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Complexes: The Influence of the Base

Walter Baratta,* Katia Siega, and Pierluigi Rigo[a]

Introduction

The reduction of polarized unsaturated compounds via
transfer hydrogenation is a topic that has been extensively
investigated in the last decade. A large number of transi-
tion-metal complexes have been found to catalyze the re-
duction of ketones and imines using 2-propanol or formic
acid as hydrogen donor.[1] Among the different metal com-
plexes, important results have been obtained with rhodium
and ruthenium based catalysts. A significant breakthrough
came in the early 90s with the discovery by Chowdhury and
B&ckvall that the catalytic activity of [RuCl2ACHTUNGTRENNUNG(PPh3)3] could
be increased by addition of a strong base (NaOH) to 2-
propanol.[2] Further experiments showed that under basic
conditions the dihydride derivative [RuH2ACHTUNGTRENNUNG(PPh3)4] is formed
through the alkoxide route (i.e., via a b-hydrogen elimina-
tion reaction)[3] and this species has been found catalytically
active.[4] For this system and other transition-metal com-

plexes a stepwise mechanism has been suggested[5] that im-
plies insertion of the incoming ketone into the metal�hy-
dride bond with subsequent formation of metal alkoxide
species.[6] This mechanism clearly differs from that of the
direct hydrogen transfer proposed for the Meerwein–Ponn-
dorf–Verley reaction with aluminum and other main group
elements, in which the ketone interacts with the metal alk-
oxide.[7] A fundamental contribution to the development of
new enantioselective transfer hydrogenation catalysts has
been given by Noyori and co-workers in the late 90s, who
observed that the activity of ruthenium arene complexes can
be enhanced using N–O and N–N bidentate ligands where
one N is a primary amine.[8] Evidence has been provided
that during catalysis the cis-RuH/-NH2 motif plays a funda-
mental role for the high activity. As a matter of fact, the
ruthenium hydride amine species easily reacts with the
ketone, affording the alcohol and a 16-electron ruthenium
arene amide species. This process has been suggested to
occur through an outer sphere mechanism with a concerted
delivery of a N-H proton and a Ru-H hydride, and has been
supported by quantum chemical methods in the gas pha-
se.[9a–c] More recently, realistic modeling of the transfer hy-
drogenation in solution with ruthenium arene amine species
leads to a concerted solvent-mediated mechanism with the
substrate appearing as alkoxide-like intermediate.[9d] Impor-
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tantly, the Noyori system and the Shvo catalyst containing a
RuH/-OH moiety,[10] which are regarded as bifunctional cat-
alysts, do not require the presence of added base for the
transfer hydrogenation. Kinetic studies based on deuterium
isotope effect, performed by Casey[11] and B&ckvall[12] on the
Noyori and Shvo catalysts, respectively, suggest that the hy-
drogen transfer from the alcohol to the ruthenium 16-elec-
tron species occurs through a concerted mechanism in both
cases (i.e., simultaneous transfer of the C-H and O-H hydro-
gens from the alcohol). For the Noyori catalyst an outer
sphere mechanism has been proposed, whereas for the Shvo
system an inner sphere mechanism via initial coordination
of the alcohol to the metal center and ring slippage has
been suggested. No alcohol adducts have been isolated for
these systems. However, these species should be considered
very labile and therefore the inner and outer sphere mecha-
nisms cannot be easily distinguished. The bifunctional catal-
ysis works extremely well also in the hydrogenation of ke-
tones using RuCl2(diphosphine)ACHTUNGTRENNUNG(diamine) pre-catalysts.[13]

Studies performed by Morris showed that the base is neces-
sary for obtaining cis-RuH/-NH2 species which are involved
in the catalytic cycle.[14] Interestingly, high activity in hydro-
genation is obtained with base/Ru ratio higher than 2, sug-
gesting that fast catalytic reaction occurs in a certain range
of effective pH values.[15]

