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The synthesis and characterization by X-ray crystallography of the complexes [Ir(cod)-
(py)(L)]PF6 (L ) IMes, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (2); L ) IPr, 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene (3); L ) ICy, 1,3-bis(cyclohexyl)imidazol-2-
ylidene (4)) are reported. Complexes 2-4 have been employed as catalysts for transfer
hydrogenation reactions from 2-propanol to a number of unsaturated substrates and their
activity compared with that of the related cationic iridium(I) species [Ir(cod)(py)(SIMes)]-
PF6 (1), [Ir(cod)(py)(PCy3)]PF6 (5), and complexes formed in situ from [Ir(cod)(py)2]PF6 and
diazabutadienes (RNdCHCHdNR, DAB-R; R ) cyclohexyl, DAB-Cy; R ) 2,4,6-trimeth-
ylphenyl, DAB-Mes; R ) adamantyl, DAB-Ad; R ) 2,4,6-trimethoxyphenyl, DAB-trimethoxy-
phenyl). All complexes tested were found to be active catalysts for transfer hydrogenation
of ketones, with complex 4 displaying the highest activity. Complex 4 also exhibits moderate
activity toward simple olefins and an aromatic nitro compound.

Introduction

The reduction of organic compounds is an important
synthetic process both in the laboratory and in industry.
Reduction of multiple bonds via addition of hydrogen
from an inorganic or organic hydrogen donor (i.e. other
than gaseous hydrogen) is known as hydrogen transfer
or transfer hydrogenation (Scheme 1).1

Transfer hydrogenation can be activated thermally,
photochemically, or catalytically,2,3 with much interest
in catalytic processes owing to the mild conditions and
generally good selectivity. Indeed, metal-catalyzed pro-
cesses present significant practical advantages, particu-
larly in large-scale synthesis, since there is no need to
employ a high dihydrogen pressure or a hazardous
reducing agent. Homogeneous catalysis offers the pos-
sibility of fine-tuning the properties of the catalyst in
order to enhance selectivity. Organometallic complexes
of ruthenium have been well-employed to this effect,
recently in particular by the groups of Noyori4 and
Braunstein.5 Iridium and rhodium complexes have long
been known to be highly effective homogeneous hydro-
genation catalysts, with RhCl(PPh3)3 (Wilkinson’s cata-
lyst)6 and [Ir(cod)(py)(PCy3)]PF6 (py ) pyridine, cod )

1,5-cyclooctadiene; 5, Crabtree’s catalyst)7 the most
widely used. The use of related cationic complexes [Ir-
(cod)(L)2]+ (L ) N- or P-donor ligand) and iridium(III)
compounds as transfer hydrogenation catalysts is also
well-documented, with activity and selectivity depend-
ent on the steric and electron donor properties of the
ancillary ligands (L).8

Nucleophilic carbenes have been demonstrated to be
thermally stable alternatives to the widely used phos-
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M.; Grimme, S.; Glorius, F.; Pfaltz, A. Synthesis 1999, 4, 597-602. (d)
Mizugaki, T.; Kanayama, Y.; Ebitani, K.; Kaneda, K. J. Org. Chem.
1998, 63, 2378-2381. (e) Bianchini, C.; Peruzzini, M.; Farnetti, E.;
Kaspar, J.; Graziani, M. J. Organomet. Chem. 1995, 488, 91-97 and
references therein. (f) Bianchini, C.; Farnetti, E.; Graziani, M.; Nardin,
G.; Vacca, A.; Zanobini, F. J. Am. Chem. Soc. 1990, 112, 9190-9197.
(g) Felföldi, K.; Kapocsi, I.; Bartók, M. J. Organomet. Chem. 1984, 277,
439-441. (h) Farnetti, E.; Kaspar, J.; Graziani, M. J. Mol. Catal. 1990,
63, 5-13. (i) Spogliarich, R.; Mestroni, G.; Graziani, M. J. Mol. Catal.
1984, 22, 309-311. (j) Spogliarich, R.; Tencich, A.; Kaspar, J.; Graziani,
M. J. Organomet. Chem. 1982, 240, 453-459. (k) Uson, R.; Oro, L. A.;
Carmona, D.; Esteruelas, M. A. Inorg. Chim. Acta 1983, 73, 275-279.
(l) Bianchini, C.; Glendenning, L.; Zanobini, F.; Farnetti, E.; Graziani,
M.; Nagy, E. J. Mol. Catal. A: Chem. 1998, 132, 13-19. (m) Fragale,
C.; Gargano, M.; Rossi, M. J. Mol. Catal. 1979, 5, 65-73. (n) Camus,
A.; Mestroni, G.; Zassinovich, G. J. Mol. Catal. 1979, 6, 231-233. (o)
Werner, H.; Schulz, M.; Esteruelas, M. A.; Oro, L. A. J. Organomet.
Chem. 1993, 445, 261-265. (p) Petra, D. G. I.; Kamer, P. C. J.; Spek,
A. L.; Schoemaker, H. E.; van Leeuwen, P. W. N. M. J. Org. Chem.
2000, 65, 3010-3017.

