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This Microreview focuses on the development of novel ruthe-
nium complexes displaying high performance in the catalytic
asymmetric transfer hydrogenation of ketones with 2-propa-
nol, providing this procedure alternative to the hydrogena-
tion with dihydrogen. The key role is played by 1-(pyridin-
2-yl)methanamine (Pyme) type ligands which in combination
with appropriate phosphanes afforded ruthenium systems of
unprecedented high catalytic activity and productivity for the

reduction of ketones and aldehydes. For the pincer CNN
complexes a mixed inner-outer sphere mechanism involving
Ru-hydride and Ru-alkoxide species is proposed. The excel-
lent properties of these complexes are expected to have im-
plications for the design of a new generation of catalysts.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Asymmetric hydrogenation (HY)! and transfer hydro-
genation (TH)™! of carbonyl compounds catalyzed by tran-
sition metal complexes are among the most important
transformations to prepare alcohols in high enantiopure
form. These reactions have widely been investigated in the
past and a large number of simple and functionalized car-
bonyl compounds have been reduced through the develop-
ment of novel efficient catalysts and the optimization of the
catalytic reaction conditions. Among the different metals
used in HY and TH, particular attention has been payed to
rhodium, iridium, and ruthenium complexes. In the 1990s,

[a] Dipartimento di Scienze e Tecnologie Chimiche, Universita di
Udine,
Via Cotonificio 108, 33100 Udine, Italy
Fax: +39-0432-558803
E-mail: inorg@uniud.it

a crucial improvement in the development of highly active
metal systems for the asymmetric reduction of simple car-
bonyl compounds has been given by Noyori and co-workers
who observed that NH, amine ligands accelerate the cata-
Iytic HY and TH of ketones.'>%! Evidence has been pro-
vided that during catalysis the cis-Ru—H/-NH, motif plays
a fundamental role through a concerted delivery of a N-H
proton and a Ru—H hydride, via an outer sphere mechanism
(metal-ligand bifunctional catalysis).®] Notably, in the
1980s Shvo and co-workers developed a cyclopentadienyl
ruthenium catalyst for the reduction of ketones in which
the TH occur in a concerted pathway.

The catalytic asymmetric HY of carbonyl compounds
entails the use of dihydrogen under pressure and represents
the most attracting industrial process for synthesis of chiral
alcohols due to the fact that hydrogen is the cleanest reduc-
ing agent (Scheme 1).
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Hydrogenation
(0] OH
Transfer hydrogenation
o} OH
R1J\R2 + HCOOH/NEt; —> R1J\R2 + CO,
OH OH

o} o
R1J\Rz * )\ R1J\R2 * )l\

Scheme 1. Hydrogenation and transfer hydrogenation of carbonyl
compounds.

A particularly successful outcome was the preparation
of the highly enantioselective and productive hydrogenation
catalysts trans-[RuCl,(diphosphane)(diamine)],l'*! showing
an appropriate combination of bidentate chiral ligands.
This fundamental work has led to the designing of different
efficient catalytic systems for specific substrates.[!]

The catalytic TH of ketones is usually carried out by
using formic acid or 2-propanol as hydrogen sources in ba-
sic media (Scheme 1). With HCO,H the ketones are
straightforwardly converted into alcohols with formation of
carbon dioxide/hydrogen carbonate, according to the basic-
ity of the media.ly Employment of 2-propanol which is not
toxic and easy to handle requires an excess of alcohol to
shift the equilibrium to the desired product. For acetophe-
none with an initial concentration of 0.1 M the equilibrium
mixture 1-phenylethanol/acetophenone is 98:2, while this
ratio is 80:20 when the ketone is 1 M (Scheme 1).?! There-
fore, the reduction of ketones is usually carried out with a
substrate concentration of about 0.1 M or at higher concen-
trations by removing acetone from the reaction mixture by
exploiting its lower boiling point compared to 2-propanol
(56 vs. 82 °C). Primary alcohols (i.e. ethanol or methanol)
are generally not employed as hydrogen donors because of
the unfavorable redox potential of the primary vs. second-
ary alcohols.”l Furthermore, the resulting aldehydes are
susceptible in basic media to deprotonation of the hydro-
gens of the a-CH group, leading to aldol condensation and
may also undergo decarbonylation reactions with deactiva-
tion of the catalysts.[1 Recently, ethanol has been used ef-
ficiently as reducing agent in catalytic TH with concomitant
formation of ethyl acetate.l’! In the past years the intense
research efforts in TH have resulted in the development of
new catalysts displaying high turnover number (TON) and
turnover frequency (TOF), in addition to high enantio-
selectivity. The well-known system [RuCl(LL)(n%-arene)]
(LL = B-amino alcohol, diamine),!'”! reported by Noyori
and co-workers, has inspired the development of numerous
ruthenium-arene complexes based on chiral bidentate li-
gands. Particularly attracting are the systems with NN and
NO ligands,'! BINOL-diphosphonite,!'?l tethered Ii-
gands,['¥l and those containing ruthenacycles.!'¥ In ad-
dition, interesting results have been obtained with the cata-
4042
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lysts of general formula [RuCl,(PR3)(L)] (L = PN and
NNNUI oxazoline ligands) and the tetradentate complexes
[RuCL(PNNP)].71 Although these systems exhibit high
enantioselectivity for the reduction of ketones, both speed
(TOF < 10* h') and productivity (TON = 10%) remain low.
By contrast, a higher activity has been reported for the
achiral systems [RuClL(PR;)(L)] (L = PN and PNO,!'8
NPNI), [RuCI(PCP)(P)]? and the zwitterionic complex
[RuCI(PN)(n®-arene)]?!! (TOFs up to 2.7X10°h™"). Ac-
cording to the discovery by Chowdhury and Backvall in the
early 1990s that the catalytic activity of [RuCl,y(PPh;);] is
significantly increased by addition of NaOH, all these cata-
lytic systems require the use of a strong base (alkali metal
hydroxide or alkoxide) to generate the catalytically active
ruthenium hydride species.*?! At this regard, NaOH in 2-
propanol has been proven to slowly catalyzes the TH of
ketones,?’ in agreement with the Meerwein—Ponndorf-Ver-
ley reaction mediated by aluminum and other main group
element alkoxides.**!

