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Synthesis of Mixed-Metal High-Nuclearity
Clusters by Fusion of Anionic Ruthenium
Carbido Clusters through Palladium Units

Takayuki Nakajima, Atsushi Ishiguro, and
Yasuo Wakatsuki*

High-nuclearity cluster complexes, in particular heterome-
tallic clusters, have attracted considerable interest because of
their diverse properties.l 2l One example is their application
as precursors for metal dispersions with discrete metal atom
composition, which may be useful as heterogeneous cata-
lysts.}] The fusion of two smaller cluster units through
different metal atoms should provide a straightforward
method to increase the nuclearity of carbonyl clusters
efficiently. A large number of fusions of transition metal
clusters by treatment of the cluster anions with cations or
halides of Cu Agl>6 Aul*7 and Hgl*8 to give a
“sandwiching” of these metal atoms between two cluster
units have been reported. In contrast, the reactions of
cluster anions with cation or halide of Group 10 transi-
tion metals have been known to give giant clusters
comprising two different transition metals, for example,
[NissPto(CO)5(H)s]" [Pd;33Nig(CO)y; (PPhs)e]*, 11
[NisPt,(CO)ys]o, " and [FegPdo(CO),H*~.[?] In these ex-
amples, considerable fragmentation and recombination of the
original cluster component appear to be the important factors.
Herein we report on the coupling of ruthenium carbido
carbonyl clusters through palladium species to give high-
nuclearity Ru/Pd mixed-metal complexes of “sandwich clus-
ter” type structure. This is similar to the many cases of Group
11 and 12 metals as linking agents, rather than the unpredict-
able cluster formation by fragmentation and spontaneous
assembly pathways. Incorporation of a Group 10 transition
metal as a linking agent in sandwiching products should
greatly widen the scope of the fusion route as a method for the
rational synthesis of large heterometallic clusters, particularly
in terms of their application as potential precursors for
tailored alloy catalysts. This investigation is significant in that
ruthenium and palladium are utilized as heterogeneous
catalysts in a wide variety of industrial reactions.['*]

Treatment of the pentanuclear ruthenium carbido anion
[RusC(CO) ) (cation: PPN =N(PPh;),") with with two
equivalents of [Pd(C;H;)Cl], in THF at room temperature for
12 h gave dark red crystals of a neutral cluster with the
composition [PdgRu;(Co(CO),,(C3Hs),] (1) in 52% yield.
X-ray structural analysis (Figure 1) revealed that the molecule
has two pseudo mirror planes, one of which passes through
Pd2, PdS, Rull, and Ru21 and the other through Pd7, PdS,
C20, 021, C8, and C11.

The Pdy core, which is flanked on each side by a square-
pyramidal Rus core, consists of two coplanar fused squares,
Pd1-Pd2-Pd5-Pd4 and Pd2-Pd3-Pd6-Pd5, and two Pd atoms,
Pd7 and Pd8, which cap each of the squares from the same
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Figure 1. Structure of 1 in the crystal (26 CO ligands omitted for clarity).
Four Pd—Ru bonds (Pd7—Rul4, Pd7-Ru24, Pd8—Rul5, Pd8—Ru25) and
one Pd—Pd bond (Pd2—Pd5) have bridging CO, and four Pd—Ru bonds
(Pd1-Rul3, Pd3—Rul2, Pd4—Ru23, Pd6—Ru22) have semibridging CO
ligands, while all other CO ligands are terminal and bonded to Ru atoms.
Selected interatomic distances [A] and angles [°]: Pd1-Rul3 2.865(2), Pd1-
Rul4 2.977(2), Pd2-Rul2 2.888(2), Pd2-Rul3 2.872(2), Pd2-Rul4 3.037(1),
Pd2-Rul5 3.162(2), Pd3-Rul2 2.839(2), Pd3-Rul5 2.956(1), Pd4-Ru23
2.800(2), Pd4-Ru24 2.973(2), Pd5-Ru22 2.874(1), Pd5-Ru23 2.880(2), Pds-
Ru24 3.199(2), Pd5-Ru25 3.079(2), Pd6-Ru22 2.845(2), Pd6-Ru25 2.941(2),
Pd7-Rul4 2.757(2), Pd7-Ru24 2.809(2), Pd8-Rul5 2.820(2), Pd8-Ru25
2.780(2), Pd1-C7 2.08(2), Pd4-C9 2.14(2), Rul2-C3 2.23(1), Rul3-Cl
2.23(2); Pd2-C001-Rull 179.8(8), Pd5-C002-Ru21 176.0(8).