Recently, we have reported that ruthenium complexes
containing 2-(aminomethyl)pyridine (ampy) in association
with phosphine or carbene ligands are extremely active cata-
lysts for transfer hydrogenation.[16] Fast enantioselective re-
duction of ketones has been achieved with the system
RuCl2(diphosphine)ACHTUNGTRENNUNG(ampy) when chiral diphosphines are
employed.[16d] With the related ligand 6-(4’-methylphenyl)-2-
pyridylmethylamine the new terdentate complex of formula
[RuCl ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (A) (dppb = Ph2P ACHTUNGTRENNUNG(CH2)4PPh2) has
been prepared which, in presence of base, displays extreme-
ly high activity for the transfer hydrogenation of ketones, af-
fording TOF numbers up to 2.5 = 106 h�1 (Figure 1).[17]

It is worth noting that the hydride species [RuH ACHTUNGTRENNUNG(CNN)-
ACHTUNGTRENNUNG(dppb)] H reacts with ketones to give the corresponding alk-
oxide–amino complexes[17] and not the amide, revealing a
rare example of reversible insertion[18] of ketones into the
Ru�H bond.[19] Since, we have observed that the catalytic
activity of the chloride complex A in 2-propanol is strongly
affected by the base/Ru ratio, we decided to investigated the
base influence on the catalytic transfer hydrogenation of
acetophenone. These results provide evidence that the spe-
cies displaying the alkoxide–amino motif RuOR/-
NH2,

[14,17,20] in addition to the hydride-amino one RuH/-

NH2, are of fundamental importance for the fast transfer hy-
drogenation (Figure 1). The dependence of the base can be
explained in terms of a pre-equilibrium involving the proto-
nation of the ruthenium alkoxide leading to a cationic alco-
hol adduct.

Results and Discussion

Influence of the concentration of the ruthenium complex A
and the base on the transfer hydrogenation : The reduction
of acetophenone, taken as model ketone, was carried out in
2-propanol using the CNN terdentate ruthenium complex A
in presence of sodium isopropoxide, according to the
[Eq. (1)].

All experiments have been performed using a 0.1m solu-

tion of ketone in 2-propanol in order to achieve complete
conversion into alcohol (1-phenylethanol �98 % at the equi-
librium)[1i] and the reaction was studied in the range be-
tween 40 8C and the refluxing temperature of 2-propanol.
Typically, to a solution containing the substrate and the base
NaOiPr, the catalyst A was added and this represents the
starting point of the reaction. It should be noted that with-
out base no significant reduction of ketone was observed.

Using the pre-catalyst A at initial concentrations ranging
from 0.01 to 0.1 mm (0.01–0.1 mol%) in presence of
NaOiPr, the conversion of acetophenone (S) in 1-phenyle-
thanol, determined via GC, follows pseudo-first-order kinet-
ics to over 95 % conversion on the ketone concentration
[Eq. (2)].

� d½S�
dt

¼ k0 ½S� ð2Þ

In order to establish the dependence of k’ on the pre-cata-
lyst A and the NaOiPr base, we have carried out experi-
ments at different concentrations of these species. First, as
shown in Table 1, with an equimolar amount of A and
NaOiPr (cA=cb between 0.02 to 0.1 mm) at 60 8C the values
of the apparent constant k’ are in the range from 0.008 to
0.062 s�1 and show a nonlinear behavior of k’ with respect to
cA.

Second, when the concentration of cA is kept at 0.01 mm,
the increase of the amount of
the base leads to a progressive-
ly faster reduction of acetophe-
none reaching a limit value
(Figure 2). Thus, the k’ constant
is 0.021 s�1 when cb is 0.02 mm

and achieves the value of
0.050 s�1 when the cb is 1.01 mm

(Table 1).Figure 1. Terdentate CNN ruthenium complexes.
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Third, by varying the pre-catalyst A (0.005 to 0.02 mm) at
high base concentration (cb=2.00 mm), the apparent k’ at
70 8C depends somehow linearly on cA [Eq. (3)], as shown in
Table 2.

k0 � kcA ð3Þ

Therefore, with a strong base
excess the reduction of aceto-
phenone follows a second-order
rate, being first order respect to
the catalyst [Eq. (4)].

� d½S�
dt

� kcA½S� ð4Þ

The higher activity obtained by
increasing the base cb at a fixed
cA (Figure 2) indicates that
Equation (4) is correct only at
high base concentration, sug-
gesting the presence of a pre-
equilibrium involving the cata-
lytically active ruthenium spe-
cies, which forms with sodium
isopropoxide.