On account of its operational simplicity, mild methodol-
ogy and absence of the risks associated with the use of dihy-
drogen, the asymmetric TH is being increasingly used in
industrial plants for the preparation of chiral alcohols
which are building blocks of valuable products, such as
NK-1 receptor antagonists, agrochemicals and chiral
amines.””! Therefore, the TH is becoming an important
process for the synthesis of fine chemicals and can be com-
petitive with respect to HY. Furthermore, the different ste-
reo-, chemo-, and regioselectivity of the TH compared to
HY, indicate that the two processes may be complementary.

In this account, we summarize our efforts toward the
designing of a new class of highly active ruthenium catalysts
for the TH of carbonyl compounds based on the 1-(pyridin-
2-yl)methanamine (Pyme) motif.?%) These complexes dis-
play remarkably high activity, productivity (TOFP7 and
TON up 10°h™' and 103, respectively) and enantio-
selectivity when an appropriate combination of chiral li-
gands is chosen. Kinetic studies indicate that ruthenium-
alkoxides and hydrides are key species involved in the cata-
lytic cycle and a mixed inner/outer sphere mechanism has
been proposed.

2. Pyme as Accelerating Ligand for TH

Our research on the TH of ketones began with the study
of the reactivity of a rare example of a 14-electron ruthe-
nium complex [RuCl,{(2,6-Me,CcH3)PPh,},], stabilized by
two non-classical (M-+13-H,C) d-agostic interactions of or-
tho methyl groups.?®! Interestingly, this compound easily re-
acts with formaldehyde in the presence of a weak base af-
fording the 16-electron monocarbonyl complex 1 in which
one phosphane is cyclometalated while the other one shows
one methyl group that interacts with the metal in an agostic
fashion [Equation (1)].1*)
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It is worth noting that pincer PCP ruthenium deriva-
tives,[3% displaying a metal-carbon c-bond, have extensively
been investigated for both stoichiometric and catalytic reac-
tions. On the other hand, simple cyclometalated ruthenium
systems have sparingly been used in catalysis (e.g. olefin hy-
drogenation)!! and therefore the development of simple
routes to achieve PC complexes,??! showing features similar
to PCP, would prove to be useful. In order to investigate
the potential of complex 1 in homogeneous catalysis, we
observed that in the presence of a strong base (NaOH,
2 mol-%) this compound showed a moderate activity in the
TH of ketones with 2-propanol at reflux. By using 0.2 mol-
% of 1, acetophenone is reduced with a TOF of 3 X 10> h!
[Equation (2)].

JOL [Ru]
+ —_—

1 2
R R base, reflux
R! R2= alkyl, aryl

(@)
OH

0]
NN

Compound 1, which shows a cyclometalated phosphane
and CO ligand with a fac relationship, appeared to be a
good precursor for the catalytic TH studies because of the
presence of one chloride that can be converted into hydride
during catalysis and a weakly coordinated bulky phosphane
which allows a flexible substitution pattern. Thus, the bulky
phosphane occupying two coordination sites can easily be
displaced by two mono or a bidentate phosphorus and ni-
trogen containing ligands, affording a large number of cy-
clometalated complexes of formula [RuCl{(2-CH,-6-
MeCgH3)PPh,}(CO)L,] (L = monodentate or L, = biden-
tate ligand). These species were quickly generated in situ
and tested in TH, without isolation of the complexes, reduc-
ing the time necessary for the search of the most favorable
combination of ligands. With the phosphanes PMePh, and
Ph,P(CH,)4,PPh, we did not observed a significant im-
provement of the rate for the TH of acetophenone, respect
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to 1. Also monodentate nitrogen ligands, such as Et,NH,
Me,CHCH,NH,, PhCH,NH, led only to a slightly increase
of the speed of the reaction, whereas the TOF doubled with
the  bidentate amines HMeN(CH,),NMeH and
Me,N(CH,),NH,. A significant rate enhancement was ob-
served with H,N(CH,),NH,, which gave a TOF = 2800 h™!,
in agreement with the well-known studies of Noyori and
co-workers on the Ru-NH, systems.”! With pyridine the
TOF was 900 h™!, whereas bipyridine and phenanthroline
led to a small increase of the catalytic activity of 1. A re-
markable result was obtained through the combination of
1 with the mixed pyridine-amine ligand Pyme that afforded
one of the most active system reported at that time, with
the complete conversion of acetophenone in 5 min (TOF =
6.0 x10*h") with 0.05mol-% of Ru. These data can be
compared with those reported by the groups of Mathieu,
Braunstein and van Koten for the reduction of MeCOPh
with  [RuCL(PR;)(L)] (L = PNO,!'8®I NPN!I),
[Ru(O;SCF3)(PCP)(P)],1*”! leading to TOF/10* = 9.0, 7.0
and 0.9 h'!, respectively. At 0.01 mol-% loading of 1/Pyme,
complete conversion of acetophenone (98%) was achieved
in less than 1 h, suggesting that the catalytically active spe-
cies is relatively robust (i.e. deactivation occurs slowly), on
account of the presence of the cyclometalated phosphane.
Without base, the system 1/Pyme is practically not active,
suggesting that during catalysis in the basic alcohol media
the ruthenium chloride is converted into hydride and alk-
oxide species (see further part). It is worth noting that the
use of the related ligand 2-(pyridin-2-yl)ethanamine re-
sulted in a much less active system (TOF of about
4x10% h™), indicating that the length of the chain is crucial
for the activity. Previous studies on the asymmetric TH
using in-situ-generated ruthenium species with related Pyme
ligands have been reported by Mizushima et al., Moreau et
al. and Brunner et al., but the full potential of the commer-
cially available simple Pyme was not recognized.[*3] There-
fore, this study led to the discovery of an accelerating ligand
suitable for the cyclometalated-ruthenium framework, thus
associating high speed and productivity which are prerequi-
sites for highly efficient catalytic systems. Subsequently, the
complex 2 was isolated from 1 and Pyme and its structure
was definitively established in solution through a ROESY
experiment [Equation (3)].

