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Ruthenium-catalyzed amide hydrogenation was thoroughly
explored by means of DFT calculations. All the plausible
pathways, including those involving the amide or imine tau-
tomer, were assessed. The classical C–O cleavage and the
recently reported C–N cleavage were compared by em-
ploying a bipyridyl-based RuII pincer complex as catalyst in
the calculations. The study reveals that C–O cleavage can
be achieved directly over the amide substrate or its imine

Introduction

Catalytic hydrogenation is one of the most important
and versatile reactions in organic synthesis. A broad range
of substrates can be reduced by this method, and the design
of efficient catalysts is still a challenge for organic chem-
ists.[1]

Reduction of carboxylic acid derivatives such as amides
is a very difficult process.[1] It generally requires hydride rea-
gents, which lead to high amount of waste,[2] or drastic con-
ditions (the copper chromite system, for instance, requires
temperatures of 250 °C and 300 atm hydrogen pressure).[3]

The reported amide hydrogenations with H2 promoted by
Mo/Rh,[4] Re/Rh,[5] or Ru[6] catalysts involve the C–O bond
cleavage, which afford secondary amines with water as side
product.

Recently, Milstein and co-workers have reported the hy-
drogenation of amides with cleavage of the alternative C–N
bond,[7] employing relatively mild conditions and a dearo-
matized, bipyridyl-based RuII pincer complex. This unex-
pected and unprecedented transformation leads to the
amine and the alcohol, and would take place through
metal–ligand cooperation (Scheme 1).[7] Since RuII-cata-
lyzed amide hydrogenations described so far involve cleav-
age of the C–O bond, the novel complexes, and particularly
the possibility of aromatization/dearomatization of the li-
gand, must play a leading role in the catalytic hydrogena-
tion.
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tautomer, since the computed pathways show analogous en-
ergy barriers. In addition, the mechanism for the novel C–
N cleavage was elucidated by modeling all the reasonable
intermediates and transition structures. The computed en-
ergy barrier is lower than that for C–O cleavage by more than
10 kcalmol–1, thus explaining the observed selectivity. The
key role of the aromatization/dearomatization processes dur-
ing the transformation is also disclosed.

Scheme 1. Hydrogenation of amides by cleaving the C–N bond.

Ruthenium-catalyzed hydrogenations of diverse sub-
strates have been previously studied by means of DFT cal-
culations. These studies include the reduction of alde-
hydes,[8] ketones,[9] and imines.[10] Ruthenium-catalyzed de-
hydrogenation of ammonium boranes has also been ana-
lyzed through DFT calculations.[11] However, to the best of
our knowledge, the RuII-assisted hydrogenation of amides
has not yet been computationally addressed.

Herein we report an in-depth mechanistic analysis of the
hydrogenation of amides assisted by ruthenium-based cata-
lysts. The expected C–O cleavage[4–6] was compared with
the novel C–N cleavage mentioned above.[7] In order to
properly compare the energetics involved in both pathways,
PNN RuII pincer catalyst 1 was systematically employed in
our calculations.

Computational Details

All the calculations reported in this work were carried
out by using the Gaussian09 package.[12] The M06[13] den-
sity functional method was selected for all the geometry
optimizations and frequency analyses. This DFT approach
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has been recently recommended for theoretical calculations
involving organometallic compounds.[14] The geometry op-
timizations were performed by using the 6-311G(d,p) basis
set for C, H, N, O, and P atoms, while the Stuttgart-
Dresden (SDD) basis set,[15] augmented with an f-polariza-
tion function,[16] was used to model the Ru atom. All the
geometries were optimized including the solvation effects.
For this purpose the SMD[17] solvation method was em-
ployed, with tetrahydrofuran (THF) as solvent. Frequency
calculations as well as geometry optimizations were carried
out at the same level of theory to ascertain the nature of
the stationary points. Ground and transition states were
characterized by zero and one imaginary frequencies,
respectively. The electronic energies were improved by sin-
gle-point calculations by using the 6-311+G(d,p) basis set
for the nonmetal atoms. N-Ethylacetamide (4) was selected
as model substrate, because it is one of the amides experi-
mentally employed[7] and exhibits adequate simplicity for
theoretical calculations. All the relative energies given are
free energies with respect to the reactants (1 + 4 + 2H2),
calculated at 298 K and 1 atm. Thermodynamic analyses
for reactants and key transition structures were also per-
formed at 383 K and 10 atm to reproduce the experimental
conditions[7] and assure that this change does not modify
the conclusions drawn. When chiral centers were formed
during the transition states, all the possible stereoisomeric
structures were computed. The free energies shown in this
paper refer to the most stable isomer. Full details are pre-
sented in the Supporting Information.