In a previous study on stoichiometric reactions involving
complex A, we have reported that reaction of A with
NaOiPr in a 2-propanol/toluene solution leads to the corre-
sponding hydride H by elimination of acetone on evapora-
tion of the medium.[17] The NMR analysis of the solution re-
veals that the first product is the alkoxide B obtained by
substitution of the chloride with the isopropoxide through
elimination of NaCl. This species, which is the main product
in 2-propanol solution, affords reversibly the hydride H at
temperature higher than 40 8C, according to the equilibrium
shown in the Scheme 1.

When a ketone is added, no hydride is observed by NMR
investigations, the reaction being shifted to the alkoxide. To
note that the ruthenium alkoxide–primary amine complex
[Ru ACHTUNGTRENNUNG(OCHPh2) ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] has been isolated,[17] indicating
that in this system the NH2 group is not enough acidic to be
deprotonated by the alkoxide ligand, by contrast to the
ruthenium arene species that lead to ruthenium amide com-
plexes.[8b] The catalytic transfer hydrogenation induced by A
in basic conditions can be explained assuming that the key
species is the alkoxide B which is promptly formed from A
and NaOiPr in 2-propanol. As a matter of fact, the rate is
not significantly affected in the range of temperatures and
base concentrations of this work when the reduction of ace-

Table 1. Rate constants k’ for the conversion of acetophenone (0.1m) to
1-phenylethanol with the complex A and NaOiPr in 2-propanol.

cA [m] = 103 cb [m]=103 k’ [s�1]=103

0.02[a] 0.02 8
0.05[a] 0.05 24
0.1[a] 0.10 62
0.01[b] 0.02 21
0.01[b] 0.03 32
0.01[b] 0.04 36
0.01[b] 0.06 38
0.01[b] 0.11 44
0.01[b] 0.21 47
0.01[b] 1.01 50

[a] Experiment carried out at 60 8C; [b] at reflux.

Figure 2. Conversion of acetophenone (0.1m) with A (cA=0.01 mm) and
NaOiPr (cb) at reflux: cb/cA=2 (~), 3 (+), 4 (^), 6 (*), 11 (&), 21 (&), 101
(*).

Table 2. Rate constants k’ for the conversion of acetophenone (0.1m) to
1-phenylethanol with the complex A and NaOiPr (cb=2.00 mm) in 2-
propanol at 70 8C.

cA [m] = 103 k’ [s�1]= 103 k’/cA [m�1 s�1]= 10�3

0.005 8.0 1.60
0.0055 8.4 1.53
0.0066 12.5 1.89
0.0083 14.0 1.69
0.010 18.3 1.83
0.0125 20.0 1.60
0.020 35.0 1.75

Scheme 1. Formation of B and equilibrium reactions involving the alkoxide B.
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tophenone is carried out with the preformed ruthenium alk-
oxide B, prepared from 2 and NaOiPr in 2-propanol at 80 8C
(10 min). The dependence of the rate on the base can be ex-
plained assuming that the complex B is involved in a rapid
first step equilibrium with 2-propanol (i.e., protonation reac-
tion), leading to the labile cationic alcohol complex C, ac-
cording to the equilibrium constant K (Scheme 1). Impor-
tantly, control experiments show that reaction of A with Na-
ACHTUNGTRENNUNG[BArf

4] {Arf=3,5-C6H3ACHTUNGTRENNUNG(CF3)2} leads to the formation of the
labile cationic alcohol adduct [Ru ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb) ACHTUNGTRENNUNG(HOiPr)]-
ACHTUNGTRENNUNG[BArf

4] {31P NMR d=58.4 and 42.2 ppm, 2J(PP)=32 Hz, in
2-propanol with C6D6 (10 % in volume) as inside lock},
which promptly reacts with one equivalent of NaiOPr in 2-
propanol affording alkoxide B. The presence of a transition
metal alkoxide versus alcohol adduct pre-equilibrium has
previously been reported in transfer hydrogenation mediat-
ed by a rhodium(I) system,[21] whereas evidence for the for-
mation of the cationic alcohol complex [RuH(diphosphine)-
ACHTUNGTRENNUNG(diamine) ACHTUNGTRENNUNG(ROH)]+[(RO)ACHTUNGTRENNUNG(ROH)n]