Compound 2 displays the same activity of 1/Pyme and
was proven to catalyze the quantitative TH of a large
number of aliphatic (linear and cyclic) and aromatic
ketones in a few minutes, affording TOFs up to
6.3 10* h™!. Some examples are given in Table 1.

Chemoselective C=0 reduction was also observed for
olefinic ketones such as 5-hexen-2-one for which no C=C
reduction or isomerization occurs. Diaryl ketones which are
substrates difficult to reduce have selectively been converted
to benzhydrols and this reaction was proven to be efficient
even at low loading of catalyst (0.01 mol-%, 2 h), indicating
that TH is a valid alternative to HY for the synthesis of
relevant intermediates. Interestingly, also bulky ketones,
such 3,3-dimethyl-2-butanone, 2,2-dimethylpropiophenone
and menthone, which are feebly reactive in the TH,3* were
4043
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Table 1. Catalytic TH of ketones with 2 at 0.05 mol-%.[¢l

Ketone Conversion TOF [h']
[%]  [min]
o]
)}\O 98 5 6.0 x 10*
)?\/\/ 99 10 6.3 x10*
o)
95 10 3.0 x 10*
/
0
& 99 10 3.4x10*
0
é 99 15 1.9 x 10*
0
95 5 3.6 x 10*

[a] Ketone 0.1 M and NaOH 2 mol-% in 2-propanol at 7' = 82 °C.

reduced quantitatively to alcohols with 2 (TOF/10* = 0.9
2.0 h™'). The lower rate observed in the latter case is as-
cribed to the high steric crowding of the ketone that im-
pedes the access of the carbonyl group to the metal center.
The robustness of the system 2 is due to the strong Ru-—
carbon bond which is apparently not cleaved under catalytic
basic conditions. This is a fundamental point because in
order to achieve efficient catalysts, it is necessary that the
system shows a high rate at the beginning and survives for
a long period to obtain high productivity. As a matter of
fact, many TH systems are active at relatively high catalyst
loading (1-0.1 mol-%) and cannot be employed in lower
4044
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amount due to their facile deactivation, namely for the pres-
ence of oxygen or side products in the solvent or the sub-
strate, limiting their application for the preparation of
alcohols. The superior performance of the ligand Pyme re-
spect to diamines [e.g. H,N(CH,),NH,] may be ascribed to
the combination of the NH effect with the flat geometry of
the pyridine that allows easy access of the substrate, even
bulky, to the metal center.

3. Ruthenium Complexes [RuX,P,(Pyme)] (X =
Cl, H)

The excellent catalytic performance of the Pyme-based
cyclometalated ruthenium compound 2 prompted us to de-
velop new Pyme ruthenium catalysts. One of the most well-
known ruthenium precursor is [RuCl,(PPhs);] which can
easily reacts with phosphorus and nitrogen ligands by dis-
placement of PPh;.3% Since, preliminary catalytic results
showed that the in-situ-prepared [RuCl,(PPhs);]/Pyme sys-
tem is catalytically active in the TH of acetophenone, we
decided to prepare a series of complexes of general formula
[RuCl,P,(Pyme)]*®! (P = phosphane or P, = diphosphane).
At room temperature the precursors [RuCl,(PPhs);] and
[RuCl,(PPh;)(dppb)] {dppb = Ph,P(CH,)4PPh,} react with
Pyme, affording the derivatives trans-[RuCl,P,(Pyme)]
[Equation (4)].

NH,
[RUCLP,(PPhy)]  +

E—

N — PPhs

cl 4)
P”I"Rl N~
Py

Cl

NH, P = PPh3 or P, = dppb

The thermodynamically most stable complexes cis-
[RuCl,P,(Pyme)] were obtained by treatment of [RuCl,-
(PPhs);] with Pyme in toluene at reflux and by addition of
a suitable achiral or chiral diphosphane, namely Ph,P(CH,),-
PPh, (n = 3, 4), (S,S)-Skewphos, (R,R)-Diop (Scheme 2).

NH
S I C|3| =
PhaPy,,, 1 wN¢ g
[RUCI,(PPhy)s] U
PhsP” | YCI
NH;

M I
PP P P
NH
<4

g cl
g =
[RUC,(P-P)(PPhy),] ~ ——»> Pyl N g
2 3n v |U‘C|
NH;

Scheme 2. Preparation of cis-[RuCl,P,(Pyme)].

With bulky phosphanes, such as (R,S)-Josiphos, these
Pyme compounds can be obtained by reversing the order

Eur. J. Inorg. Chem. 2008, 4041-4053
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of the reactants. It is worth noting that with the optically
active diphosphanes a single stereoisomer is formed in solu-
tion, as inferred from NMR spectroscopy. Compounds
[RuCl,P,(Pyme)] display good to very high catalytic activity
in the TH of ketones in 2-propanol at reflux and in the
presence of NaOH. The cis complexes were proven to be
more active than the corresponding trans isomers and the
best performances were obtained with diphosphane ligands.
For example cis-[RuCly,(dppb)(Pyme)] (3) at 0.05 mol-%
catalyzes the quantitative TH of acetophenone in 1 min, af-
fording a TOF value of 3.0 X 10° h! (Figure 1).13¢

cl
thpn. \\N thplh Rlu NG /
pthf | 'c:| PhZP’ ,!l H‘Cl

4
<> cl
Fe
PhyP,, | \\CI
‘Ru-
Csz' ] ‘N \
5 NH,

Figure 1. cis-[RuCl,(PP)(Pyme)] complexes.