side of the fused square plane and are in bonding distance
(2.720(2) A). There are 20 Pd—Ru bonds in the structure
(Figure 1), and as a consequence of these Pd—Ru bonding
interactions, the basal planes of the Ru pyramids tilt toward
the Pd7—Pd8 bond. The dihedral angles between the basal
planes and the fused Pd squares are 68.89(4) and 71.12(4)°,
respectively. Four u,-n>-C;Hs groups are located on the
Pd1-Pd4, Pd3—Pd6, Rul2—Rul3, and Ru22—Ru23 bonds.
The '"H NMR spectrum shows sets of signals for the Ru-allyl!'4l
and Pd-allyl groups; these signals do not change even at 80°C.
The *C NMR spectrum exhibits two moderately broad peaks
(0 =198.2 and 196.8; ratio 1:2) in the CO region. These can be
assigned to CO ligands that interact with the Pd atoms and to
those that are bonded solely to Ru atoms.

By using the hexanuclear ruthenium carbido anion
[RugC(CO)4]*~ as the starting carbonyl cluster, the reac-
tions with the palladium cation [Pd(CH;CN),]** proceeded
smoothly; however, the number of palladium atoms incorpo-
rated in the product complexes was found to be dependent on
reaction conditions. Refluxing [PPN],[RusC(CO)4] in CH,Cl,
with about one equivalent of [Pd(CH;CN),][BF,], for 4h
under air afforded a dark red oil. Subsequent treatment of
the latter with CH,Cl,/MeOH resulted in crystals of
[PPN],[Pd,Ru;,C,(CO)5] (2) in 33% yield. Reaction of the
same reactants in the same feeding ratio in THF at room
temperature for 12 h but under argon gave dark red crystals of
the composition [PPN],[Pd,Ru;,C,(CO)s,] (3). The yield of
this reaction was 34% based on the starting ruthenium
complex and 68 % based on the palladium cation used. The
use of excess [Pd(CH;CN),][BF,], gives a much worse yield of
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3. Refluxing a solution of 3 in CH,Cl, under air did not give 2
but resulted in gradual decomposition of 3 to an intractable
material.

The molecular structure of 2 determined by X-ray structure
analysis (Figure 2) shows that the two Rug octahedra are
linked through two palladium atoms. The Ru, skeleton retains

Figure 2. Structure of the anion of 2 in the crystal. The CO ligands, except
those bridging the Pd—Ru bonds, are omitted for clarity; all other CO
ligands are bonded solely to Ru atoms. Selected interatomic distances [A]
and angles [°]: Pd1-Rull 2.836(1), Pd1-Rul4 2.754(1), Pd1-Rul5 2.788(1),
Pd1-Ru21 2.786(1), Pd1-Ru24 2.735(1), Pd1-Ru25 2.767(1), Pd2-Rul4
2.759(1), Pd2-Rul5 2.722(1), Pd2-Rul6 2.762(1), Pd2-Ru24 2.797(1), Pd2-
Ru25 2.762(1), Pd2-Ru26 2.848(1), Rul4-Rul5 3.215(2), Ru24-Ru25
3.212(2); Rull-Pd1-Ru21l 165.83(3), Rul6-Pd2-Ru26 165.87(3), Rul2-
Rul3-Rul4 94.48(3), Rul3-Rul2-Rul5 93.31(3).

its original octahedral geometry except that the edge that
interacts with the palladium atoms is broken; the Rul4—Rul5
and Ru24—Ru25 distances are 3.215(2) and 3.212(2) A,
respectively. Each palladium atom has six heterometallic
bonds, four to the ruthenium atoms of the broken Ru—Ru
edges and two to apical ruthenium atoms.

Complex 3 (Figure 3) contains two additional palladium
atoms. Th Pd, skeleton adopts the form of a bent square
(angle 107.5°; nonbonded Pd2—Pd3 distance 3.485(2) A). The
two Ry, octahedra have local structures similar to those in 2
but their relative orientation is now twisted, in terms of the
broken Ru—Ru edges, by almost 90° from that in 2.

