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The synthesis and characterization of a cyclometalated ruthenium(II) complex [RuCl(PSiPCy)] containing
monoanionic, tridentate coordinating PSiP-pincer ligand [κ3-(2-Cy2PC6H4)2SiMe]− ([PSiPCy]) are reported.
Complex 3 is one of the few examples of halogenated ruthenium(II) complexes supported by the pincer-
like bis(phosphino)silyl ligand. The structure of complex 3 was unambiguously determined by multinuclear
NMR and single crystal X-ray analysis. This compound has also been shown to catalyze the transfer hydroge-
nation of ketones to the corresponding secondary alcohols efficiently with 2-propanol as the hydrogen source
instead of using molecular dihydrogen gas or hazardous reducing agents (e.g., NaBH4 and LiAlH4), and tBuOK
as the base.

© 2011 Elsevier B.V. All rights reserved.
Pincer ligands incorporating two phosphine arms and a central
carbon atom have attracted a substantial amount of interest since
the initial investigations of this type of ligands by Shaw et al. [1].
Such PCP ligands have been found to support a number of exciting
catalytic and stoichiometric transformations [2,3]. Recently, several
variations of the central donor atom Z (Z=N, S) have been explored
[4]. However, the “PSiP” pincer-like transition metal complexes have
rarely been reported [5]. Silyl ligands have strong σ-donating charac-
ters and show a stronger trans influence than do commonly used li-
gands in transition metal chemistry [6]. Silyl ligands would make an
electron-rich metal center and coordinatively unsaturated species
by its strong trans-labilizing effect. We have been working on the re-
action of chelating disilyl compounds with group 10 transition metal
complexes and reported a number of unusual complexes bearing che-
lating silyl ligands [7]. The above-mentioned unique character of the
silyl ligands strongly affected the formation of such complexes.
Therefore, “ancillary” silyl ligands would provide transition metal
complexes having unique reactivities useful for catalysis. However,
simple silyl ligands usually have high reactivity and can not stay on
transition metals as “ancillary” ligands. Incorporation of silyl group
in a multidentate ligand framework would be a useful strategy to
make “ancillary” silyl ligands. There are two types of approaches for
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this kind of silyl ligands: 1) incorporation of one silyl group at the
center of multidentate framework [8], and 2) attachment of two
silyl groups in a rigid multidentate framework. The second approach
is so far rather limited and the xanthsil ligand by Tobita and co-
workers is a representative example [9]. Recently, transition metal
complexes bearing other tridentate N2Si, and S2Si type ligands as
well as tetradentate P3Si and S3Si type ligands have also been
reported [10].

Hydrogen transfer catalysis is an attractive protocol for the reduc-
tion of ketones to alcohols in both academic and industrial research.
The use of a hydrogen donor (e.g., 2-propanol) instead of using mo-
lecular dihydrogen gas or hazardous reducing agents (e.g., NaBH4

and LiAlH4) has a potential advantage in terms of mild reaction con-
ditions and excellent regioselectivity [11].

Some pincer-like transition metal complexes of Ru, Ir, and Rh have
been found to be active catalysts in (a)symmetric hydrogen transfer
reactions of polar groups (e.g., ketones and imines) [11]. In recent
years, a number of studies appeared on the successful use of cyclome-
talated ruthenium(II) complexes containing tridentate, cyclometa-
lated PCP−, and NCN− as catalyst precursors in hydrogen transfer
reactions [12]. The great interest in the use of E,C,E-pincer ligands
(E=N, P) arises from the remarkable stability of the corresponding
metal complexes and the possibility to modulate the reactivity of
the metal center by fine-tuning and control of the electronic and ste-
ric properties of the ligand framework [13].

We are interested in [{2-(R2P)C6H4}2MeSi]− ligands (=PSiP-R,
R=Cy (cyclohexyl), iPr, tBu), which would have high electron
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Fig. 1. The structure of 3, showing the coordination environment of Ru atom. The hy-
drogen atoms and solvate molecules are omitted for clarity.

Table 1
Crystal data and structure refinement parameters for 3.

Structure parameters 3

Empirical formula C98H134Cl2P4Ru2Si2
fw 1765.15
Cryst syst Triclinic
Space group P −1
a (Å) 14.607(3)
b (Å) 17.402(4)
c (Å) 20.728(4)
α (°) 109.35(3)
β (°) 97.94(3)
γ (°) 106.94(3)
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donating property and higher rigidity than do [(Ph2P(CH2)n)2MeSi]−

ligands [14]. Herein we report the synthesis and structure of a rare
cyclometalated ruthenium(II) complex [RuCl(PSiPCy)] 3 containing
monoanionic, tridentate coordinating PSiP-pincer ligands [κ3-(2-Cy2-
PC6H4)2SiMe]− ([PSiPCy]), and its catalytic activity in the transfer hy-
drogenation of ketones with 2-propanol as the hydrogen source and
tBuOK as the base. Dialkyl (aliphatic and cyclic), alkyl aryl, and diaryl
ketones were all reduced in a good to high yield by this PSiP Ru(II)
complex 3.