With 3 numerous ketones, such as cyclohexanone, 5-
hexen-2-one, and benzophenone were quantitatively and
chemoselectively reduced to give the corresponding
alcohols within 10 min and with TOF values up to
4.0X 10° h™!, the latter being the highest value reported at
that time (Table 2).[372]

The comparison of the activity of the related diamine
complex trans-[RuCl,(dppb){H,N(CH,),NH,}] affords a
TOF of about 10° h™! under the same experimental condi-
tions. This data agrees with those of Lindner et al. and
Morris et al. on the complexes trans-[RuCl,P,(1,2-diamine)]
which are highly active HY catalysts but display moderate
activity in TH.I'7¢378] This indicates that Pyme shows a
strong ligand acceleration effect in the TH reaction, as ob-
served for the cyclometalated complex 1. Fast and asym-
metric TH of methyl aryl ketones was observed using the
chiral derivative cis-[RuClL,{(S,S)-Skewphos}(Pyme)] (4).
Thus, acetophenone is reduced with 4 (0.05 mol-% at 82 °C)
to (S)-1-phenylethanol in 1 min (TOF = 3.0 X 10° h™") with
85% ee and no erosion of enantioselectivity occurs at lower
catalyst loading (0.01 mol-%). The ortho substituted
ketones 2’-chloroacetophenone and 2’-methoxyacetophe-
none were quickly reduced to the corresponding (S)-
alcohols with ee up to 94%, whereas (S)-phenyl(2-pyridyl)-
methanol (90% ee) was obtained from the corresponding
pyridyl ketone.’®! Employment of cis-[RuCl{(R,S)-
Josiphos}(Pyme)] (5) resulted in the TH of acetophenone
to (S)-1-phenylethanol in 2 min with 83% ee.

Since [RuCl,P,(Pyme)] are not active in TH without
base, we decided to prepare the mono and dihydride com-
plexes of the type [RuH,Cl, ,(PPhs),(Pyme)] (n = 1, 2), fol-
lowing the studies of Backvall on [RuCl,(PPhjs);]. As a mat-
ter of fact, the dihydride derivative [RuH,(PPhj)4], which is
formed from [RuCl,(PPhs);] in basic alcohol media through
a B-hydrogen elimination reaction,°! was found to be the

Eur. J. Inorg. Chem. 2008, 4041-4053
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Table 2. Catalytic TH of ketones with 3-5 at 0.05 mol-%.[!

Complex Ketone Conversion TOF [h']  ee [%)
[%] [min]
0
3 97 1 3.0x10°
o}
3 % 99 1 4.0 % 10°
3 Q 94 10 2.8 x10°
M
o)
3 98 10 8.0 x 10*
4 Q 96 1 3.0x10° 85(S)
5 )KO 97 2 23x10° 83(R)
o)
4 )53 96 1 29%10° 89(S)
o]
0
4 )‘jij 96 2 25%10° 94(S)
MeO
o]
N
A
4 98 5 1.5x10° 90(S)
/

[a] Ketone 0.1 m and NaOH 2 mol-% in 2-propanol at 7' = 82 °C.

catalytically active species.[*)] The monohydride trans,cis-
[RuHCI(PPh;),(Pyme)] (6), prepared from [RuHCI(PPh;);]
and Pyme, catalyzed the TH of ketones only by addition of
base (Scheme 3).3¢

H 7
Pu, | WN#  NaOPr
[RUHCIP;] + Pyme —— ‘Ru, _—
pY | ‘NHQ — Me,CO
Cl
6
T = T =
P, . P, R
g "Ru"‘\N\ / g 'Ru"“N\ /
P” | VH HY | P
NH; NH;
7 8 P = PPhy

Scheme 3. Formation of hydride ruthenium complexes.

By contrast, the dihydride cis,trans-[Ru(H),(PPhs),-
(Pyme)] (8), prepared from the monohydride 6 and NaOiPr,
is catalytically active in the reduction of acetophenone with-
out base (TOF = 5.5X10° h!) and addition of NaOH led
to a notably higher rate (TOF = 1.1 X 10* h™!). NMR stud-
4045
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ies showed that during the synthesis of 8, the dihydride in-
termediate cis,cis-[Ru(H),(PPhs),(Pyme)] (7) is formed and
it slowly converts into the final product. This indicates that
during catalysis the dichloride complexes [RuCl,P,(Pyme)]
react with sodium isopropoxide, affording several hydride
species, which are involved in the TH.

We want to point out that the complexes of the type
[RuCl,P,(Pyme)] were reported independently by the
groups of Morris et al. and Noyori et al., and were proven
to be efficient catalysts for the HY of ketones. Thus, the
compounds [RuXY(PPh;s),(Pyme)] (X, Y = H, Cl) and
[RuHCI{(S)-tolbinap}(L)] [L = 1,1-dimethyl-1-(pyridin-2-
yl)methanamine] display good catalytic activity in the hy-
drogenation of acetophenone in benzene and 2-propanol.[#!]
Conversely, [RuXY {(S)-tolbinap}(Pyme)] (X =Y = CI and
X = H, Y = BHy) in ethanol are highly active catalysts for
the asymmetric HY of bulky substrates, such as ¢Bu
ketones, for which the related complexes trans-
[RuCly(PP)(1,2-diamine)] show poor activity.*”] Therefore
the development of the compounds [RuCl,P,(Pyme)] that
are highly active in both TH and HY, by switching the reac-
tion parameters, represents a significant step forward in the
catalytic reduction of ketones.

