPF6 in acetone, analogously to the preparation of tetra-
fluoroborate complex [48] (Scheme 2).

According to X-ray crystallography (Fig. 2), PtMe3 fragments are
coordinated to two chlorides on one of ruthenium atom (PteCl
2.486(1)-2.543(1) Å) and one chloride on another ruthenium atom
Fig. 3. Optimized geometries and relative enthalpies of dianio
(PteCl 2.563(1) и 2.578(1) Å). Shortest PteCl distances correspond
to bonds with chlorides in trans-position to axial chlorides not
involved in bonding with platinum. As two chlorides in syn-
conformation relative to RueRu axis are bonded to different PtMe3
fragments RueOeRu angle 168.8(2) is deformed from linear in the
free anion. The bond distances RueO (1.771(3) and 1.772(3) Å) are
almost equivalent and close in value to distances in free anion
Ru2OCl104� (1.78e1.80 Å [49]).

Nonequivalence of methyl groups is observed in 1H and 13C
spectra at low temperature. So, the broad singlet 1.44 ppm (2JPt-
H¼ 78.8 Hz), found at room temperature splits into three signals of
equal intensity (1.27, 1.41 and 1.55 ppm; 2JPt-H 77.5, 78.6 and
80.4 Hz, respectively) upon cooling to 223 K. Signals of methyl
carbons in 13C{H} spectra are observable only at low temperatures.
As for compound I, 13C methyl signals �1.79, �0.99 and 1.46 ppm
are shifted upfield in comparisonwith 2.7 ppm for chloride bridged
cubane. Spin-spin coupling constants 1JC-Pt are close to each other
(737, 744 and 750Hz) and to the value observed for [Me3PtCl]4
(746 Hz). Together, this suggests that asymmetric coordination of
PtMe3 fragments to Ru2OCl10 fragment observed in the crystal
structure is retained in solution.

Other possible isomers of complex II were studied using DFT
calculation. Optimized geometries and relative enthalpies of com-
plex II isomers and transition states are shown in Fig. 3. The isomer
2a present in the crystal structure is also the most stable one. Two
isomers of Cs symmetry: 2b and 2c have 3.41 and 3.68 kcal/mol
higher enthalpy than 2a. One PteCl bond breaking is accompanied
with a twist of PtMe3 fragment in the corresponding transition
states TSab and TSac (15.51 and 16.76 kcal/mol), which makes
isomerization to 2b and back to 2a the most probable mechanism
for methyl groups chemical exchange observed in 1H NMR spectra
at room temperature.

The coordination of PtMe3 fragment to three chlorides on one
ruthenium atom was evaluated to be much less favorable as cor-
responding isomer 2d has 6.57 kcal/mol higher enthalpy. As Cl/Cl
n II isomers and corresponding transition states in DCM.
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distances in 2e (3.227, 3.231, 3.320 Å) are significantly shorter than.
Distances in 2a (3.307, 3.662, 3.767 Å) and shorter than double

Van der Waals radius of chlorine (3.716 Å) [50], apparently, 2e
destabilization is due to steric repulsion between three chloride
bridges, which also leads to more acute PtClRu angles about 81�.
Notably, similar RhClPt angles were observed in the crystal struc-
ture of complex I, containing three chloride bridges binding every
two metals.

The centrosymmetric isomer 2e has prominently higher energy
(16.00 kcal/mol), probably due to unavoidable deformation of the
ligand environment of Pt and Ru from octahedral for this bonding
pattern. Although corresponding transition state TSae is only
slightly higher in energy (17.42 kcal/mol) than TSab, the enantio-
merization process 2a / TSae / 2e / TSae / 2a results in the
exchange of only two of the three methyl groups.

4. Conclusions

In summary, the coordination of two cationic PtMe3 fragments
with octahedral anion RhCl63� and dimeric oxo-bridged Ru2OCl104�

was shown. In the latter case, unusual bonding pattern to chlorides
on different ruthenium atoms was observed, accompanied by
deformation of linear RuORu fragment. According to low-
temperature NMR spectra asymmetric coordination of PtMe3
fragments to Ru2OCl10 fragment observed in the crystal structure is
retained in solution.
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