Scheme 1

4246 Organometallics 2001, 20, 4246-4252

10.1021/om0103456 CCC: $20.00 © 2001 American Chemical Society
Publication on Web 08/25/2001

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 A

ug
us

t 2
5,

 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
01

03
45

6



phine ligands in metal complexes employed in homo-
geneous catalysis.9 It was, therefore, of interest to
determine whether replacement of P- and N-donor
ligands by carbenes in cationic iridium complexes would
afford active hydrogenation catalysts. The iridium
complex [Ir(cod)(py)(SIMes)]PF6 (1), where SIMes is the
nucleophilic N-heterocyclic carbene 4,5-dihydro-1,3-bis-
(2,4,6-trimethylphenyl)imidazol-2-ylidene, has recently
been reported as a thermally stable analogue of Crab-
tree’s catalyst.10 We now report the synthesis of the
related complexes [Ir(cod)(py)(L)]PF6, where L is an
unsaturated nucleophilic carbene (L ) IMes, 1,3-bis-
(2,4,6-trimethylphenyl)imidazol-2-ylidene (2); L ) IPr,
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (3); ICy,
1,3-bis(cyclohexyl)imidazol-2-ylidene (4)), and the re-
sults of investigations into their activity as homoge-
neous transfer hydrogenation catalysts.

Results and Discussion

Synthesis and Characterization of [Ir(cod)(py)-
(L)]PF6 (L ) IMes (2), IPr (3), ICy (4)). Complexes
2-4 were prepared by a simple ligand exchange reaction
of [Ir(cod)(py)2]PF6 with a small excess of carbene in
toluene (Scheme 2). In the case of 4, the free carbene
was not isolated but prepared and used in situ by the
reaction of ICy‚HCl with KOtBu in THF. The generated
carbene was then extracted into toluene and treated
directly with [Ir(cod)(py)2]PF6. Two days of stirring at
room temperature afforded a yellow or orange solid
which could be isolated by filtering and washing with
hexane or toluene.11

The 1H NMR spectrum of 4 displays two multiplets
at δ 3.87 and 3.93 ppm for the cod vinyl hydrogens

(Table 1). Complexes 2 and 3 exhibit the cod vinyl
proton resonances at δ 3.64 and 3.20 and at δ 3.63 and
3.04 ppm, respectively. The downfield signal for the cod
vinyl hydrogens (δ(HA)) in [Ir(cod)(py)(L)]PF6 (L )
monophosphine) has been previously demonstrated to
belong to the protons of the cod double bond trans to
L.7b By analogy, we assign the upfield resonances in
compounds 2-4 to the cod vinyl hydrogens trans to
pyridine and the downfield resonances to those trans
to the carbene ligand. Crabtree and Morris correlated
the δ(HA) value to the trans influence of the phosphine
ligand in [Ir(cod)(py)(L)]PF6. Although trans influence
is not the only factor affecting δ(HA), within this series
of compounds where only L varies, a weaker trans
influence of the nucleophilic carbene ligands compared
to that of monophosphines is suggested by the upfield
shifts observed for δ(HA) in 2-4, compared to 5 (at δ
4.13 and 3.91 ppm). ICy in 4 appears to behave as the
strongest trans-influence carbene in the series exam-
ined.

Complexes 2 and 3 display fluxional behavior in
solution, via rotation about the carbene N-C(Ar) bond.
At room temperature the 1H NMR spectrum of 2
exhibits only broad resonances for the mesityl o-methyl
groups and the phenyl ring hydrogens. Cooling the
sample to 233 K freezes out two o-CH3 (Mes) and two
Mes CH environments. No change is observed on further
cooling. The resonances associated with the IPr ligand
in the room-temperature 1H NMR spectrum of 3 are
similarly very broad. When the temperature is lowered
to 233 K, four doublets (iPr CH3) and two multiplets (iPr
CH) emerge, as well as two broad singlets for the IPr
phenyl ring meta hydrogens.

X-ray Analysis of 2-4. Crystals of compounds 2-4
suitable for X-ray diffraction studies were grown by slow
diffusion of diethyl ether into a dichloromethane solu-
tion of the complex. The ORTEP diagrams of 2-4 are
presented in Figures 1-3, and selected bond lengths and
angles for 2-4, together with those for 1 for comparison,
are given in Table 3.

Complexes 2-4 exhibit square planar geometry at
iridium, taking the cyclooctadiene CdC midpoints as
vertexes. The Ir-C(carbene) distance in 4 is slightly
shorter than that in 1-3, presumably due to a combina-
tion of steric and electronic effects which favors a
stronger Ir-carbene interaction for ICy. The Ir-N(py-
ridine) bond is also marginally longer in 4 than in 2 and
3, pointing to ICy being a better σ-donor ligand. The
weak trans influence of the carbene ligand is evident
in the Ir-C(cod) bond distances for the cod vinyl carbons
trans to the carbene, which are up to 0.07 Å longer than
those trans to pyridine. These observations are also in
accord with the small downfield shift of the cod vinyl
hydrogen resonances in the NMR spectra of complexes
2-4. The Ir-(CdC) interaction is somewhat unsym-
metric in compounds 1-3, with one Ir-C bond shorter
than the other. The same interaction in 4, on the other
hand, appears symmetrical, with two roughly equivalent
Ir-C bond lengths. Indeed, the shorter Ir-C(cod t-
carbene) distance in 2 and 3 is equivalent to Ir-C(cod,
t-pyridine), whereas the second Ir-C(cod t-carbene)
bond is longer than the Ir-C(cod t-carbene) distance in
4. In complexes 1 and 4 the CdC(cod) distance for the
bond trans to carbene is slightly shorter than that trans

(9) (a) Regitz, M.; Angew. Chem., Int. Ed. Engl. 1996, 35, 725-728.
(b) Herrmann, W. A.; Köcher, C. Angew. Chem., Int. Ed. Engl. 1997,
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32, 6-14. (d) Dullins, J. E. L.; Suarez, P. A. Z.; Einloft, S.; de Souza,
R. F.; Dupont, J.; Fischer, J.; De Cian, A. Organometallics 1998, 17,
815-819. (e) Arduengo, A. J., III Acc. Chem. Res. 1999, 32, 913-921.
(f) Bourissou, D.; Guerret, O.; Gabbaı̈, F. P.; Bertrand, G.; Chem. Rev.
2000, 100, 39-92.
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(11) These reactions are rather slow, and in some preparations
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case of IMes and IPr very small amounts of a second product,
containing cod and carbene but no pyridine, were obtained. The exact
composition of these compounds has not yet been fully elucidated.
Additionally, there is some evidence for lability of one or more ligands
in 2-4 from NMR studies on samples kept in solution for several
weeks. A study aimed at understanding the solution behavior of these
complexes is ongoing.
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to pyridine, as expected for a longer, weaker Ir-C(cod)
(and hence stronger CdC(cod)) interaction. Complexes
2 and 3, on the other hand, display effectively the same
bond distances for the CdC bonds trans to carbene and
to pyridine.