A further improvement in the advance of asymmetric TH
catalysts of this type was achieved with the isolation of the
complexes cis-[RuCly(PP)(RPyme)] containing a chiral di-
phosphane PP correctly matched with a chiral 1-substituted
Pyme (RPyme). With the well-known derivatives trans-
[RuCl,(PP)(1,2-diamine)], a higher level of enantio-
selectivity in the HY reactions was achieved using two
matched chiral ligands. For these catalysts, the search of
the suitable combination of the chiral ligands is a relatively
tedious approach and requires the isolation of a library of
precious enantiomerically pure ligands. To overcome this
problem, different strategies have been developed, including
the reaction of a racemic metal complex with a suitable chi-
ral auxiliary, leading to deactivation (chiral poisoning) or
activation of one metal enantiomeric species.*3! Import-
antly, we found that a single diastereomer complex cis-
[RuCl,(PP)(RPyme)]*4 can easily be obtained in high yield
through a one-pot reaction of [RuCl,(PPh;);] with a chiral
Josiphos diphosphane (PP) and two equivalents of a race-
mic mixture of RPymel* (R = alkyl, aryl), displaying a
stereogenic carbon center bound to the active NH, function
(Scheme 4).

Interestingly, these complexes catalyze the TH of methyl
aryl ketones with very high rate and enantioselectivity (up
to 99% ee) on account of the corrected combination of the
PP and NN ligand pair. This represents the first example
of an efficient asymmetric catalyst with two matched chiral
ligands which is prepared without the necessity of using
both ligands in enantiopure form. Complexes 9-12
(0.05 mol-%) display high catalytic activity in the asymmet-
ric TH of methyl aryl ketones in 2-propanol at 60 °C and
in the presence of NaOiPr. The corresponding alcohols are
formed quantitatively in 96-99% ee within a few minutes
and with TOFs up to 7.0 X 10* h™!, which, at this tempera-
ture, are among the highest values reported in the literature
4046
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[RuCIy(PPhs)s] + PP NHs

/N { R
() |
X

RPyme
@ PCy, / Csz S@
CI/, | \\N N/, \\CI
or
| ~ /< 7\ A | P\
N‘H H’N Ar
r
H H
9 10-12
| PP Ar R
9| (R.S)-Josiphos Ph Me
10| (S,R)-Josiphos Ph tBu

11| (S.R)-Josiphos
12| (S,R)-Josiphos

4-OMe-3,5-Me,CgHy  Me
4-OMe-3,5-Me,CgHy  Bu

Scheme 4. Synthesis of a diastereomer

[RuCl,(PP)(RPyme)].

single complex

(Table 3). Experiments aimed to establish the matched/mis-
matched effect of the ligands show that when the single en-
antiomer (R)-MePyme is used with (R,S)-Josiphos, the sub-
strate 2’-methoxyacetophenone is reduced to the (R)-
alcohol with 71% ee (TOF = 1.5X10*h™!), whereas with
(S,R)-Josiphos, which leads to a single ruthenium dia-
stereomer, the conversion to the (S)-alcohol occurs with
both higher ee (98%) and rate (TOF = 3.2X 10*h!).[44

Table 3. Catalytic TH of methyl aryl ketones with 9-12 at 0.05 mol-

0 0. [d]

Complex  Ar Conversion TOF [h] ee [%]
[%0] [min]
9 Ph 97 5 63x10* 96 (R)
9 3-MeOC(H, 98 5 6.6X10* 99 (R)
10 Ph 96 10 7.0 X 10* 95 (S)
10 2'-CICH, 99 30 27X104 98 (S)
11 Ph 97 10 4.0x10* 96 (.S)
12 Ph 97 10 3.4x10% 97 (S)
12 2'-MeOC¢H, 98 30 25%10° 98 (S)
12 3'-MeOC4H, 97 10 2.6 X10* > 99 (S)

[a] Ketone 0.1 M and NaOiPr 2 mol-% in 2-propanol at 7' = 60 °C.

Attempts were also made to prepare heterogeneous TH
catalysts based on Pyme. The best results were obtained
using a silica-immobilized complex of the type
[RuCl,{RN(CH,PPh,),}(Pyme)] (13), prepared by reaction
of trans,cis-[RuCl,(PPh3),(Pyme)] with a diphosphane co-
valently bound to silica, synthesized by reaction of a 3-ami-
nopropyl-functionalized silica with formaldehyde and
PHPh, [Equation (5)].[4¢]

This system catalyzes the quantitative TH of acetophe-
none and it was possible to reuse this catalytic system for a
second cycle. However, the efficiency of the catalyst con-
siderably diminished in the successive reuses, indicating that
the catalytically active ruthenium hydride species undergo
deactivation.
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4. A Carbene Pyme Ruthenium Complex

Heterocyclic carbene ligands have successfully been em-
ployed in homogeneous catalysis, on account of their favor-
able properties, such as low oxygen and thermal sensitivity,
associated to a relatively strong bonding.*’! However, for
the TH of carbonyl compounds only a few ruthenium cata-
lysts based on carbene ligands have been reported.[*8] With
the aim to prepare catalysts which could associate the
strong ligand acceleration effect of Pyme and high stability,
we found that the monohydride trans,cis-[RuHCI(PPhs),-
(Pyme)] (6) reacts straightforward with the commercially
available free carbene 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-
triazol-5-ylidene, affording the orthometalated ruthenium
compound 14 [Equation (6)].14]