Treatment of the parent tertiary silane, [PSiP]H (2) with an equi-
molar amount of [RuCl2(COD)] in dry THF at ambient temperature
in the presence of NEt3 resulted in oxidative addition of the Si\H
bond to the ruthenium(II) center, followed by reductive-elimination
to give a Ru-(κ3-PSiP) complex in high yields (Scheme 1; isolated
yield ca. 82%). Crystallization of compound 3 from benzene afforded
X-ray quality single crystals, and its structure was unambiguously
confirmed by single-crystal X-ray structure analysis (Fig. 1) [15,16].
To the best of our knowledge, complex 3 is one of the few examples
of halogenated ruthenium(II) complexes supported by the pincer-
like bis(phosphino)silyl ligand. Complex 3 crystallizes in the mono-
clinic group P-1 (Table 1). The pincer-like title compound contains
two stable five-membered cyclometalated rings with the P–Ru–Si an-
gles of 79.45(5) and 84.75(4)° (Table 2). The Ru atom is coordinated
by two P atoms, one Si atom and two Cl atoms in a distorted square-
pyramidal geometry, in which the silyl group occupies the apical co-
ordination site, while the remaining phosphine arms of the [PSiP] li-
gand and the two bridging Cl atoms occupy basal sites. The bond
distances of Ru1–Si1 and Ru1–Cl1 are 2.2729(11) and 2.4772(11) Å,
respectively, which are similar to the other Ru analog with pincer-
like tridentate PSiP ligand, Ru[SiMe(CH2CH2CH2PPh2)2]Cl [14]. The
two P donor atoms are almost in a cis arrangement with a P1-Ru1-
P2 angle of 96.63(4)°, the methyl group on Si1 donor in 3 is posi-
tioned cis to Cl, and the P1 donor is trans to Cl1, with a P1-Ru1-Cl1
angle of 165.38(3)°. The four cyclohexane rings adopt the chair con-
formation and the two phenyl rings are, of course, planar, which are
oriented at a dihedral angle of 79.89 (1)° (Table 2). The structure of
complex 3 was also well identified by elemental analysis and multi-
nuclear NMR.

Building on our synthetic investigations of [PSiP]-ligated metal com-
plexes, we have begun to examine the utility of such species as catalysts
in a range of substrate transformations. In particular, we are interested in
exploring how the substitution of Si for C in a rigid tridentate ancillary li-
gand framework influences metal-mediated reactivity, given the strong
electron donating and trans-labilizing abilities of Si. Reduction by
means of hydrogen-transfer reactions has recently attractedmuchatten-
tion because of its practical simplicity and potential use at ambient pres-
sure. Furthermore, the use of an alternative source of hydrogen may
result in different reactivity patterns [11]. Recently, several Ru(II)
PCP−, NCN−, CNC−, and CNN− pincer complexes have been shown to
catalyze the transfer hydrogenation of ketones [17], and it has been pro-
posed that the Ru-C σ-bond plays an important role in the formation of
long-lived, catalytically active species [18]. In this context,we became in-
terested in surveying the catalytic activity of ruthenium(II) complex
Scheme 1. Synthetic route of organosilicon complex Ru-(κ3-PSiP) (3).
[RuCl(PSiP)] (3) containing monoanionic, tridentate coordinating PSiP-
pincer ligand in the transfer hydrogenation of ketones, employing
basic iPrOH as the hydrogen source. In contrast to the phosphinosilyl
complexes previously reported by Stobart and co-workers that feature
an aliphatic or benzylic ligand backbone,we anticipated that the reduced
conformational flexibility associated with the rigid o-cyclohexyl back-
bone of [PSiP] could provide enhanced stability and selectivity in
metal-mediated substrate transformations and the representative cata-
lytic data obtained in our preliminary survey are summarized in
Table 3. When employing 0.2 mol% of 3 with 5 mol% of KOtBu at 80 °C,
high conversion to the corresponding secondary alcohols was observed
for several ketone substrates, including diaryl, dialkyl, and alkyl/aryl ke-
tones (Scheme 2). The reactions are slow at room temperature but pro-
ceed at good rates at 80 °C and the catalyst system hydrogenates
aliphatic ketones faster than aromatic ones. Although conditions have
not yet been optimized, it is obvious that the activity of 3 as a catalyst
in this reaction is comparable to that observed with phosphine and
amine aryl pincer ruthenium complexes, but lower than the aminoalco-
hol based systems of Noyori [19]. As is the case for most metal-catalyzed
transfer hydrogenation processes conducted in iPrOH, lower conversion
V (Å3) 4592.2(2)
Z 2
T (K) 293(2)
F (000) 1864
ρ (g cm−3) 1.277
Absorption coefficient (mm−1) 0.527
Goodness of fit on F2 0.981
Total no. of data collected 14030
No. of unique data 11011
R indexes [I>2σ(I)] R1=0.0400