While no completely clear overall picture emerges
regarding the bonding in these complexes, the X-ray and
NMR spectroscopic data do suggest that ICy is a better
σ-donor and trans influence ligand than IMes, IPr, or
SIMes in this cationic iridium system. This could be
expected on the basis of electronic parameters, since
cyclohexyl is a better electron donor than the aromatic
imidazole N substituents mesityl and 2,6-diisopropy-
lphenyl, resulting in increased electron density on the
carbene carbon. The availability of the carbene lone pair
is also affected by the steric properties of the ligand.8c,10

Presumably the reduced steric demand of the ICy
system, compared to the 2,6-(disubstituted phenyl) N
substituents on the imidazole ring in IMes and IPr, also
contributes to a stronger Ir-C(carbene) interaction in

4. Solution calorimetric results in the Cp*RuCl(L)
system clearly indicate the increased donor properties
of the ICy ligand over IMes and IPr.11

Catalytic Transfer Hydrogenation. Complexes
1-5, together with their precursors [Ir(cod)Cl]2 and [Ir-
(cod)(py)2]PF6 and complexes formed in situ from [Ir-
(cod)(py)2]PF6 and diazabutadiene ligands13 (RNd
CHCHdNR, DAB-R; R ) cyclohexyl, DAB-Cy; R )
2,4,6-trimethylphenyl, DAB-Mes; R ) adamantyl, DAB-
Ad; R ) 2,4,6-trimethoxyphenyl, DAB-trimethoxyphe-
nyl) for comparison, were tested for catalytic activity
in the hydrogen transfer reduction of cyclohexanone to
cyclohexanol, employing 2-propanol as hydrogen donor.
The required activation time was 30 min and involved
heating a solution of catalyst and base (KOH) in
2-propanol at 80 °C, which was followed by addition of
the substrate. The catalytic results are given in Table
4.

The use of [Ir(cod)Cl]2 as catalyst (entry 2) resulted
in only a slight improvement of the reaction rate
compared to that obtained when the reaction was
carried out in the presence of base with no catalyst
(entry 1). In addition, the initial step appeared to be
formation of metallic iridium, with the pale yellow
solution decolorizing and a fine black precipitate form-
ing after 15 min of initial heating at 80 °C. [Ir(cod)(py)2]-
PF6, on the other hand, afforded modest reaction rates
(entry 3), suggesting that either the monomeric or the
cationic nature of the complex is essential to catalytic
activity. The in situ formed diazabutadiene complexes
displayed moderate catalytic activity (entries 4-7), in
particular with the better electron donor and less bulky
cyclohexyl and adamantyl substituents. Their catalytic
ability was, however, a little disappointing compared
to the high activity reported for some similar Ir(I)
systems possessing chelating bidentate N-donor li-

(12) Huang, J.; Schanz, H.-J.; Stevens, E. D.; Nolan, S. P. Organo-
metallics 1999, 18, 2370-2375.

(13) Bikrani, M.; Fidalgo, L.; Garralda, M. A. Polyhedron 1996, 15,
83-89.

Table 1. Selected 1H and 13C NMR Spectral Data (ppm; in CD2Cl2) for [Ir(cod)(py)L]PF6 (L ) SIMes (1),
IMes (2), IPr (3), ICy (4))

19 2 3 4
1H, δ(HA)

(cod vinyl H)
3.80 (t-carbene),

3.15 (t-py)
3.64 (t-carbene),

3.20 (t-py)
3.63 (t-carbene),

3.04 (t-py)
3.93 (t-carbene),

3.87 (t-py)
13C, carbene 201.58 173.95 175.56 174.87

Figure 1. ORTEP diagram of [Ir(cod)(py)(IMes)]PF6 (2)
with ellipsoids drawn at 50% probability. The PF6 coun-
terion has been omitted for clarity.

Figure 2. ORTEP diagram of [Ir(cod)(py)(IPr)]PF6 (3) with
ellipsoids drawn at 50% probability. The PF6 counterion
has been omitted for clarity.

Figure 3. ORTEP diagram of [Ir(cod)(py)(ICy)]PF6 (4)
with ellipsoids drawn at 50% probability. The PF6 coun-
terion has been omitted for clarity.
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gands.8o,14 Surprisingly, given its well-documented ther-
mal instability, Crabtree’s catalyst was reasonably
active in transfer hydrogenation under these conditions
(entry 13). Removal of volatiles from the reaction
mixture in this case afforded a yellow-brown oily mate-

rial which displayed resonances in the hydride region
of the 1H NMR spectrum, consistent with formation of
a bis(phosphine) metal hydride complex. These reso-
nances did not, however, match those reported for the
known hydride-bridged trinuclear decomposition prod-
uct of [{Ir(H2)py(PCy3)}3(µ3-H)]+, and crystalline mate-
rial could not be obtained. Of the carbene complexes 1-4
(entries 8-11), complex 4 was found to be the most
reactive, with quantitative conversion of cyclohexanone
to cyclohexanol within 10 min, even with a 2-fold
increase in substrate/catalyst ratio (Table 5 entry 1).
The complex [Ir(COD)(py)(SICy)]PF6 (SICy ) 4,5-dihy-
dro-1,3-dicyclohexylimidazol-2-ylidene) might be ex-
pected to display higher activity, since the SICy ligand
is a better electron donor than ICy. The lower activity
observed could be due to the in situ preparation of the
complex, although we note that in many reports the
catalyst precursor is prepared in situ, occasionally
affording more active catalytic species than the isolated
complexes.8g We attribute the lower catalytic activity
to an incomplete deprotonation and subsequent coordi-

