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The ruthenium-mediated transfer hydrogenation (TH) of
ketones under basic conditions employing iPrOH or other H2-
donor solvents has emerged as an atom-economical method-
ology for the synthesis of secondary alcohols.[1] Although the
catalytic abilities of Ru complexes supported by a range of
structurally diverse ancillary ligands have been evaluated,
precatalysts featuring a Ru�NH linkage commonly offer the
highest levels of activity and selectivity in the TH of
ketones.[1,2] In the case of the landmark {(h6-arene)Ru}
catalysts featuring chiral diamido ligands developed by
Noyori and co-workers,[3] this now well-established N�H
effect has been rationalized in terms of an outer-sphere TH
mechanism involving the concerted transfer of H2 from a
{(H)Ru�NH2R} intermediate to a ketone substrate.[1c,3] More
recently, Baratta and co-workers have reported an alternative
class of precatalysts supported by 2-(aminomethyl)pyridine
(ampy) coligands that give rise to the most active catalysts
known for the TH of ketones.[4] For both of these prominent
Ru-based TH catalyst systems, the inferior performance
exhibited by the analogous {Ru�NMe2R} species underscores
the crucial role that the ancillary ligand NH2 terminus plays in
enhancing catalyst activity and selectivity.[3c,4] Notwithstand-
ing the advancements in Ru-mediated TH that have been

enabled through the development of ancillary ligands featur-
ing N�H donors, such a structural prerequisite limits the
future design of alternative classes of Ru-based TH catalysts
for use in mediating new and increasingly challenging
substrate transformations. In this context, the identification
of novel ligation strategies that do not rely on the N�H effect
and which give rise to highly active and selective Ru-based
TH catalysts represents an important goal in modern catalysis
research.[1,2]

Encouraged by the catalytic abilities of Noyori4s [(h6-
arene)Ru(diamido)] complexes,[3] and in light of the obser-
vation that the pairing of P- and N-donor ligands is a common
feature in several highly effective Ru-based TH cata-
lysts,[1c,2b,4] we became interested in developing new non-N�
H [(h6-arene)Ru(k2-P,N)(Cl)] precatalysts for use in the TH
of ketones. In the context of our research comparing the
reactivity properties of late-transition-metal cations and
zwitterions derived from 1-H,[5] we identified the cationic
complexes 2+X� and the zwitterion 3 as being worthwhile
candidates for catalytic studies (Scheme 1). Herein, we report

the synthesis and characterization of 2+X� and 3 as well as
their application as precatalysts in the TH of ketones. Despite
lacking an ancillary ligand N�H functionality, complex 3 is
among the most active ketone TH precatalysts known,
providing near-quantitative conversions and exhibiting con-
sistently high turnover frequencies (TOFs; up to 220000 h�1)
for a diversity of alkyl and aryl ketone substrates at low
catalyst loadings. Furthermore, while the anticipated zwitter-
ionic hydrido complex 4 is formed quantitatively upon
treatment of 3 with KOtBu in iPrOH, reactivity studies
confirm that this hydrido species is not the active catalyst in
TH reactions employing 3 as a precatalyst.

Scheme 1. Synthesis of 2+X� and 3. a) 0.5 [{h6-p-cymene)RuCl2}2] in
CH2Cl2 (X=Cl), or 0.5 [{h6-p-cymene)RuCl2}2] with AgX (X=BF4,
SO3CF3) or Li(Et2O)2.5B(C6F5)4 (X=B(C6F5)4) in MeCN; b) 1) 0.5 [{h6-p-
cymene)RuCl2}2] in CH2Cl2, 2) K2CO3 in THF.
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Addition of 1-H[6a] to 0.5 equiv-
alents of [{(h6-p-cymene)RuCl2}2]
afforded 2+Cl� , isolated in 93%
yield, while the corresponding
2+X� (X=BF4, SO3CF3, or B-
(C6F5)4) complexes were prepared
and isolated in 88–91% yield by
treatment of [(h6-p-cymene)-
(CH3CN)2RuCl]+X� (formed
in situ) with 1-H.[6b] As well, 2+Cl�

was transformed cleanly into the
zwitterion 3 upon exposure to
K2CO3, thereby allowing for the
isolation of 3 in 81% yield follow-
ing workup. The k2-P,N connectiv-
ity in both 2+X� and 3, which was
determined initially on the basis of
solution NMR spectroscopy data,
was confirmed by use of X-ray
diffraction techniques;[6c] the crys-
tal structures of 2+BF4