� , involved in the catalyt-
ic hydrogenation of ketones, has been provided in solu-
tion.[22] Furthermore, ruthenium complexes containing 2-
propanol as ligand have also been characterized in the solid
state.[23] The results of our experiments show that the rate of
the catalytic reduction of acetophenone with 2-propanol in
large excess follows second-order kinetics [Eq. (5)],

� d½S�
dt

¼ k½B�½S� ð5Þ

with the apparent kinetic constant k’ reported in Equation
(6).

k0 ¼ k½B� ð6Þ

From the pre-equilibrium reaction the concentration of B
can be calculated from the initial values cA and cb, according
to the constant K [Eq. (7)], assuming that the concentration
of the hydride H is negligible because of the large excess of
the ketone substrate.

K ¼ ½C�½OiPr��
½B� ¼ ðcA�½B�Þðcb�½B�Þ

½B� ð7Þ

In Equation (8) is reported the physically acceptable solu-
tion for the concentration of B.

½B� ¼ cA þ cb þK�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcA þ cb þKÞ2�4cAcb

p

2
ð8Þ

Combining Equations (6) and (8) leads to Equation (9)
which correlates cA, cb and the apparent constants k’ with
the k and K ones.

k0
cA

¼ k
cA þ cb þK�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcA þ cb þKÞ2�4cAcb

p

2cA
ð9Þ

When cb=0 the ratio k’/cA is zero, namely the pre-catalyst

A is not active in absence of base, whereas for high values
of cb the ratio tends to k. By matching the experimental
data with the computed trial curves, this equation allows to
determine the k and K constants. In Figure 3 are reported

the observed values of k’/cA obtained from the conversion of
acetophenone in the range from 40 to 60 8C versus the con-
centration of base cb (cA=0.01–0.05 mm).

Thus, at 40 8C the values for the kinetic and equilibrium
constants are k=217�8m�1 s�1 and K=4.4�0.6 =10�5

m, as
reported in Table 3.

Experiments carried out at 70, 80 8C and at refluxing tem-
perature of 2-propanol with cA=0.01 mm lead to the data re-
ported in Figure 4, which allow to determine the k and K
constants at different temperatures.

The k values are in the range 217�8m�1 s�1 at 40 8C to
4720�90m�1 s�1 at refluxing conditions (Table 3). To check

Figure 3. Experimental conditions: (&) cA=0.05 mm, T=40 8C; (*) cA=
0.02 mm, T=50 8C; (~) cA=0.01 mm, T=60 8C.

Table 3. Rate constants k and K for the conversion of acetophenone
(0.1m) to 1-phenylethanol with complex A.

T [K] cA [m] = 103 S/cA k [m�1 s�1] K [m]=105

313 0.05 2000 217�8 4.4�0.6
323 0.02 5000 460�10 1.8�0.2
333 0.01 10000 910�20 0.9�0.1
333 0.05 2000 790�30 2.6�0.4
343 0.01 10000 1760�30 1.0�0.1
353 0.01 10000 3000�70 2.3�0.2
reflux 0.01 10000 4720�90 1.6�0.1

Figure 4. Experimental conditions: cA=0.01 mm, (*) T=70 8C, (^) T=

80 8C, (~) reflux.
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the model at different ruthenium concentrations, a set of ex-
periments was carried out at cA=0.05 mm at 60 8C, leading
to k=790�30m�1 s�1, to be compared with 910�20m�1 s�1

for cA=0.01 mm. Using the Eyring equation and performing
a global fitting of the conversion values from 40 to 80 8C
provides the activation parameters DH�=14.0�
0.2 kcal mol�1, DS�=� 3.2�0.5 eu, and DG�

298=15.0�
0.2 kcal mol�1. The Eyring plot of ln ACHTUNGTRENNUNG(k/T) versus 1/T in the
range from 313 to 353 K is reasonably linear (Figure 5), indi-
cating that the catalytic system does not undergo deactiva-
tion in this range of temperatures.