(14) (a) Zassinovich, G.; Bettella, R.; Mestroni, G.; Bresciani-Pahor,
N.; Geremia, S.; Randaccio, L. J. Organomet. Chem. 1989, 370, 187-
202. (b) Zassinovich, G.; Camus, A.; Mestroni, G. J. Mol. Catal. 1980,
9, 345-347. (c) Bikrani, M.; Fidalgo, L.; Garralda, M. A.; Ubide, C. J.
Mol. Catal. A: Chem. 1997, 118, 47-53.

Table 2. X-ray Data for [Ir(cod)(py)L]PF6 (L ) IMes (2), IPr (3), ICy (4))
2 3 4

empirical formula (C34H41IrN3)+(PF6)- (C41H53IrN3)+(PF6)-‚0.25C4H10O (C28H41IrN3)+(PF6)-

fw 828.87 931.55 756.81
cryst syst triclinic monoclinic orthorhombic
space group P1 C2/c Pbca
a, Å 10.1336(6) 47.217(3) 19.2529(4)
b, Å 12.3401(7) 10.6421(7) 14.0152(3)
c, Å 13.8497(8) 39.915(3) 21.1527(5)
R, deg 83.247(2) 90 90
â, deg 73.640(2) 126.012(3) 90
γ, deg 81.261(2) 90 90
V (Å3) 1637.37(16) 16223.7(19) 5707.7(2)
Z 2 16 8
Dcalcd (Mg/m3) 1.681 1.526 1.761
no. of rflns collected 54 564 46 946 85 800
no. of indep rflns 17 411 (R(int) ) 0.0559) 11 690 (R(int) ) 0.1378) 11 995 (R(int) ) 0.0740)
no. of refined params 505 1079 507
final R indices (I > 2σ(I)) R1 ) 0.0314, wR2 ) 0.0550 R1 ) 0.0444, wR2 ) 0.0882 R1 ) 0.0263, wR2 ) 0.0487
R indices (all data) R1 ) 0.0510, wR2 ) 0.0564 R1 ) 0.1008, wR2 ) 0.0950 R1 ) 0.0587, wR2 ) 0.0515

Table 3. Selected Bond Lengths (Å) and Angles (deg) for [Ir(cod)(py)L]PF6 (L ) SIMes (1), IMes (2), IPr (3),
ICy (4))

19 2 3 4

Bond Lengths
Ir-C(carbene) 2.0743(18) 2.0762(19) 2.080(10) 2.062(2)
Ir-N 2.1073(16) 2.0954(17) 2.081(9) 2.1004(18)
Ir-C(cod t-carbene) 2.215(2) 2.136(2) 2.193(10) 2.170(2)
Ir-C(cod t-carbene) 2.1545(19) 2.193(2) 2.217(11) 2.180(2)
Ir-C(cod t-py) 2.144(2) 2.1259(19) 2.216(11) 2.136(2)
Ir-C(cod t-py) 2.1349(18) 2.137(2) 2.131(10) 2.135(2)
C-C (cod t-carbene) 1.391(3) 1.402(3) 1.408(15) 1.375(4)
C-C (cod t-py) 1.408(3) 1.399(3) 1.383(14) 1.400(4)

Bond Angles
N-Ir-C(carbene) 96.00(7) 94.45(7) 95.4(4) 90.78(7)
C(cod t-carbene)-Ir-C(carbene) 169.80(8) 170.12(8) 165.4(4) 164.44(10)
C(cod t-carbene)-Ir-C(carbene) 152.16(9) 151.59(8) 157.1(4) 158.70(10)
C(cod t-py)-Ir-C(carbene) 89.71(8) 93.25(8) 88.6(4) 92.77(9)
C(cod t-py)-Ir-C(carbene) 93.00(7) 90.13(8) 95.8(4) 92.00(9)
C(cod t-carbene)-Ir-N 88.21(7) 87.68(7) 85.6(4) 88.98(8)
C(cod t-carbene)-Ir-N 86.93(7) 88.73(7) 88.9(4) 90.59(9)
C(cod t-py)-Ir-N 164.45(7) 165.08(7) 159.5(4) 162.12(9)
C(cod t-py)-Ir-N 154.58(8) 154.83(8) 159.5(4) 159.04(9)

Table 4. Catalytic Hydrogen Transfer from
2-Propanol to Cyclohexanone by Cationic Iridium

Complexesa

entry catalyst time, h conversn, %b TON, h-1

1 none 5 10
2 [Ir(cod)Cl]2 5 20 8
3 [Ir(cod)py2]+ 10 81 32
4 [Ir(cod)py(DAB-Cy)]+ 4.5 100c 75
5 [Ir(cod)py(DAB-Mes)]+ 22 83c 18
6 [Ir(cod)py(DAB-

trimethoxyphenyl)]+
22 67c 10

7 [Ir(cod)py(DAB-Ad)]+ 7.5 93c 25
8 [Ir(cod)py(SIMes)]+ 6 100 64
9 [Ir(cod)py(IMes)]+ 4.5 100 44

10 [Ir(cod)py(IPr)]+ 8 89 29
11 [Ir(cod)py(ICy)]+ 10 min 100 >1200d

12 [Ir(cod)py(SICy)]+ 5.5 84e 31
13 [Ir(cod)py(PCy3)]+ 9 92 26

a Reaction conditions: 0.02 mmol catalyst (0.5 mol %), 0.2 mmol
KOH, 4 mmol cyclohexanone, 20 mL 2-propanol, 80 °C, 30 min
activation time. b GC yields. All reactions were monitored by GC.
c Ir complex prepared in situ from 1 equiv of ligand with respect
to [Ir(cod)(py)2]PF6. d See text. e Ir complex prepared in situ from
SICy‚HCl and [Ir(cod)(py)2]PF6.
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nation of the ligand to the metal center under catalyst
generation conditions.