� and 3·-
(OC4H8)2 (Figure 1) can be com-
pared with those of other [(h6-
arene)Ru(k2-P,N)(Cl)] complex-
es.[2d,7] Whereas the Ru coordina-
tion environments in 2+BF4

� and 3
are similar, the interatomic distan-
ces within the backbone of the
P,N ligands differ significantly;
pronounced bond-length alterna-
tion is observed within the indene
fragment of 2+BF4

� , while the
indenide unit in 3 exhibits a more
delocalized structure, in keeping
with a 10p electron indenide
framework.[5]

The reduction of acetophenone in refluxing iPrOH in the
presence of KOtBu was selected to assess the catalytic utility
of 2+X� and 3 (0.05 mol%, denoted [Ru]) for the TH of
ketones [Eq. (1)].[6d] The cations 2+X� (X=Cl, BF4, SO3CF3,
or B(C6F5)4) exhibited modest activity, with conversions of

acetophenone to 1-phenylethanol ranging between 4 and
23% after 15 min.[6b] In contrast, the zwitterion 3 proved to be
an extremely active precatalyst for this reaction, providing
99% conversion into 1-phenylethanol after only 5 min
(Table 1, entry 1), and with a TOF value (180000 h�1) that is
among the highest reported for the TH of ketones.[2c–e,4]

Excellent catalytic performance was also observed when
employing 0.025 mol% 3 in refluxing iPrOH (93%, 15 min,
TOF= 170000 h�1) or by use of 0.2 mol% 3 at 45 8C (97%,
15 h).

Figure 1. ORTEP diagrams for 2+BF4
� , 3·(OC4H8)2, and 4 ; thermal

ellipsoids set at 50% probability, selected hydrogen atoms and the
THF solvates have been omitted for clarity. Selected bond lengths [J]
for 2+BF4

� and 3·(OC4H8)2 (the latter given in parentheses): Ru-P
2.3503(8) (2.374(1)), Ru-N 2.228(2) (2.218(4)), Ru-Cl 2.3909(8)
(2.390(1)), P-C3 1.810(3) (1.755(5)), N-C2 1.450(4) (1.473(6)), C1-C2
1.501(4) (1.383(7)), C2-C3 1.341(4) (1.413(7)). Selected bond
lengths [J] for 4 : Ru-P 2.297(1), Ru-N 2.206(3), P-C3 1.757(4), N-C2
1.475(5), C1-C2 1.379(5), C2-C3 1.408(5).

Table 1: Transfer hydrogenation of ketones (0.1m) with 3 (0.05 mol%) and KOtBu (1 mol%) in iPrOH.[a]

Entry Ketone t [min] Conversion [%][b] TOF [h�1][c]