The value for the enthalpy of activation is lower com-
pared with that obtained for the BINOLate/aluminum/2-
propanol/acetophenone system involving a direct hydrogen
transfer (DH�=18.5 kcal mol�1, DS�=�11.7 eu, DG�

298=

21.8 kcal mol�1).[24] The value of DS� is consistent with a
transition state with substantial zero variation of the entropy
of activation, suggesting that no substantial rearrangement
occurs in the rate determining step. This could be in agree-
ment with an intramolecular conversion of RuOR into
RuH/ketone in the alcohol media, via cleavage of the C�H
bond and affording the ketone bound to the RuNH2 moiety
through hydrogen bonds[25] and involving 2-propanol (see
later discussion on the catalytic cycle).

The determination of the equilibrium constants through
the curvature of the best fitting does not allow to obtain K
values with great accuracy (Table 3), nevertheless these re-
sults indicate that the alkoxide B can be regarded as a weak
base (K mean value=2 = 10�5

m) which in neat 2-propanol is
partially protonated, leading to the cationic alcohol complex
C. According to this model the alkoxide B is prone to
induce the hydrogen transfer, whereas C should be consid-
ered not active and consequently addition of a strong base is
required to achieve high catalytic activity. This effect is evi-
dent when the experiments are carried out at low ruthenium
loading for which a high base/Ru molar ratio is necessary to
achieve the best performance and suggesting that the cata-
lytic process works well above a certain effective pH value.
The obtained values of k and K allow to calculate the appar-
ent constants k’ at different catalyst and base concentrations,
the data reported in Tables 1 and 2 being entirely consistent.

Transition metal hydride complexes have been proven to
be key intermediates involved in manifold catalytic process-
es.[26] Importantly, the monohydride derivative H has been
found to catalyze the transfer hydrogenation of acetophe-
none without base, and this result can be compared with
those obtained with mono-[8b] and dihydride ruthenium com-
plexes which have been found to be catalytically active.[2,27]

Surprisingly, when a base is added to H the rate of conver-
sion increases significantly, in contrast to the well-known
arene-N-tosylethylenediamine ruthenium systems, which are
not affected.[8b] Thus, addition of several equivalents of
NaOiPr to the hydride H leads to a considerable increase of
rate of conversion (Figure 6).

By increasing the concentration of complex H, reduction
of acetophenone occurs in a shorter time, as shown in
Figure 7. It is to point out that when the chloride A is em-
ployed with one molar amount of NaOiPr, this system dis-
plays a slightly faster rate respect to the hydride H
(Figure 7).

Since the latter complex is involved in the catalytic cycle,
its lower activity may be tentatively ascribed to the high sen-
sitivity of H toward dioxygen and moisture. Interestingly, in
the catalytic racemization of (S)-1-phenylethanol that occurs
within the coordination sphere of pentaphenylcyclopenta-
dienyl ruthenium complexes, the hydride derivative is signif-
icantly less active than the corresponding alkoxide, as re-
cently reported by B&ckvall and co-workers, who suggest

Figure 5. Eyring plot of the rate constants for the catalytic transfer hydro-
genation with A.

Figure 6. Conversion of acetophenone (0.1m) with H (cH=0.01 mm) and
NaOiPr (cb) at reflux: cb/cH=0 (&), 1 (^), 3 (~), 5 (&), 10 (*), 100 (*).

Figure 7. Conversion of acetophenone (0.1m) with H (cH=0.02 (&), 0.05
(~), 0.1 (*) mM) and with the system A/NaOiPr (1:1 molar ratio) (cA=
cb=0.02 (&), 0.05 (~), 0.1 (*) mM) at reflux.
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that the hydride is not an abundant species in the catalytic
process.[28] Modifying Equation (9) for the hydride gives
Equation (10), in which k’ depends on the initial concentra-
tion of H (cH) and the base.

k0
cH

¼ k
2cH þ cb þK�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2cH þ cb þKÞ2�4cHðcb þ cHÞ

p

2cH

ð10Þ

The values of k’/cH as function of cb are reported in Figure 8.