Apparently, formation of these heterometallic cluster
complexes does not result from a simple combination reaction
between cationic and anionic complexes but is accompanied
by partial redox reactions. Formation of 1 may be viewed
formally as the result of the reaction between two molecules
of [RusC(CO),J*~ and four molecules of the “Pd(C;H;)Cl”
species, in which four atoms of Pd° are further incorporated.
In the synthesis of 2 and 3, the neutral ruthenium cluster
[RusC(CO),,] is always obtained as a minor product (ca.
20%). Cyclic voltammetric studies in CH;CN with [Cp,Fe]/
[Cp,Fe'] (Cp=CsHs") as reference gave E (reduction) of
[PA(CH,CN),J** at —0.14V, while E(oxidation) for
[RugC(CO)¢]*~ was —0.01 V. The oxidation peak of the
cluster anion is, however, broad and the lower part of the
voltammogram is extended over —0.14 V, suggesting that only
gentle reduction of the palladium cation by the cluster anion is
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Figure 3. Structure of the anion of 3 in the crystal. The CO ligands, except
those bridging the Pd—Ru bonds, are omitted for clarity; all other CO
ligands are bonded solely to Ru atoms. Selected interatomic distances [A]:
Pd1-Pd2 2.825(4), Pd1-Pd3 2.720(2), Pd2-Pd3 3.485(2), Pd2-Pd4 2.744(2),
Pd3-Pd4 2.824(3), Pd1-Rull 2.774(2), Pd1-Ru2l 2.740(2), Pd1-Ru24
2.902(2), Pd1-Ru25 2.840(3), Pd2-Rull 2.833(3), Pd2-Rul4 2.750(2), Pd2-
Rul5 2.905(2), Pd2-Ru25 2.763(2), Pd3-Rull 2.916(2), Pd3-Rul2 2.748(2),
Pd3-Rul5 2.833(3), Pd3-Ru24 2.764(2), Pd4-RulS 2.771(2), Pd4-Ru24
2.820(4), Pd4-Ru25 2.909(3), Pd4-Ru26 2.744(2), Rull-Rul5 3.458(4),
Ru24-Ru25 3.454(2).

possible. By employing [Fe(CsHs),]* as an “innocent” oxidant
that does not chemically react with the cluster anion or cluster
species being oxidized, the reaction with one equivalent of
[RusC(CO),)* at 0°C was found to give the self-condensa-
tion product [Ru,,C,(CO),,J*~ in a 83% yield. The same
complex was previously prepared by pyrolysis of
[RusC(CO)¢]> at 210°C in 35% yield.I'S] The investigation
of the transformation of these high-nuclearity heterometallic
clusters into supported fine metal particles of Ru/Pd alloy is
now in progress.

Experimental Section

All reactions (except the synthesis of 2) were carried out in dry solvents
under purified argon. The products were purified by column chromatog-
raphy onsilica gel and crystallized from CH,Cl,/hexane (1) or from CH,Cl,/
MeOH (2 and 3). All data collections for X-ray analysis were made on a
Rigaku RAXIS-IV imaging plate diffractometer with graphite-monochro-
mated Moy, (A=0.71073 A) radiation. Structures were solved by direct
methods, expanded using Fourier techniques, and refined by full-matrix
least-squares. All calculations were performed by using the teXsan
crystallographic software package (Molecular Structure Corporation
1992). Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-135943,
CCDC-135944, and CCDC-135945. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

1: Yield 52 %; dark red plates; '"H NMR (270 MHz, C¢Dy, 25°C): 6 =4.25
(d, J=4.8 Hz, 2H, syn-H, Pd-allyl), 4.17 (m, 1 H, central-H, Pd-allyl), 3.39
(d, /=70 Hz, 2H, syn-H, Ru-allyl), 2.89 (d, J=12.0 Hz, 2H, anti-H, Pd-
allyl), 1.99 (m, 1H, central-H, Ru-allyl), 0.37 (d, /=13.0 Hz, 2H, anti-H,
Ru-allyl); *C NMR (500 Hz, [Dg]toluene, 25°C): 6 =198.2 (CO), 196.8
(CO), 108.2 (allyl-terminal), 80.4 (allyl-terminal), 65.9 (allyl-central), 59.2
(allyl-central); IR (CH,CL): #(CO)=2072 (m), 2036 (s), 2023 (s) cm™';
elemental analysis (%) calcd for CyH,O,;,PdsRu,,: C 17.54, H 0.72; found:
1743, H 0.79. Crystal data for 1-3CH,Cl,: M,=3062.45, monoclinic,
space group P2,/n (no. 14), a=21.557(2), b=14.515(4), c=21.931(3) A,
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B=101.092(8)°, V=6733(2) A%, Z=4, Peyea=3.019 gem3, y=45.61 cm™,
data collection at —100°C, RI =0.051, R2=0.049 for 7401 data with >
4o(1).