H oo Ph
PhsPu,, | \\@ =N
Y opheNN-ph T
phsp( | \ Ph Ph

NH,

P“\<’ S,

" on P’l

(6)
Ny / + PPhy + Hp
~)

This complex in the presence of NaOH in 2-propanol at
reflux is an efficient TH catalyst for the reduction of numer-
ous substrates, namely alkyl aryl and dialkyl ketones, with

European Journal
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TOF up to 1.2 103 h™!, using 0.05 mol-% of catalyst. The
comparison of the activity of the Pyme based catalysts here
reported, showed that the mixed carbene phosphane 14 dis-
plays a higher rate than 6, bearing two PPhs, and its activity
was only inferior to that of the diphosphane complexes cis-
[RuCl,(PP)(Pyme)]. Thus, the high activity of 14 may be
ascribed to the presence of the strong orthometalated car-
bene ligand that retards the deactivation of the catalyst, a
behavior observed also for the cyclometalated phosphane
complex 2.

5. PNN’ Pyme Ruthenium Complexes

The tridentate imino and amino complexes trans-
[RuCl,(PPh3)(PNN')] (15, 16) were easily obtained by reac-
tion of [RuCl,(PPhs);] with PNN’ ligands, prepared from
Pyme and Ph,P(2-CcH4CHO), through displacement of
PPh; (Scheme 5).1

Compounds 15 and 16 (0.05 mol-%) in basic 2-propanol
solution at reflux catalyze the transfer hydrogenation of
different ketones with very high rate (TOF up to
2.5X10°h™!). The corresponding imino and amino
monohydride complexes trans-[RuHCI(PPh;)(PNN')] were
prepared from trans,cis-[RuHCI(PPh;),(Pyme)] (6) and the
PNN’ ligands. Interestingly, under analogous experimental
conditions, the imine and amine derivatives display the
same catalytic activity, suggesting that during catalysis the
imino precursors are converted into N-H amino species that
are responsible for the high rate. The reduction of the C=N
function of the coordinated ligand to the CH-NH moiety
is favored by the excess of a strong base and at high tem-
perature. In absence of base, the monohydride complexes
trans-[RuUHCI(PPh3)(PNN')] do not catalyze the reduction
of acetophenone. With NaOiPr their activity is lower (TOF
up to 1.6 X 10* h'), compared to that of the dichloride pre-
cursors 15 and 16, suggesting that different dihydride ruthe-
nium isomers are involved in catalysis. By using PNN’ li-
gands with a CH,CH, backbone connected to the pyridine
ring, instead of one CH, group, the resulting complexes
showed a remarkably lower activity, indicating that the
presence of a five-membered chelate ring involving the pyr-
idine is crucial to achieve high performance in the TH.

7\
PhyR, PhaPR, N\ N=
H
Cl 1 N
Ph3PI/,, \\\\\N F PhaPu,,, | wN _~
[RuCl,(PPhj);] e u
v
pth Ph,P | \NH
? / Cl
15 16

Scheme 5. Synthesis of imino and amino complexes [RuCl,(PPhs)(PNN)].
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6. Terdentate CNN Ruthenium Complexes

To make asymmetric TH a valuable procedure alternative
to HY, it is fundamental that the catalysts promote the re-
duction of the ketones with high rate and productivity, in
addition to high enantioselectivity. Although different com-
plexes are capable to catalyze the reduction of ketones with
up 99% ee, the rates of non Pyme systems are generally
lower than 10* h™! and these catalysts necessitate of a rela-
tively high loading (= 0.01 mol-%) to achieve complete
conversion of the substrate, because of their easy deactiva-
tion. With the aim to obtain both fast and robust catalytic
systems, we have designed a ruthenium complex in which
a diphosphane ligand is combined with a cyclometalated
framework containing the Pyme motif. In this context, it is
known that CN-orthometalated pyridine-ruthenium com-
plexes can easily be prepared from 2-phenylpyridine and 6-
phenyl-2,2’-bipyridine.’!! Thus, we found that 1-[6-(4-meth-
ylphenyl)pyridin-2-yljmethanamine, in which an aryl group
is connected to the C atom in position 6 of Pyme, promptly
reacts with the ruthenium precursor [RuCl,(PPhs)(dppb)],
leading to the orthometalated CNN pincer complex
[RuCI(CNN)(dppb)] (17) [Equation (7)].15?!

N NHz  NEt,
[RUCI,(PPhy)(dppb)] + - —_—
N
+ PPh; + NHEtCI (7

This compound displays an exceptionally high catalytic
activity in the TH of ketones with 2-propanol in the pres-
ence of NaOH. As shown in Table 4, alkyl aryl, dialkyl and
diaryl ketones were quantitatively and chemoselectively re-
duced to alcohols in a few minutes, using a low amount of
17 (0.005 mol-%) and affording TOFs up to 2.5X10°h !,
which is the highest value reported in the literature.['8-2!]
The analogue of 17 displaying NMe, instead of NH, shows
a poor activity, indicating that fast catalytic TH is assisted
by the NH, functionality.

Importantly, with 0.001 mol-% of 17, complete reduction
of acetophenone was achieved in 1 h and experiments car-
ried out at 5X 10*mol-% of complex afforded a TON =
1.7 X 10°. As example of application of this protocol, 1.97 g
of the intermediate 4-chlorobenzhydrol (90 % yield) was ob-
tained from 4-chlorobenzophenone in 2 h using 0.076 mg
of 17 (0.001 mol-%). Notably, only the system
[IrH5(iPr,PC,H,4),NH] has been reported to promote the
ketone TH at such low loading.>3! Complex 17 also cata-
lyzes the fast TH of aliphatic, aromatic and unsaturated
aldehydes to primary alcohols with 2-propanol in the pres-
ence of the weak base K,CO; (Table 5).54
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Table 4. Catalytic TH of ketones with 17 at 0.005 mol-%.[!