For cb=0 the ratio k’/cH is different from zero and this
agrees with the catalytic activity of the hydride H without
base, whereas for high values of cb the ratio tends to k. By
matching the experimental data at reflux with the computed
trial curves, this equation allows to determine k=
4100m�1 s�1 and K=2.2 = 10�5

m, which are values relatively
close to those obtained starting from the chloride A. Thus,
these results show that under
catalytic conditions the hydride
H converts quickly to the alk-
oxide species B whose activity,
as previously described, de-
pends on the added base be-
cause of the pre-equilibrium in-
volving C. The similar results
obtained for H and the A/
NaiOPr (1:1 molar ratio)
system indicate that formation
of B is fast in both cases, com-
pared with the rate of the over-
all catalytic reaction. Therefore,
this study shows that the base is
necessary not only to generate
the catalytically active hydride
species, but it has a strong
effect after the hydride has
been formed, an observation
that was not previously report-
ed.

In Scheme 2 is displayed the
proposed catalytic cycle which
accounts for the influence of
the base through a pre-equilib-
rium reaction involving the
ruthenium isopropoxide.

The pre-catalyst A reacts with sodium isopropoxide lead-
ing to the specie B that rapidly equilibrates with the cationic
alcohol adduct C (catalyst reservoir). Complex B undergoes
a b-hydrogen elimination process affording the ruthenium
hydride H which subsequently reacts with acetophenone
leading to the ruthenium alkoxide D. In the final step of the
catalytic cycle the ruthenium alkoxide reacts fast with 2-
propanol, which is in large excess, affording 1-phenylethanol
and the isopropoxide B that closes the cycle. The formation
of H from B is likely to be rate determining step of the cata-
lytic transfer hydrogenation in which most of ruthenium is
present as B and C species, according to the base concentra-
tion. Experiments carried out with [D8]-2-propanol allowed
to determine the apparent constant k’D. A comparison of the
data obtained at 40 and 60 8C gives kCHOH/kCDOD=7.2 and
7.9, respectively, which are high values consistent with a rate
controlling step involving a C�H bond cleavage. It is worth
pointing out that, while this mechanism that involves ruthe-
nium alkoxides and the hydride is better referred as inner
sphere, the overall process is mediated by hydrogen bonds
with the NH2 group. As a matter of fact, the amino protons
can interact with the ketone facilitating the insertion of the
carbonyl compound into the Ru�H bond of H, as well as
the reverse b-hydrogen elimination reaction from B through
interaction of the NH with the oxygen of the alkoxide,[17]

weakening the Ru�OR bond and affording the C�H activa-
tion (Figure 9).

Theoretical calculations in the gas phase indicate that the
ruthenium alkoxide–amine complexes are the most stable

Figure 8. Experimental conditions: cH=1.0= 10�5
m at reflux.

Scheme 2. Proposed catalytic cycle for the transfer hydrogenation of acetophenone with A.

www.chemeurj.org F 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 7479 – 74867484

W. Baratta et al.

www.chemeurj.org


species along the reactions
pathway and are stabilized
through an intramolecular
O···HN hydrogen bond.[9b, 29]

This mechanism of the b-hydro-
gen elimination could be relat-
ed to that proposed by Milstein
for the b-hydrogen elimination
of trans-[HIr ACHTUNGTRENNUNG(OCH3)ACHTUNGTRENNUNG(C6H5)-
ACHTUNGTRENNUNG(PMe3)3] which occurs in meth-
anol without requiring a vacant
cis coordination site and via hy-
drogen-bonding network with
the alcohol.[30] Alternatively,

the formation of H from the alkoxide B could follow the
classical b-hydrogen elimination route, with an empty site
originated through decoordination of the cis NH2 function.
As a matter of fact, the NMe2 analogous complex A exhibits
a fluxional behavior with the NMe2 that undergoes easy de-
coordination from the ruthenium metal center.[17b] It should
be noted that, we have found no evidence in 2-propanol of
the formation of the ruthenium amide, that is, the species
which would originate from B via 2-propanol elimination.