2: Yield 33%; dark red plates; IR (CH,CL): #(CO)=2038 (s), 2008
(s) em™; elemental analysis (%) calcd for C,osHg,CLN,O5,P,Pd,Ru,, (one
CH,Cl, molecule as solvent of crystallization): C 36.53, H 1.81, N 0.81;
found: C 36.46, H 1.77, N 0.83. Crystal data for 2-2CH,Cl,: M,=3537.01,
monoclinic, space group Cc (no. 9), a=38271(5), b=9.973(4), c=
36.093(5) A, f=123.592(8)°, V=11475(5) A3, Z=4, peea=2.047 gcm3,
1 =20.58 cm™!, data collection at —100°C, RI =0.043, R2=0.054 for 9619
data with 7> 30(I).

3: Yield 34% (based on Ru), 68% (based on Pd); dark red plates; IR
(CH,CL,): #(CO)=2033 (s), 2021 (s), 2002 (sh) cm~'; elemental analysis
(%) calcd for C,pHgN,05,P,Pd,Ruy,: C 35.00, H 1.66, N 0.77; found: C
34.90, H 1.62, N 0.72. Crystal data for 3: M,=23635.97, monoclinic, space
group Cc (no. 9), a=23.979(3), b=31343(8), c=19.177(2) A, =
128.613(6)°, V=11262 A3, Z=4, poyea=2.144 gecm=3, 4 =23.13 cm™!, data
collection at —100°C, RI =0.054, R2=0.058 for 7430 data with I > 40(I).

Received: November 2, 1999 [Z14206]

[1] D. A. Roberts, G.L. Geoffroy in Comprehensive Organometallic
Chemistry, Vol. 6 (Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel),
Pergamon, New York, 1982, p. 763.

Comprehensive Organometallic Chemistry 11, Vol. 10 (Eds.: G. Wil-
kinson, F. G. A. Stone, E. W. Abel), Pergamon, New York, 1995.

[3] B. C. Gates, Chem. Rev. 1995, 95, 511.

[4] a) M. A. Beswick, J. Lewis, P. R. Raithby, M. C. R. Arellano, Angew.
Chem. 1997, 109, 2311; Angew. Chem. Int. Ed. Engl. 1997, 36, 2227,
b) M. A. Beswick, P. R. Raithby, J. Lewis, M. C. Ramirez, M. C. R.
Arellano, Angew. Chem. 1997, 109, 303; Angew. Chem. Int. Ed. Engl.
1997, 36,291; c) M. A. Beswick, P. R. Raithby, J. Lewis, M. C. Ramirez,
M. C.R. Arellano, J. Chem. Soc. Dalton Trans. 1996, 4033; d) S. M.
Draper, A. D. Hattersley, C. E. Housecroft, A. L. Rheingold, J. Chem.
Soc. Chem. Commun. 1992, 1365; ¢) M. F. Hallam, D. M. P. Mingos, T.
Adatia, M. McPartlin, J. Chem. Soc. Dalton Trans. 1988, 335.

D.S. Shephard, T. Maschmeyer, B. F. G. Johnson, J. M. Thomas, G.
Sankar, D. Ozkaya, W. Zhou, R. D. Oldroyd, R. G. Bell, Angew.
Chem. 1997, 109, 2337; Angew. Chem. Int. Ed. Engl. 1997, 36, 2242.
a) A. Albinati, K.-H. Dahmen, A. Togni, L. M. Venanzi, Angew.
Chem. 1985, 97, 760; Angew. Chem. Int. Ed. Engl. 1985, 24, 766; b) M.
Fajardo, M. P. Géez-sal, H. D. Holden, B. F. G. Johnson, J. Lewis,
R. C. S. McQueen, P. R. Raithby, J. Organomet. Chem. 1984, 267, C25;
c) B. T. Heaton, L. Strona, S. Martinengo, D. Strumolo, V. G. Albano,
D. Braga, J. Chem. Soc. Dalton Trans. 1983, 2175.

a) A.J. W. Johnson, B. Spencer, L. F. Dahl, Inorg. Chim. Acta 1997,
227,269; b) R. C. B. Copley, C. M. Hill, D. M. P. Mingos, J. Cluster Sci.
1997, 6, 71; c¢) C. E. Housecroft, A. L. Rheingold, M. S. Shongwe, J.
Chem. Soc. Chem. Commun. 1988, 1630; d) S. R. Drake, K. Henrick,
B.F. G. Johnson, J. Lewis, M. McPartlin, J. Morris, J. Chem. Soc.
Chem. Commun. 1986, 928; ¢) B. F. G. Johnson, D. A. Kaner, J. Lewis,
P. R. Raithby, J. Chem. Soc. Chem. Commun. 1981, 753.