Ketone Conversion TOF [h™]
%] [min]
o 98 5 1.1 x10°
9 99 | 2.5 % 10°
)‘\@/CI
o}
97 2 1.5 x 10
o}
)‘\/\K 97 s 7.0 < 10°
o}
53x10°

‘)‘\‘\ 98 10
‘ ! cl

[a] Ketone 0.1 M and NaOH (2 mol-%) in 2-propanol at 7= 82 °C.

The very short reaction time limits the side reactions (i.e.
aldol condensation, catalyst deactivation via decarbon-
ylation),!® affording chemoselective TH of aldehydes. Thus,
trans-cinnamaldehyde is quickly and quantitatively con-
verted into cinnamyl alcohol in 30 s, whereas the reduction
of the C=C double bond, affording 3-phenyl-1-propanol,
requires hours. As extension to the asymmetric TH, we pre-
pared CNN pincer ruthenium complexes containing chiral
1-(6-arylpyridin-2-yl)methanamines or diphosphane li-
gands. Preliminary results showed that the derivatives
180281 and 1953 rapidly catalyze the asymmetric TH of
methyl aryl ketones with up to 89% ee, using 0.005 mol-
% of catalyst, a loading much lower than that commonly
employed in the enantioselective TH of ketones (Figure 2).

The high performance of this catalytic system arises from
the association of the robust cyclometalated ligand, con-
taining the accelerating Pyme moiety, with the chelating di-
phosphane and consequently catalyst deactivation is signifi-
cantly retarded. Therefore, these new CNN chiral ruthe-
nium catalysts, which require a loading of 1/10 respect to
that of the most efficient systems, represent a new signifi-
cant improvement in the asymmetric TH of ketones, leading
to a new standard for this reaction. This makes this pro-
cedure attractive from an industrial point of view and alter-
native to the well-establishes enantioselective HY reaction.

Eur. J. Inorg. Chem. 2008, 4041-4053
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Table 5. Catalytic TH of aldehydes with 17 at 0.05 mol-%.[2

Aldehyde Conversion TOF [h™]
[%]  [s]
o)
99 30  3.0x10°
H
0
H 98 20 45x10°
o}
/\/\)J\H 99 30  3.0x10°
o)
H
99 5min®™ 2.0x10°
o}
— H
99 30 33x10°

[a] Aldehyde 0.1 M and K>COj3; 5 mol-% in 2-propanol at 82 °C. [b]
17 0.01 mol-%.

7. Mechanism of the TH Mediated by
Terdentate CNN Ruthenium Complexes

It is generally accepted that the role of the base in the
catalytic TH is to generate a catalytically active M—H com-

<PPhy PrOH SPPh;
N—RU—PPh;  + NaOiPr—> N—R{—PPh3
—NaCl v
NH, Pr—0"—N~
17 / H
Ho
AN
O----tH
LN
iPr O—iPr
n—1
20 L

Eur|IC

European Journal
of Inorganic Chemistry

19
PP* = (S,S)-Skewphos

Figure 2. Chiral CNN Ru complexes.

plex.?>391 Subsequent insertion of the ketone in the M—H
leads to M-alkoxide species via an inner sphere mecha-
nism.[* For ruthenium complexes displaying a NH, func-
tionality, an outer sphere mechanism, involving a Ru-H
and a Ru-amide (the product of the delivery of a Ru-H
hydride and a NH proton) has been proposed.l*! In this
case, the formation of a Ru—OR complex bearing an amine
NH, function has to be considered a nonproductive reac-
tion and this species is regarded as catalytic reservoir of
the metal amide.®®! On account of the high control of the
reactivity that CNN pincer ligands impose to the Ru center,
the [RuCI(CNN)(PP)] system appears ideal for the investi-
gation of elementary processes involved in the catalysis.
Interestingly, we have found that reaction of 17 with sodium
isopropoxide in a 2-propanol/hydrocarbon solutions af-
forded the alcohol adduct alkoxide [Ru(OiPr)(CNN)(dppb)]
niPrOH (20), and no Ru-amide species was detected
(Scheme 6).557!

NMR analysis in solution revealed a rapid equilibrium
between the alkoxide 20 and the hydride 21/acetone with an
exchange rate of 5.4 +0.2 s7' at 25 °C. In addition, the sim-

iPrOH Me

PPh;
N—Rd{—PPh
/ 2

22

Scheme 6. Reversible f-hydrogen elimination from isopropoxide ruthenium complexes.
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ple alkoxide 22, which forms from the hydride 21 and ace-
tone in absence of alcohol, equilibrates with 21 with a sig-
nificant lower rate (2.9 = 0.4 s !). We believe that the fast B-
hydrogen elimination vs. acetone insertion occurs within a
hydrogen bondingl®”! network. The function of the Ru-NH,
linkage is to promote an extensive hydrogen bonding with
the solvent, thus lowering the energy of activation barriers.
Following a concerted solvent-mediated mechanism for the
TH, it is likely that the cleavage of the C—H bond occurs
through decoordination and reorientation of the OiPr li-
gand within the hydrogen bonding network with 2-propa-
nol, namely via the species 20’ by a mixed inner/outer
sphere mechanism (Scheme 6). Because the catalytic TH
takes place in neat 2-propanol the concentration of 22 is
negligible, respect to the alcohol adduct species 20. Notably,
a favorable influence of the alcohol in the B-hydrogen elimi-
nation from alkoxides and insertion of ketones into M—H
bond was reported by different groups.>®! More recently, a
mechanism involving an active role of the solvent in TH
with a Ru-NH, system has been proposed by Handgraaf
and Meijer.[*]

PPhy o]
>
N—R0-PPh; + )J\ ==
4 Ph” “Ph
21
<PPh; HOCHPh, aPPhy
/N—Rﬁ—PPh2 = /N—Rh—PPhZ
H ~— H ~—
Ph\7/o NH; Ph\,/(,) N\‘H
i H
Ph Ph o
N
23 24  CHPh,

Scheme 7. Insertion of a Ph,CO into the Ru-H bond and forma-
tion of an alcohol adduct alkoxide.

