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Summary: Treatment of a chloride-bridged tetraruthenium
complex with tetramethyldiphoshine and tetraphenyldiphosphine
affords a different type of diphosphine-bridged diruthenium
complexes, which are further transformed into the corresponding
cationic complexes by treatment with silVer trifluoromethane-
sulfonate. Some diphosphine-bridged diruthenium complexes
show a catalytic actiVity toward the quantitatiVe cyclotrimer-
ization of ethyl propiolate to two regioisomeric benzene
deriVatiVes.

Introduction

The synthesis and reactivity of multinuclear complexes have
attracted considerable attention because of their potential
applicability to effective organic transformations.1,2 The choice
of suitable bridging ligands is a very important factor to
construct the desirable multinuclear skeletons effectively. For
example, bis(diorganophosphino)methanes such as dppm (1,1-
bis(diphenyl)phosphinomethane (Ph2PCH2PPh2)) are known to
work as bridging ligands to give the dinuclear complexes3 that
provide suitable reactive sites to facilitate the simultaneous
activation and transformation of substrate molecules. On the
other hand, tetraorganodiphosphines (R2P-PR2) are often used
as other types of bridged ligands, where two metal centers
coordinated by tetraorganodiphosphines can be fixed in closer
proximity because the two phosphorus atoms in tetraorgano-
diphosphines are connected directly. A variety of diphosphine-
bridged dinuclear complexes are known, but most of them are
limited to the complexes bearing carbonyl ligands and their
analogues.4 In addition, the reactivity of the diphosphine-
bridged dinuclear complexes has not yet been investigated in
detail up to now. Herein, we report the synthesis and charac-
terization of diphosphine-bridged diruthenium complexes

together with their stoichiometric and catalytic activity for some
organic transformations.

Results and Discussion

Treatment of a chloride-bridged tetraruthenium(II) complex
[Cp*Ru(µ3-Cl)]4 (1; Cp* ) η5-C5Me5) with 4 equiv of tetram-
ethyldiphosphine (2a; Me2P-PMe2) in tetrahydrofuran (THF)
at room temperature for 16 h afforded the corresponding
diphosphine-bridged diruthenium complex [Cp*RuCl(µ2-Me2P-
PMe2)]2 (3) in 53% isolated yield (Scheme 1). The use of 2
equiv of2a resulted in the formation of3 in only 22% isolated
yield. The complex3 was revealed to be thermally very stable,
and no phosphorus-phosphorus bond cleavage occurred even
when a solution of3 in 1,4-dioxane was heated at 100°C for
16 h. Next, treatment of3 with 1 equiv of silver trifluo-
romethanesulfonate (AgOTf; OTf) SO3CF3) in THF at room
temperature for 16 h afforded the corresponding monocationic
chloride-bridged diruthenium complex [Cp*Ru(µ2-Cl)(µ2-Me2P-
PMe2)2RuCp*]OTf (4) in 89% isolated yield. Unexpectedly, the
reaction of3 with 2 equiv of AgOTf under the same reaction
conditions gave the corresponding dicationic chloride-bridged
diruthenium complex [Cp*RuCl(µ2-Cl)(µ2-Me2P-PMe2)2RuCp*]-
(OTf)2 (5) in 56% isolated yield together with the formation of
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4 in 38% yield. The formation of5 means that oxidation from
Ru(II)-Ru(II) to Ru(III)-Ru(III) proceeded in place of the
removal of the chloride ligand with AgOTf. The reaction of4
with 2 equiv of LiBEt3H in THF at room temperature for 16 h
gave the corresponding hydride-bridged diruthenium complex
[Cp*Ru(µ2-H)(µ2-Me2P-PMe2)2RuCp*]OTf (6) in 46% isolated
yield. When4 was treated with 2 equiv of Na-Hg at room
temperature, the complex6 was also obtained in 70% isolated
yield. In the latter case, it is considered that one-electron
reduction of4 with Na-Hg results in the initial formation of
the Ru(I)-Ru(II) mixed-valence intermediate7, which abstracts
a hydrogen atom from THF.

The diphosphine-bridged diruthenium complexes (3-5) were
characterized by1H and 31P{1H} NMR spectroscopy, and the
molecular structure of the diruthenium complexes was confirmed
by X-ray analysis.5-7 ORTEP drawings of diruthenium com-
plexes (3-5) are shown in Figures 1-3, respectively. As shown

in Figure 1, the diruthenium complex3 has a chairlike six-
membered ring including two Ru atoms and two diphosphine
skeltons, and the two Cp* and two chloride ligands are present
in trans-configuration to each other. As shown in Figures 2 and
3, the diruthenium complexes4 and5 have boatlike and half-
chairlike six-membered rings, respectively, where two Cp*Ru
units are bridged by two diphosphines and a chloride ligand. In
both cases, two Cp* and the bridging chloride ligands are
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Figure 1. ORTEP drawings of3. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are drawn at 50% probability. Selected
bond lengths (Å), angles (deg), and torsion angles (deg): Ru1-
Cl1, 2.4700(13); Ru1-P1, 2.2885(12); Ru1-P2*, 2.2854(9); P1-
P2, 2.2490(13); P1-Ru1-P2*, 94.43(4); Cl1-Ru1-P1, 89.77(4);
Ru1-P1-P2, 124.22(5); Cl1-Ru1-P1-C11,-175.98(15); Cl1-
Ru1-P1-C12, 67.71(17).