[8] a) R.Reina, O. Riba, O. Rossell, M. Seco, P. Gomez-Sal, A. Martin, D.
Montauzon, A. Mari, Organometallics 1998, 17, 4127; b) L. H. Gade,
B. F. G. Johnson, J. Lewis, M. McPartlin, H. R. Powell, J. Chem. Soc.
Dalton Trans. 1992,921; ¢) B. F. G. Johnson, W.-L. Kwik, J. Lewis, P. R.
Raithby, V.P. Saharan, J. Chem. Soc. Dalton Trans. 1991, 1037;
d) L. H. Gade, B. F. G. Johnson, J. Lewis, M. McPartlin, H. R. Powell,
J. Chem. Soc. Chem. Commun. 1990, 110; e) L. J. Farrugla, J. Chem.
Soc. Chem. Commun. 1987, 147; f) P. Braunstein, J. Rose, A.
Tiripicchio, M. T. Camellini, Angew. Chem. 1985, 97, 761; Angew.
Chem. Int. Ed. Engl. 1985, 24, 767, g) M. P. Gomez-sal, B.F. G.
Johnson, J. Lewis, P. R. Raithby, S. N. A. B. Syed-Mustaffa, J. Organo-
met. Chem. 1984, 272, C21; h) S. Ermer, K. King, K. I. Hardcastle, E.
Rosenberg, A. M. M. Lanfredi, A. Tiripicchio, M. T. Camellini, /norg.
Chem. 1983, 22, 1339.

A. Ceriotti, F. Demartin, G. Longoni, M. Manassero, M. Marchionna,
G. Piva, M. Sansoni, Angew. Chem. 1985, 97, 708; Angew. Chem. Int.
Ed. Engl. 1985, 24, 697.

2

[

5

—_

[6

—

[7

—

9

—

0570-0833/00/3906-1133 § 17.50+.50/0 1133



COMMUNICATIONS

[10] M. Kawano, J. W. Bacon, C. F. Campana, L. F. Dahl, J. Am. Chem. [13] a) S. R. Tennison in Catalytic Ammonia Synthesis (Ed.: J.R. Jen-
Soc. 1996, 118, 7869. nings), Plenum, New York, 1991 S. 303; b) L. I. Moiseev, Pure Appl.
[11] a) F. Demartin, C. Femoni, M. C. Iapalucci, G. Longoni, P. Macchi, Chem. 1989, 61, 1755.
Angew. Chem. 1999, 111, 552; Angew. Chem. Int. Ed. 1999, 38, 531, [14] T. Chihara, K. Aoki, H. Yamazaki, J. Organomet. Chem. 1990, 383,
b) A. Ceriotti, F. Demartin, G. Longoni, M. Manassero, G. Piva, G. 367.
Piro, M. Sansoni, J. Organomet. Chem. 1986, 301, CS. [15] C.-M.T. Haward, J. R. Sharpley, M. R. Churchill, C. Bueno, A.L.
[12] G. Longoni, M. Massero, M. Sansoni, J. Am. Chem. Soc. 1980, 102, Rheingold, J. Am. Chem. Soc. 1982, 104, 7347.
3242.

Deposition of Data from X-Ray Structure Analyses

In order to make life easier for authors and referees the Cambridge Crystallographic Data Centre
(CCDC) and the Fachinformationszentrum Karlsruhe (FIZ) have unified their procedures for the
depostion of data from single-crystal X-ray structure analyses.

Prior to submitting a manuscript please deposit the data for your compound(s) electronically at
the appropriate date base, that is, at the CCDC for organic and organometallic compounds and at
the FIZ for inorganic compounds. Both data bases will be pleased to provide help (see our Notice
to Authors in the first issue of this year). In general, you will receive a depository number from the
data base within two working days after electronic deposition; please include this number with the
appropriate standard text (see our Notice to Authors) in your manuscript. This will enable the
referees to retrieve the structure data quickly and efficiently if they need this information to reach
their decision.

This is now the uniform procedure for manuscripts submitted to the journals Advanced Materials,
Angewandte Chemie, Chemistry—-A European Journal, the European Journal of Inorganic
Chemistry, and the European Journal of Organic Chemistry.
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