1 5 99 180000

2 5 98[d] 220000

3 15 94 180000

4 5 97 180000

5 15 95 125000

6 15 99 57000

7 5 97 120000

8 5 99 54000

9 5 99 91000

10 15 99 150000

[a] 0.8 mmol scale (ketones (0.1m), 3 (0.05 mol%), KOtBu (1 mol%)) in refluxing iPrOH. [b] Con-
version to the secondary alcohol determined on the basis of GC-FID data at time t stated in column 3.
[c] Turnover frequency (mole of ketone converted into alcohol per mole of catalyst per hour) measured at
20 seconds (50% conversion for entry 1). [d] When the reaction was conducted on a 2.0 mmol scale,
Ph2CH(OH) was isolated with 96% yield.
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Complex 3 also proved to be an effective precatalyst for
the TH of other diaryl (Table 1, entries 2 to 4), aryl alkyl
(Table 1, entries 5 to 7), and dialkyl (Table 1, entries 8 to 10)
ketones. Notably, the ability of 3 to mediate the rapid (5–
15 min) reduction of such structurally diverse ketones with
high conversions (94–99%) and with remarkably high TOF
values (54000–220000 h�1) is unprecedented for a precatalyst
not featuring a Ru�NH linkage. To our knowledge, the
activity afforded by 3 in ketone TH is surpassed only by a
selection of N�H-containing {Ru(ampy)} complexes reported
recently by Baratta and co-workers.[4] The practical utility of 3
(0.01 mol%) was demonstrated through the 0.91 g scale
reduction of benzophenone to afford benzhydrol (91%
conversion by GC-FID (gas chromatography–flame ioniza-
tion detector); isolated in 82% yield).

To gain insight into the divergent catalytic performance of
2+X� and 3 in the TH of acetophenone, we sought to
determine the fate of 2+Cl� and 3 upon heating at reflux for
10 min in an iPrOH solution containing 20 equivalents of
KOtBu; in both cases, quantitative conversion into a single,
phosphorus-containing, product 4 was detected spectroscopi-
cally [Eq. (2)]. Complex 4 was prepared rationally from 3

(employing 1 equiv of KOtBu in iPrOH) and isolated in 71%
yield; both NMR spectroscopy and X-ray diffraction data
support the identity of 4 as the hydrido analogue of 3
(Figure 1). We have confirmed independently that 2+Cl� is
transformed cleanly into 3 upon net extrusion of HCl with
1 equivalent of KOtBu in THF, and the conversion of 3 to 4 in
basic iPrOH can be viewed as arising from the reaction of
KOiPr with 3 to give [(h6-p-cymene)Ru(k2-P,N-1)(OiPr)]
with subsequent b-H elimination and loss of acetone. The
formation of Ru�H complexes from {Ru�Cl} precursors
under such conditions is well-established,[8] and the prepon-
derance of empirical and theoretical evidence points to
hydrido species as the active catalysts formed in situ from
Ru�Cl precatalysts during the course of ketone TH reactions
conducted in basic iPrOH.[1,9] In this regard, our observation
that 4 (0.05 or 0.2 mol%) is completely inactive for ketone
TH, both in the presence and absence of added KOtBu, is
surprising. Evidently, the formation of 4 represents a catalyst
deactivation pathway in ketone TH reactions employing 2+X�

or 3 as precatalysts. However, such an observation does not
rule out the involvement of alternative hydrido species as
catalysts in reactions employing precatalysts 2+X� or 3,
including species that might arise from intramolecular C�H
activation involving a ligand NMe fragment.[5a]

In summary, donor-substituted indenides, such as 1 in the
zwitterion 3, are established as a promising new class of non-
N�H ancillary ligands for use in constructing highly active

Ru species for the TH of ketones in basic iPrOH. In fact, 3 is
the most active in a limited series of precatalysts for ketone
TH that do not exploit Ru�NH interactions, providing near-
quantitative conversions in minutes for a range of ketone
substrates at low catalyst loading and with TOF values as high
as 220000 h�1. Interestingly, all previously reported cationic
ketone TH precatalysts of the type [(h6-arene)Ru(k2-
P,N)(Cl)]+X� feature neutral P,N ligands, and are commonly
102 to 103 times less active than 3.[10] Such observations, when
considered in the context of the diminished catalytic abilities
of 2+X� relative to 3, suggest that the anionic nature of the
P,N ligand 1 may play an important role in engendering
desirable reactivity properties to ketone TH catalysts formed
in situ from 3. Experimentation directed toward elucidating
the source of the observed reactivity differences between
2+X� and 3, as well as identifying the catalytically active
intermediates that are generated in ketone TH reactions
featuring these precatalysts, is ongoing.

Received: January 25, 2007
Revised: March 30, 2007
Published online: May 16, 2007

.Keywords: homogeneous catalysis · ketones · ruthenium ·
transfer hydrogenation · zwitterions

[1] a) S. Gladiali, E. Alberico, Chem. Soc. Rev. 2006, 35, 226;
b) J. S. M. Samec, J.-E. BGckvall, P. G. Andersson, P. Brandt,
Chem. Soc. Rev. 2006, 35, 237; c) S. E. Clapham, A. Hadzovic,
R. H. Morris, Coord. Chem. Rev. 2004, 248, 2201.