wR2=0.0976
R (all data) R1=0.0535

wR2=0.1040
Largest diff map hole and peak (e Å−3) 1.05 and −0.45

R1=∑Fo|− |Fc||/∑−Fo|; wR2=[∑w(Fo2−Fc
2)2/∑w(Fo2)2]1/2.
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Table 3
Transfer hydrogenation of ketones.

Entry Catalyst Substrate Time (h) Conversion (%)

1 3 Acetophenone 6 87
2 3 p-Methyl acetophenone 6.5 84
3 3 Benzophenone 8 85
4 3 2-Heptanone 5.5 90
5 3 Cyclohexanone 4 92
6 3 Cyclopentanone 3 94

Table 2
Selected bond lengths and angles for 3.

Ru(1)\P(1) 2.2373(11) Ru(1)\Cl(1) 2.4772(11)
C(1)\Si(1) 1.869(4) Ru(1)\P(2) 2.2367(12)
Si(1)\Ru(1) 2.2729(11) P(1)\C(13) 1.853(3)
Si(1)\C(2) 1.900(4) P(1)\Ru(1)\P(2) 96.63(4)
C(2)\Si(1)\C(8) 105.04(15) P(1)\Ru(1)\Si(1) 84.75(4)
P(2)\Ru(1)\Si(1) 79.45(5) Cl(1)\Ru(1)\Si(1) 90.94(4)
Cl(1)\Ru(1)\P(1) 165.38(3) Cl(1)\Ru(1)\P(2) 96.30(4)
C(2)\Si(1)\Ru(1) 108.97(12) C(1)\Si(1)\Ru(1) 118.93(13)
C(1)\Si(1)\C(2) 105.94(17) C(3)\C(2)\C(7) 118.9(4)
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was observed in the absence of KOtBu as base. The preformed Ru com-
plex 3 was similarly inactive for transfer hydrogenation of cyclohexa-
none in the absence of added KOtBu, although 94% conversion was
obtained when using 5 mol% KOtBu along with 0.2 mol% 3 (entry 6,
Table 3). Furthermore, these data show that the stability provided by
the chelate ligand, and the potential for electronic/coordinative unsa-
turation are possible reasons for the activity observed. These preliminary
results establish [PSiP]Ru complexes as a promising class of precatalysts
for transfer hydrogenation. Further mechanistic studies of this reaction,
as well as catalytic studies featuring these and other [PSiP] derivatives,
are currently in progress.

In this contribution, convenient access to an Ru-(κ3-PSiP) complex
with the bulky ligand [κ3-(2-Cy2PC6H4)2SiMe]− has been established
from [RuCl2(COD)]. We report the synthesis and preliminary coordi-
nation chemistry studies of the new coordinatively unsaturated
group 8 pincer-like complex supported by the bis(phosphino)silyl li-
gand [κ3-(2-Cy2PC6H4)2SiMe]− ([Cy-PSiP]−), as well as a preliminary
investigation of the catalytic utility of [PSiP]Ru species in the transfer
hydrogenation of ketones. The pincer-like ruthenium(II) complex 3
has been found to display high catalytic in the reduction of various
ketones to the corresponding alcohols with iPrOH as the hydrogen
source and KOBut as the promoter. Under these conditions, the Ru-
Si σ bond is stable and the [Ru(PSiP)Cl] fragment is preserved. The
isolation of free ‘pincer’ type bis(phosphino)silyl ligands has opened
new and easy synthetic routes to a variety of complexes with wide
scope for functionalization and catalyst optimization and tuning.
The synthesis of other ‘pincer’ complexes with catalytically important
metals using this methodology is under way.
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Scheme 2. Transfer hydrogenation of ketones.
Appendix A. Supplementary material

CCDC-819185 contains the supplementary crystallographic data
for compound 3. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Supplementary data to this article can be found on-
line at doi:10.1016/j.inoche.2011.10.022.
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