Figure 2. ORTEP drawings of4. Hydrogen atoms and OTf anion
are omitted for clarity. Thermal ellipsoids are drawn at 50%
probability. Selected bond lengths (Å), angles (deg), and torsion
angles (deg): Ru1-Cl1, 2.451(1); Ru1-P1, 2.301(1); P1-P2,
2.261(2); P1-Ru1-Cl1, 83.22(4); P3-Ru1-Cl1, 90.37(4); P3-
Ru1-P1, 91.44(4); Ru1-P1-P2, 115.52(5); Ru1-Cl1-Ru2, 115.09-
(4); P1-Ru1-Cl1-Ru2, 50.09(3); Cl1-Ru2-P2-P1, 11.03(5);
Ru1-P1-P2-Ru2, 21.80(8).

Figure 3. ORTEP drawings of5. Hydrogen atoms and OTf anions
are omitted for clarity. Thermal ellipsoids are drawn at 50%
probability. Selected bond lengths (Å), angles (deg), and torsion
angles (deg): Ru1-Cl1, 2.403(1); Ru1-Cl2, 2.409(1); Ru1-P1,
2.383(1); Ru2-P2, 2.293(1); P1-P2, 2.235(2); P1-Ru1-Cl2,
76.23(4); P3-Ru1-P1, 118.48(6) Ru1-P1-P2, 111.16(6); Cl2-
Ru1-Cl1, 128.88(5); Cl1-Ru1-Cl2-Ru2, 0.46(6); Cl1-Ru1-
P1-P2, -81.79(5); Cl2-Ru1-P1-P2, -60.9(2).

Figure 4. ORTEP drawings of8. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are drawn at 50% probability. Selected
bond lengths (Å) and angles (deg): Ru1-P1, 2.315(2); Ru1-Cl1,
2.4732(13); P1-P1*, 2.321(2); Cl1-Ru1-Cl1*, 81.41(4); Cl1-
Ru1-P1, 85.74(5); Ru1-P1-P1*, 106.97(7).
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arranged insyn-position. Although the distance between the two
ruthenium atoms in4 and5 (4: 4.14 Å; 5: 4.07 Å) is shorter
than that in3 (5.18 Å), no ruthenium-ruthenium bonds are
observed in all cases. The hydride-bridged diruthenium complex
6 was characterized by1H and 31P{1H} NMR spectroscopy
along with a preliminary X-ray analysis. Complex6 has a similar
boatlike structure to that of complexes4.

On the other hand, treatment of [Cp*Ru(µ3-Cl)]4 (1) with 2
equiv of tetraphenyldiphosphine (2b; Ph2P-PPh2) afforded the
diphosphine- and chloride-bridged diruthenium complex (8) in
68% yield (Scheme 2). When the reduction of8 with LiBEt3H
or Na-Hg in THF was investigated, no reduced complex was
isolated and only the recovery of unreacted8 was confirmed
by 31P{1H} NMR spectroscopy. The reaction of8 with 2 equiv
of AgOTf in THF at room temperature for 16 h gave the
corresponding dicationic diruthenium complex (9) in 68%
isolated yield. No abstraction of the bridging chloride ligand in
8 was observed even when an excess of AgOTf was employed,
and the oxidation from Ru(II)-Ru(II) to Ru(III)-Ru(III)
occurred. These diruthenium complexes (8 and9) were char-
acterized by1H and 31P{1H} NMR spectroscopy, and their
molecular structure was confirmed by X-ray analysis.8,9 ORTEP

drawings of8 and9 are shown in Figures 4 and 5, respectively.
The molecular structure of8 is similar to that of the reported
tetraphenyldiphosphine-bridged diruthenium complexes such as
[Mn(CO)3(µ2-Br)2(µ2-Ph2P-PPh2)Mn(CO)3]4d and [Re(CO)3(µ2-
Br)2(µ2-Ph2P-PPh2)Re(CO)3].4e The bond distance between the
two ruthenium atoms in8 was revealed to be 3.68 Å, indicating
the absence of a ruthenium-ruthenium bond between them. In
contrast, the bond distance between the two ruthenium atoms
in 9 (2.88 Å) is shorter than that of8 and is typical for a Ru-
Ru single bond (2.71-3.02 Å).10

Some chemical reactivities of the produced diphosphine-
bridged diruthenium complexes were next examined. The
stoichiometric reactions of these diruthenium complexes with
terminal alkynes did not give the corresponding vinylidene or
alkyne complexes, but some diruthenium complexes such as3
and 4 were revealed to have a catalytic activity toward the
cyclotrimerization of ethyl propiolate, giving benzene deriva-
tives. Thus, the use of 1 mol % of the diruthenium complex3
or 4 as a catalyst at 100°C for 24 h in toluene afforded them
quantitatively as a mixture of two regioisomers. Some mono-
nuclear ruthenium complexes such as [Cp*RuCl(cod)] (cod)
1,5-cyclooctadiene) have already been known to catalyze the
facile cyclotrimerization of activated terminal alkynes.11 Al-
though the reactivity was lower in our case, this is the first
successful example of the catalytic reaction promoted by
diphosphine-bridged diruthenium complexes.

In summary, we have prepared a new type of diphosphine-
bridged diruthenium complexes by using tetramethyl- and
tetraphenyldiphosphines. Some diruthenium complexes have
been found to promote the catalytic quantitative cyclotrimer-
ization of ethyl propiolate to the corresponding benzene
derivatives.
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Figure 5. ORTEP drawings of9. Hydrogen atoms and OTf anion
are omitted for clarity. Thermal ellipsoids are drawn at 50%
probability. Selected bond lengths (Å) and angles (deg): Ru1-
Ru2, 2.8837(1); Ru1-Cl1, 2.381(2); Ru1-P1, 2.343(2); P1-P2,
2.303(3); Ru1-Cl1-Ru2, 74.45(16); Ru1-Ru2-P2, 82.66(6);
Ru1-P1-P2, 97.14(10).
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