The activity of complex 4 was investigated under
various conditions (Table 5). The same rapid reaction
was observed when 2-butanol was employed as solvent
(entry 3), with the turnover number (TON) probably
exceeding the calculated value of 2400 h-1, since the
reaction was complete by the first GC measurement
after the reaction had proceeded 10 min. A reaction with
no added potassium hydroxide (entry 2) confirmed that
the presence of base is essential to catalytic activity.
Increasing the ratio of substrate to catalyst (S/C)
resulted in slower reactions, with an S/C value of 1000
affording complete conversion in 4 h (entry 4), corre-
sponding to a TON of 300 h-1 measured over the first
hour (average TON 250 h-1 over the total reaction time).
Further decreasing the S/C ratio to 2000 resulted in a
TON of 30 h-1 (average over first 12 h). Since complex
4 displayed the highest activity of the complexes tested,
it was investigated as a catalyst for hydrogen transfer
from 2-propanol to a number of unsaturated substrates
(Table 6).

At 0.025 mol % catalyst concentration (S/C ) 400)
rapid, quantitative conversion of simple ketones such
as pinacolone (entry 1) and benzophenone (entry 2) is
observed. Reaction with the simple olefins 1-hexene,
cyclohexene, and cis-cyclooctene (entries 3-5) similarly
results in conversion to the hydrogenated product, albeit
with considerably longer reaction times than the ke-
tones. In the case of 1-hexene, the possibility of isomer-
ization of terminal to internal olefins was a concern. The
difference in reactivity toward simple olefins and ke-
tones should permit a reasonable degree of selectivity
in hydrogen transfer to substrates containing noncon-
jugated CdC and CdO functionalities. Selective reduc-
tion of R,â-unsaturated ketones to afford allylic alcohols
affords useful organic synthons. To test selective redu-
tion, benzylideneacetone (trans-4-phenyl-3-buten-2-one,
entry 10) is employed as a standard.15,16 The transfer
hydrogenation of benzylideneacetone employing 4 as
catalyst results in rather fast conversion to the satu-
rated alcohol, 4-phenyl-2-butanol, within 5.5 h. Initial
hydrogenation appears to occur at both the CdC and
the CdO bonds, since two peaks are observed in the gas
chromatograms over the first 3 h in approximately equal
quantities, which correspond to addition of 2 H (m/z 148
in the GCMS). This is in contrast to a previous report,
in which the saturated ketone is practically the only
reaction product at low conversion, followed by rapid

conversion to the saturated alcohol.16 The mechanism
presumably involves a keto-enol tautomerization step,
as proposed for the isomerization of unsaturated alco-
hols by [Ir(cod)(PPh3)L]ClO4 (L ) nitrile).17 Substrates
containing more than one CdC double bond, on the
other hand, generally afforded the singly hydrogenated
product; i.e., the overall reaction is hydrogenation at
only one double bond. trans-Stilbene is reduced slowly
to 1,2-diphenylethane (entry 7), with no evidence for
hydrogenation of the aromatic rings. Cyclooctadiene
(entry 8) is initially hydrogenated to give a mixture
containing equal amounts of cyclooctane and cyclooctene
after 19 h, with quantitative conversion to cyclooctene
in 48 h. Similarly, transfer hydrogenation of 1-methyl-
1,4-cyclohexadiene (entry 9) initially affords a mixture
of 1-methylcyclohexane, 1-methyl-1-cyclohexene, and
1-methyl-4-cyclohexene, with 1-methyl-4-cyclohexene
emerging as the major product (90% by GC) after 24 h.
This “partial hydrogenation” apparently results at least
in part from initial hydrogenation to afford the fully
saturated species, followed by hydrogen transfer from
the saturated product to the substrate (or to the other
possible unsaturated product, 1-methyl-1-cyclohexene),
indicating that some activation of alkane C-H bonds
with concomitant selective hydrogen transfer is occur-(15) Bianchini, C.; Farnetti, E.; Glendenning, L.; Graziani, M.;

Nardin, G.; Peruzzini, M.; Rocchini, E.; Zanobini, F. Organometallics
1995, 14, 1489-1502.

(16) Farnetti, E.; Vinzi, F.; Mestroni, G. J. Mol. Catal. 1984, 24,
147-163.

(17) (a) Chin, C. S.; Lee, B. J. Chem. Soc., Dalton Trans. 1991,
1323-1327. (b) Chin, C. S.; Lee, S. Y.; Park, J.; Kim, S. J. Am. Chem.
Soc. 1988, 110, 8244-8245.

Table 5. Catalytic Hydrogen Transfer from
2-Propanol to Cyclohexanone by

[Ir(cod)py(ICy)]+ a

entry S/C time, h conversn, % TON, h-1

1 400 10 min 100 2400
2 400 24 1b

3 400 10 min 100c 2400
4 1000 4 100 300
5 2000 36 39 30

a Reaction conditions as for Table 4, except where noted. b No
KOH added. c Solvent 2-butanol.