In the reaction media both H and B should be involved in
hydrogen bonding, namely the amino protons can interact
with 2-propanol, leading to the corresponding alcohol ad-
ducts stabilized via two hydrogen bonds and affording six-
membered cycles (Figure 9). As a matter of fact, the interac-
tion between the alkoxide [Ru ACHTUNGTRENNUNG(OCHPh2)ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] and
HOCHPh2, leading to the corresponding metal alkoxide–al-
cohol adduct,[31] has previously been established via NMR in
[D6]-benzene.[17] Therefore, the NH2 group plays a funda-
mental role in favoring the association and exchange pro-
cesses involving ketones and alcohols, thus accelerating the
entire catalytic reaction by means of hydrogen bonds, a
well-known cooperative effect of enzymes.[32] The interac-
tion of the catalytically active species with alcohol, which
cannot be regarded as innocent solvent, may lead to a mech-
anism different from that proposed (metal–ligand bifunc-
tional mechanism) and supported by calculations in the gas
phase, as recently suggested by Handgraaf and Meijer.[9d]

This could be relevant also for the enantioselectivity of the
hydrogen transfer when chiral ruthenium catalysts are em-
ployed.[33] To note that in the hydrogenation of carbonyl
compounds with NH2 or OH bifunctional ruthenium catalyt-
ic systems, the alcohols, used as solvents, play an important
role, increasing the activity[15a,34] and also affecting the enan-
tioselectivity.[35]

As regards the substitution in M–OR complexes of the
type B, a high exchange rate of the alkoxide ligand with al-
cohol has been observed through NMR experiments,[17] in
agreement with the properties of these species.[6a, 36] Accord-
ing to the studies of Bergman, this can be reasonably ascri-
bed to the hydrogen-bond interactions between the alkoxide
and the alcohol. Although one could expect an increase of
the alkoxide exchange at higher NaOiPr concentration in 2-
propanol, the fast alkoxide substitution is mediated by alco-

hols and is not reasonably rate determining step. Interesting-
ly, the high reactivity of the alkoxides of the type B in the b-
hydrogen transfer reactions seems to be primarily due to the
formation of hydrogen bond network. The concomitant
presence of a cis NH2 group to the OR ligand in addition to
a trans phosphorus atom[37] may weaken the Ru�OR bond,
allowing rapid transformations.

Conclusion

The present work on terdentate ruthenium complexes of for-
mula [RuX ACHTUNGTRENNUNG(CNN) ACHTUNGTRENNUNG(dppb)] (X=Cl, H, OR) shows that the
isopropoxide B and the hydride H are catalytically active
species. In 2-propanol a pre-equilibrium involving B and the
cationic alcohol complex C is suggested on the basis of ki-
netic results which show that the activity of the ruthenium
system increases at higher base concentration. Complex B
leads to the hydride H via elimination of acetone, while sub-
sequent insertion of acetophenone affords the ruthenium
alkoxide D. The facile b-hydrogen elimination in B is likely
to occur via hydrogen bonds between the RuOR moiety and
the amino group. Hydrogen bonds between RuOR and
HOR are also responsible of the fast displacement of the
alkoxide ligands and in particular the formation of B from
D. Therefore, this hydrogen transfer process that entails
ruthenium alkoxides and the hydride is better referred as an
inner sphere mechanism. The results obtained from the
ruthenium chloride A are related to those obtained with the
hydride H which rapidly converts to B and consequently the
activity of the hydride is affected by the base concentration,
an observation that was not previously reported. Further in-
vestigations on the reaction mechanism and kinetics are in
progress to gain more details of the catalytic cycle.

Experimental Section

Typical procedure for the catalytic hydrogen transfer reaction : Complex
A (2.0 mg, 2.6 mmol) was dissolved in freshly distilled 2-propanol (5 mL).
Acetophenone (2 mmol) was dissolved in 2-propanol (19 mL) with the
appropriate amount of NaOiPr (0.1m solution in 2-propanol) and the so-
lution was heated under argon. By addition of the proper volume of the
solution containing A the reduction of the ketone starts immediately and
the yield was determined by GC.

Kinetic analysis : A global fitting was used for calculating the k, K con-
stants and the activation parameters (DH�, DS�) using the Eyring equa-
tion k= (kB/h)T exp ACHTUNGTRENNUNG(�DH�/RT) exp ACHTUNGTRENNUNG(DS�/R), where kB is BoltzmannPs
constant, h is PlanckPs constant and R is the ideal gas constant. Error
analysis for k, DH�, DS� and DG� was performed with the SOLVER-
STAT program.[38]
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Figure 9. Hydrogen bonds in-
volving the amino group in H
and B.
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