[2] For examples of effective Ru-based TH precatalysts that do not
feature Ru�NH2R linkages, see: a) M. T. Reetz, X. Li, J. Am.
Chem. Soc. 2006, 128, 1044; b) Y. Nishibayashi, I. Takei, S.
Uemura, M. Hidai,Organometallics 1999, 18, 2291; c) P. Dani, T.
Karlen, R. A. Gossage, S. Gladiali, G. van Koten, Angew. Chem.
2000, 112, 759; Angew. Chem. Int. Ed. 2000, 39, 743; d) P.
Braunstein, M. D. Fryzuk, F. Naud, S. J. Rettig, J. Chem. Soc.
Dalton Trans. 1999, 589; e) H. Yang, M. Alvarez-Gressier, N.
Lugan, R. Mathieu, Organometallics 1997, 16, 1401.

[3] a) R. Noyori, Angew. Chem. 2002, 114, 2108; Angew. Chem. Int.
Ed. 2002, 41, 2008; b) K.-J. Haack, S. Hashiguchi, A. Fujii, T.
Ikariya, R. Noyori, Angew. Chem. 1997, 109, 297; Angew. Chem.
Int. Ed. Engl. 1997, 36, 285; c) A. Fujii, S. Hashiguchi, N.
Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118,
2521.

[4] a) W. Baratta, G. Chelucci, S. Gladiali, K. Siega, M. Toniutti, M.
Zanette, E. Zangrando, P. Rigo, Angew. Chem. 2005, 117, 6370;
Angew. Chem. Int. Ed. 2005, 44, 6214; b) W. Baratta, P. Da Ros,
A. Del Zotto, A. Sechi, E. Zangrando, P. Rigo, Angew. Chem.
2004, 116, 3668; Angew. Chem. Int. Ed. 2004, 43, 3584.

[5] a) M. A. Rankin, R. McDonald, M. J. Ferguson, M. Stradiotto,
Angew. Chem. 2005, 117, 3669; Angew. Chem. Int. Ed. 2005, 44,
3603; b) J. Cipot, R. McDonald, M. Stradiotto, Chem. Commun.
2005, 4932; c) M. Stradiotto, J. Cipot, R. McDonald, J. Am.
Chem. Soc. 2003, 125, 5618.

[6] a) The ligand 1-H is available from Strem Chemicals Inc; b) The
Supporting Information contains experimental procedures and
characterization data for all new compounds; c) CCDC-630880
(2+BF4

�), CCDC-630881 (3·(OC4H8)2), and CCDC-630879 (4)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_

Communications

4734 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 4732 –4735

http://www.angewandte.org


request/cif. d) Precatalyst 3 exhibited no activity in the absence
of KOtBu.

[7] For example, see: a) C. Standfest-Hauser, C. Slugovc, K.
Mereiter, R. Schmid, K. Kirchner, L. Xiao, W. Weissensteiner,
J. Chem. Soc. Dalton Trans. 2001, 2989; b) P. Braunstein, F.
Naud, S. J. Rettig, New J. Chem. 2001, 25, 32.

[8] S. P. Nolan, T. R. Belderrain, R. H. Grubbs, Organometallics
1997, 16, 5569.

[9] {Ru�H} species have proven capable of mediating the TH of
ketones in the absence of base, see: V. Cadierno, P. Crochet, J.
DPez, S. E. GarcPa-Garrido, J. Gimeno,Organometallics 2004, 23,
4836, and references therein.

[10] For selected examples, see: a) V. Cadierno, P. Crochet, J. GarcPa-
Qlvarez, S. E. GarcPa-Garrido, J. Gimeno, J. Organomet. Chem.
2002, 663, 32; b) Ref. [7].

Angewandte
Chemie

4735Angew. Chem. Int. Ed. 2007, 46, 4732 –4735 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org