*

S ) iPrOH
N—Ru—P~ + NaOiPr —>
1 —NaCl
NH,
19

PP* = (S,S)-Skewphos

25

Scheme 8. Formation of diastereomer alkoxide ruthenium complexes.
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Isolable alkoxides were obtained with ketones containing
electron-withdrawing groups for which the B-hydrogen-eli-
mination is hindered. Reaction of the hydride 21 with
benzophenone led to the corresponding alkoxide-amine
complex 23, which by addition of benzhydrol afforded the
alcohol adduct 24 which rapidly equilibrates with 23
(Scheme 7).52b!

Further evidence of the involvement of alkoxide ruthe-
nium species in the catalytic TH was provided by the chiral
CNN complex 19, containing the (S,S)-Skewphos diphos-
phane, which catalyzes the reduction of the prochiral ketone
CF;CO(4-C¢H,4F) with 64% ee. The alcohol adduct alk-
oxide 25, obtained from 19 and NaOiPr in 2-propanol,
rapidly equilibrates with the corresponding Ru-hydride with
elimination of acetone, as observed for the species 20. Inter-
estingly, reaction of 25 with CF;CO(4-C¢H4F) affords a
mixture of the diasterecomer alkoxides [Ru{OCH(CF5)(4-
CsH,4F)}(CNN){(S,S)-Skewphos}] (26/27) with 67% de
(Scheme 8).15°]

This value is much the same as the ee of the alcohol (R)-
CF;CH(OH)(4-C¢H,4F) formed in catalysis with 19, indicat-
ing that CNN ruthenium alkoxides with the NH, function-
ality are species involved in the catalytic asymmetric TH.
Kinetic studies on the role of the base in the TH of aceto-
phenone catalyzed by 17 in 2-propanol are consistent with
the involvement of ruthenium hydride and alkoxide species,
and a proposed catalytic cycle is depicted in the
Scheme 9.[6%

The chloride 17 reacts with NaOiPr in 2-propanol, lead-
ing to the isopropoxide 20 stabilized by the alcohol. This
species rapidly equilibrates with the cationic alcohol adduct
28 (catalyst reservoir) with a pre-equilibrium constant of
about K =2 X 107> M. Complex 20 undergoes a B-hydrogen
elimination affording the hydride 21 which reacts with ace-
tophenone, leading to the alcohol adduct alkoxide 29. In
the final step this species rapidly reacts with 2-propanol (in
excess), affording 1-phenylethanol and 20 that closes the cy-
cle. The formation of 21 from 20 is likely to be rate-de-
termining step of the catalytic transfer hydrogenation, in
which 20 is the predominant species. The activation param-
eters are AH* = 14.0 0.2 kcal/mol and AS* = -3.2+0.5

Eur. J. Inorg. Chem. 2008, 4041-4053
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Scheme 9. Proposed catalytic cycle of the TH of PhCOMe.

eu and the latter low value suggests that no substantial re-
arrangement occurs in the rate-determining step. This is in
agreement with an intramolecular conversion of alcohol ad-
duct alkoxide 20 into the hydride 21, through a cleavage of
the C-H bond within a hydrogen bonding network pro-
moted by the Ru-NH, functionality.

8. Summary and Outlook

The discovery that 1-(pyridin-2-yl)methanamine (Pyme)
based phosphane ruthenium complexes show a remarkably
high catalytic activity in the transfer hydrogenation (TH) of
ketones has allowed the designing of a new family of fast
and highly productive catalysts for the synthesis of alcohols.
The rate for the reduction of acetophenone has progress-
ively increased from 6.0x10*h™! for the cyclo-
metalated [RuCl{(2-CH,-6-MeC¢H;)PPh,}(CO)(Pyme)] (2)
to 1.1x10°h! for the CNN pincer complex
[RuCI(CNN)(dppb)] (17) which can be used at 0.001 mol-
%. This catalyst is the most active system reported in the
literature. High enantioselectivity (up to 99% ee) has been
achieved with the structurally well defined complexes
[RuCl,(Josiphos)(RPyme)], obtained from a chiral diphos-
phane (Josiphos) and a racemic mixture of I-substituted
Pyme ligands, through a diastereoselective reaction. The
high performance of the achiral and chiral pincer com-
plexes [RuCI(CNN)(PP)] (PP = diphosphane), which dis-

Eur. J. Inorg. Chem. 2008, 4041-4053
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play TOF values up to 2.5X 10°h™! and can be employed
at loadings of as low as 0.001 mol-%, holds promise for the
application of these catalysts in an industrial context, being
complementary to the well-established hydrogenation (HY),
avoiding the use of dihydrogen under pressure. The investi-
gations of the elementary steps of the C-H bond activation
reaction led to a mixed inner/outer sphere mechanism for
the TH involving Ru-H and Ru-OR species. In the f-hydro-
gen elimination the crucial role of the NH, function is to
promote a hydrogen bonding network with 2-propanol.
These finding can help to conceive new experiments for elu-
cidating the fundamental paths of TH and thus improving
the efficiency of the catalysis through an appropriate choice
of the reaction parameters. Very recently the extension of
this chemistry to osmium, surprisingly led to efficient asym-
metric TH and HY catalysts,[°!l revealing the potentiality
of the Pyme based ligands for other metals and allowing a
broad scope.
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