Table 6. Transfer Hydrogenation Reactions with
[Ir(cod)(py)ICy]PF6

a

a Reaction conditions: 0.01 mmol catalyst (0.025 mol %), 0.2
mmol KOH, 4 mmol cyclohexanone, 20 mL 2-propanol, 80 °C, 30
min activation time. b Determined by GC analysis. c First analysis
at 35 min.
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ring.18 Complex 4 also catalyzes the slow transfer
hydrogenation of the aromatic nitro compound 2-nitro-
m-xylene to 3,5-dimethylaniline (entry 11), with 48%
conversion in 48 h. This is somewhat slower than the
reduction rates reported for nitroaromatic compounds
by Ir(I) complexes with 2,2′-bipyridine and 1,10-phenan-
throline ligands.19

No reaction was observed with phenylacetylene, p-
tolunitrile, or the prochiral imine (2-OH)C6H4NdCH-
(Me)C6H5 after 48 h. Although hydrogen transfer to
C-C triple bonds is quite rare, a report appeared
recently describing efficient transfer hydrogenation of
alkynes and alkenes with methanol, employing a hy-
drido(methoxo)iridium(III) complex.20 C-N multiple
bonds are generally more difficult to reduce than C-C
and CdO, and relatively few examples are known of
their transfer hydrogenation. Successful recent ex-
amples of hydrogen transfer to imines employ a formic
acid/triethylamine hydrogen donor/base combination.21

To our knowledge, there are no reports of reduction of
C-N triple bonds by homogeneously catalyzed transfer
hydrogenation.

Several routes have been proposed in the literature
for metal-promoted hydrogen transfer reactions. In
Meerwein-Ponndorf-Verley reactions, transfer hydro-
genation of ketones with alcohols is promoted by Lewis
acidic metal alkoxides22 via a six-membered cyclic
transition state. The currently accepted putative mech-
anism for late-transition-metal-catalyzed hydrogen trans-
fer involves initial formation of a metal hydride, as
shown in Scheme 3.3,23

An alternative mechanism has been proposed for
metal complexes containing a primary or secondary
amine ligand, via a hydrogen-bonded intermediate.23

The mechanism described in Scheme 3 appears the most
likely in our system. The intermediacy of a metal
hydride is suggested by the formation of metal hydride
(identified by the characteristic high field 1H NMR
resonance) on heating a sample of 4 with KOH in
2-propanol, although unfortunately no tractable product
was obtained on workup. Since this mechanism requires
coordination of the substrate to the metal prior to

hydride transfer, the ligand environment plays an
important role in the efficacy and selectivity of the
process. Ongoing efforts are aimed at understanding the
effects of nucleophilic carbenes in catalytic transfer
hydrogenation and related homogeneous transforma-
tions.

Conclusion

The replacement of P- and N-donor ligands with
nucleophilic carbenes in cationic Ir(I) complexes affords
active catalysts in transfer hydrogenation. As previously
noted with phosphine ligands, neither steric nor elec-
tronic properties alone can account for the different
activities observed with the various carbene and diaz-
abutadiene ligands tested. Complex 4 in particular,
containing the ICy ligand, is effective in hydrogen
transfer reactions with ketones and compares favorably
with many of the Ru and cationic Ir(I) complexes
previously studied. It also exhibits activity toward
hydrogenation of simple olefins, although activation of
alkane C-H bonds in the fully saturated products
resulted in only monoolefins being obtained from diole-
fins. No reactivity was observed in hydrogen transfer
from 2-propanol to imines and nitriles.

Experimental Section

General Considerations. All reactions were carried out
under an atmosphere of dry argon with standard Schlenk tube
techniques or in a MBraun glovebox containing less than 1
ppm of oxygen and water. NMR spectra were recorded using
Varian 400 or 300 MHz spectrometers. Elemental analyses
were performed by Desert Analysis, Tucson, AZ. GC analyses
were performed on a Hewlett-Packard HP 5890 II equipped
with a FID and a HP-5 column. GCMS analyses were
performed on a MicroMass instrument. All reported yields in
transfer hydrogenation experiments are GC yields.

Reagents. Substrates for catalysis were purchased from
commercial suppliers and either used as received (solid
compounds) or degassed prior to use by purging with argon
for 20-30 min. Anhydrous iPrOH and MeOH were purchased
from Aldrich, degassed prior to use by purging with argon for
30 min, and then transferred to a Strauss flask equipped with
a Teflon stopcock. CH2Cl2 was dried by passage through an
alumina tower and stored in a glovebox. [Ir(cod)py2]PF6,26 IPr,
IMes, and ICy‚HCl,24 and DAB-Cy, DAB-Mes, DAB-Ad, and

(18) (a) Niu, S.; Hall, M. B. J. Am. Chem. Soc. 1999, 121, 3992-
3999. (b) Gupta, M.; Hagen, C.; Kaska, W. C.; Cramer, R. E.; Jensen,
C. M. J. Am. Chem. Soc. 1997, 119, 840-841. (c) Burk, M. J.; Crabtree,
R. H. J. Am. Chem. Soc. 1987, 109, 8025-8032. (d) Crabtree, R. H.;
Mihelcic, J. M.; Quirk, J. M. J. Am. Chem. Soc. 1979, 101, 7738-7740.
(e) Baudry, M. J.; Ephritikine, M.; Felkin, H.; Holmes-Smith, R. J.
Chem. Soc., Chem. Commun. 1983, 788-789. (f) Burk, M. J.; Crabtree,
R. H.; Parnell, C. P.; Uriarte, R. J. Organometallics 1984, 3, 816-
817. (g) Arndtsen, B. A.; Bergman, R. G. Science 1995, 270, 1970-
1973. (h) Lohrenz, J. C. W.; Jacobsen, H. Angew. Chem., Int. Ed. Engl.
1996, 35, 1305-1307. (i) Braunstein, P.; Chauvin, Y.; Nähring, J.;
DeCian, A.; Fischer, J.; Tiripicchio, A.; Ugozzoli, F. Organometallics
1996, 14, 5551-5567. (j) Fragale, C.; Gargano, M.; Rossi, M. J. Mol.
Catal. 1979, 5, 65-73.

(19) Mestroni, G.; Zassinovich, G.; del Bianco, C.; Camus, A. J. Mol.
Catal. 1983, 18, 33-40.

(20) Tani, K.; Iseki, A.; Yamagata, T. Chem. Commun. 1999, 1821-
1822.

(21) (a) Uematsu, N.; Fujii, A.; Hashiguchi, S. Ikariya, T.; Noyori,
R. J. Am. Chem. Soc. 1996, 118, 4916-4917. (b) Mao, J.; Baker, D. C.
Org. Lett. 1999, 1, 841-843. (c) Palmer, M. J.; Wills, M. Tetrahedron:
Asymmetry 1999, 10, 2045-2061 and references therein.

(22) (a) Wilds, A. L. Org. React. 1944, 2, 178. (b) Moulton, W. N.;
van Atta, R. E.; Ruch, R. R. J. Org. Chem. 1961, 26, 290. (c) Shiner, V.
J., Jr.; Whittaker, D. J. Am. Chem. Soc. 1969, 394. (d) Snyder, C. H.;
Micklus, M. J. J. Org. Chem. 1970, 35, 264. (e) Casiraghi, G.; Casnati,
G.; Sartori, G.; Zanafredi, G. T. J. Chem. Soc., Perkin Trans. 1980, 2,
407.

(23) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122,
1466-1478.

Scheme 3
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DAB-trimethoxyphenyl25 were prepared according to the lit-
erature procedures.

Synthesis of [Ir(cod)(py)(IMes)]PF6 (2). A 50 mL Schlenk
flask was charged with [Ir(cod)py2]PF6 (1.0 g, 1.657 mmol),
IMes (0.76 g, 2.486 mmol) and toluene (20 mL). The reaction
mixture was then stirred at room temperature for 2 days. The
yellow precipitate was filtered on a collection frit, washed with
hexane, and dried under vacuum to afford a yellow powder.
Yield: 1.1 g (82%). Anal. Calcd for C34H41F6N3PIr: C, 49.27;
H, 4.99; N, 5.07. Found: C, 49.31; H, 5.02; N, 5.10. 1H NMR
(499.75 MHz, 298 K, CD2Cl2): δ 1.62 (br, 4 H, cod CH2), 1.75-
2.25 (br, 16 H, cod CH2 and Mes o-CH3), 2.42 (s, 6 H, Mes
p-CH3), 3.20 (m, 2 H, cod CH trans to py), 3.64 (m, 2 H, cod
CH trans to IMes), 6.99-7.10 (s + br, 6 H, NHCdCHN + Mes
CH), 7.16 (m, 2 H, py H3,5), 7.71 (tt, 3JHH ) 8.0 Hz, 4JHH ) 1.6
Hz, 1 H, py H4), 7.76 (dt, 3JHH ) 4.8 Hz, 4JHH ) 1.6 Hz, 2 H,
py H2,6). 1H NMR (499.75 MHz, 233 K, CD2Cl2): δ 1.57 (br, 4
H, cod CH2), 1.76 (s, 6 H, Mes o-CH3), 1.81, 1.95 (m, 4 H, cod
CH2), 2,24 (s, 6 H, Mes o-CH3), 2.38 (s, 6 H, Mes p-CH3), 3.16
(m, 2 H, cod CH trans to py), 3.52 (m, 2 H, cod CH trans to
IMes), 6.87 (br s, 2 H, Mes CH), 7.00 (s, 2 H, NHCdCHN),
7.11 (br s + m, 4 H, Mes CH + py H3,5), 7.69 (m, 3 H, py H2,6,
py H4). 13C NMR (100.58 MHz, 298 K, CD2Cl2): δ 18.65 (s,
Mes CH3), 21.42 (s, Mes CH3), 29.81 (s, cod CH2), 33.03 (s, cod
CH2), 65.99 (s, cod CH), 82.84 (s, cod CH), 125.06 (br s, py
C),125.49 (s, NCHdCHN), 130.07 (Mes C), 135.81 (s, Mes C),
137.10 (s, py C), 138.00 (s, Mes C), 140.56 (s, Mes 1-C), 150.97
(s, py C), 173.95 (s, NCN). Crystals suitable for X-ray mea-
surements were obtained by slow diffusion of ether into a
dichloromethane solution of 2.

Synthesis of [Ir(cod)(py)(IPr)]PF6 (3). A 50 mL Schlenk
flask was charged with [Ir(cod)py2]PF6 (500 mg, 0.828 mmol),
IPr• (483 mg, 1.24 mmol), and toluene (20 mL). The reaction
mixture was then stirred at room temperature for 2 days. The
yellow precipitate was filtered on a collection frit, washed with
hexane, and dried under vacuum. Yield: 620 mg (82%). Anal.
Calcd for C40H53F6N3PIr: C, 52.62; H, 5.85; N, 4.60. Found:
C, 52.80; H, 5.65; N, 4.70. 1H NMR (499.75 MHz, 303 K, CD2-
Cl2): δ 0.8-1.4 (br, iPr CH3), 1.56 (m, 4 H, cod CH2), 1.87 (m,
2 H, cod CH2), 1.99 (m, 2 H, cod CH2), 2.6-3.2 (br, iPr CH),
3.06 (m, 2 H, cod CH trans to py), 3.63 (m, 2 H, cod CH trans
to IPr), 7.15 (s, 2H, NCHdCHN), 7.17 (m, 2H, py), 7.2-7.5
(br + m, 5 H, IPr m-CH + py), 7.5-7.7 (m, 4H, IPr p-CH +
py). 1H NMR (499.75 MHz, 233 K, CD2Cl2): δ 0.76 (d, 3JHH )
7 Hz, 6 H, iPr CH3), 0.86 (d, 3JHH ) 7 Hz, 6 H, iPr CH3), 1.21
(d, 3JHH ) 7 Hz, 6 H, iPr CH3), 1.45 (d, 3JHH ) 7 Hz, 6 H, iPr
CH3), 1.50 (m, 4 H, cod CH2), 1.78 (m, 2 H, cod CH2), 1.94 (m,
2 H, cod CH2), 2.40 (m, 3JHH ) 7 Hz, 2 H, iPr CH), 2.99 (m, 2
H, cod CH trans to py), 3.13 (m, 3JHH ) 7 Hz, 2 H, iPr CH),
3.54 (m, 2 H, cod CH trans to IPr), 7.13 (s + m, 4H, NCHd
CHN + py m-CH), 7.19 (d, 2 H, IPr m-CH), 7.40-7.42 (br d +
t, 3H, IPr m-CH + py o-CH) 7.48 (d, 2 H, py o-CH), 7.59 (t,
IPr p-CH). 13C NMR (100.58 MHz, 298K, CD2Cl2): δ 26.15 (s,
iPr CH3), 29.56 (2, cod CH2), 29.74 (s, iPr CH), 32.52 (cod CH2),
66.06 (s, cod CH), 83.98 (s, cod CH), 125.22 (s, Ph CH), 125.46
(NCHdCHN), 126.69 (s, Ph CH), 126.75 (s, py C), 126.86 (s,

Ph CH), 131.44 (s, Ph CH), 136.34 (s, py C), 146.08 (s, Ph CH),
150.63 (s, py C), 175.56 (s, NCN). Crystals suitable for X-ray
measurements were obtained by slow diffusion of ether into a
dichloromethane solution of 3.

Synthesis of [Ir(cod)(py)(ICy)]PF6 (4). In a 50 mL
Schlenk flask, a mixture of 250 mg of ICy‚HCl (0.930 mmol)
and 104 mg of potassium tert-butoxide (0.928 mmol) in 10 mL
of THF was stirred at room temperature for 4 h. The solvent
was then removed completely under vacuum. The residue was
extracted with 15 mL of toluene. The brownish solution was
filtered and charged with 374 mg of [Ir(cod)py2]PF6 (0.619
mmol). The suspension was then stirred at room temperature
for 2 days. The orange precipitate was filtered on a collection
frit, washed with hexane, and dried under vacuum. Yield: 297
mg (63%). Anal. Calcd for C28H41F6IrN3P: C, 44.44; H, 5.46;
N, 5.50. Found: C, 44.54; H, 5.36; N, 5.70. 1H NMR (399.95
MHz, 298 K, CD2Cl2): δ 1.26-2.46 (m, 28 H, Cy CH2), 3.87 (s,
2 H, cod CH), 3.93 (s, 2 H, cod CH), 4.67 (m, 2 H, Cy 1-CH),
7.10 (s, 2 H, NCHCH), 7.49 (m, 2 H, py), 7.80 (m, 1 H, py),
8.62 (m, 2 H, py). 13C NMR (75.43 MHz, 298 K, CD2Cl2): δ
25.51, 25.64, 25.91, 26.19, 26.4, 26.59 (all s, Cy C), 32.80 (s,
cod CH2), 34.38 (s, cod CH2), 61.57 (s, Cy 1-C), 64.67 (s, cod
CH), 74.79 (s, cod CH), 119.40 (NCHdCHN), 127.33 (s, py-
C), 139.05 (s, py C), 150.44 (s, py C), 174.87 (s, NCN). Crystals
suitable for X-ray measurements were obtained by slow
diffusion of ether into a dichloromethane solution of 4.

Catalytic Reactions. A 0.02 mmol portion of catalyst (0.01
mmol of 4 for all reactions described in Table 6) and 0.2 mmol
of potassium hydroxide were loaded into either a Schlenk tube
or a scintillation vial fitted with a TFE/silicone liner and a
screw cap inside a glovebox. After removal from the glovebox,
2-propanol (20 mL) was added by syringe and the resulting
yellow solution heated at 80 °C for 30 min under argon. In
reactions where the catalyst was prepared in situ, a solution
of 0.02 mmol of [Ir(cod)(py)2]PF6, 0.02 mmol of ligand, and 0.2
mmol of potassium hydroxide in 20 mL of 2-propanol was
loaded into a Schlenk tube fitted with a septum inside a
glovebox. The resulting solution was heated at 80 °C for 30
min under argon. Following injection of 4 mmol of substrate
the reaction mixture was stirred at 80 °C and the product ratio
monitored by GC analysis. Products were identified either by
comparison of GC retention times with those of authentic
samples or by GCMS.

X-ray Diffraction Measurements. Single crystals of 2-4
were obtained by diffusion of diethyl ether into a solution of
the complex in CH2Cl2. A single crystal was placed in a
capillary tube and mounted on a Bruker SMART CCD X-ray
diffractometer. Data were collected using Mo KR radiation at
170 K (2 and 3) or 150 K (4). The structures were solved using
direct methods (SHELXS-86) and refined by full-matrix least-
squares techniques. Crystallographic data can be found in
Table 2 and selected bond distances and angles in Table 3.
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