Figure 1. Proposed catalytic cycles for the hydrogenation of amides to secondary amines with C–O cleavage. In catalytic cycle A, imine
7 is released, and it is subsequently hydrogenated in catalytic cycle B. In catalytic cycle A� addition of H2 to 11 could give complex 12,
and thus cycles A� and B could be depicted together. Relative free energies with respect to separate reactants (1 + 4 + 2H2 = 0.0) for all
the intermediates (in parentheses) and energy barriers (kcalmol–1) are shown.
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Results and Discussion

In principle, the hydrogenation of the amide group could
take place both directly over the substrate and the imine
tautomer.[4] The calculated free energies favor the amide
species by 16.3 kcal mol–1. This relatively high energy differ-
ence would shift the tautomeric equilibrium to the amide
form and make the involvement of the tautomer unlikely.
However, the high nucleophilicity of the imine could also
stabilize pre-reaction complexes with ruthenium, and ac-
cordingly the hydrogenation pathway involving this com-
pound has been taken into account as well.

The proposed catalytic cycle for amide hydrogenation
starts with the aromatization of pincer complex 1 (Figure 1,
Pathways A and A�). In this process, 1 reacts with H2 to
yield ruthenium dihydride 3. Firstly, H2 would interact with
1 to give rise to complex 2. The approach of the hydrogen
molecule to the ruthenium atom is a barrierless process,
though endergonic by +7.6 kcalmol–1 due to the entropy
effect. The overall process for the conversion of 1 to 3 is
favorable by –1.7 kcal mol–1 and possesses an energy barrier
of +28.5 kcal mol–1 through TS2�3 (Figure 2).

Amide 4 or its imine tautomer 4� could then approach 3
to yield complexes 5 or 9, respectively (Figure 1). Although
the binding of the substrates is slightly exothermic in terms
of enthalpy (e.g. –1 kcalmol–1 for complex 5), the entropy
effect caused by aggregation of molecular species makes the
process unfavorable by +23.2 and +43.4 kcalmol–1 for the
formation of 5 and 9, respectively, with respect to the reac-
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Figure 2. Optimized structure for the transition structure (TS2�3)
corresponding to the aromatization of the pincer complex by reac-
tion of 1 with H2.

tants (1 + 4 + H2). It is also noteworthy that the substrate
displaces one of the nitrogen atoms from the ruthenium
center at the pincer complex. The lack of coplanarity in the
bipyridine framework probably contributes to the unfavor-
able character of this process. Despite the mentioned endo-
thermicity, no energy barrier has been detected for this li-
gand exchange.

Compounds 5 and 9 could reduce the carbonyl and imine
groups through two possible pathways (Scheme 2). Thus, it
could occur by a direct hydride transfer from the ruthenium
atom (TS5�6 and TS9�10) (Figure 3) or through dearomati-
zation of the pincer complex (TS5�6� and TS9�10�) by hy-
drogen transfer from the methylene group. The extremely
high energy barriers calculated discard dearomatization
processes for those reductions, which possess relative ener-
gies of +96.7 and +97.3 kcalmol–1 for TS5�6� and TS9�10�,
respectively. In stark contrast, the barriers for direct hydride
transfers are +41.5 kcalmol–1 for the amide and
+52.2 kcal mol–1 for the imine tautomer (Figure 1). The re-
duction of amide species is likely favored because of the
initial stability of the substrates. Although the alternative
pathways involving dearomatization of the pincer complex
(TS5�6� and TS9�10�) could in principle look unlikely, this
kind of six-membered transition structures cannot be ruled
out at all, as we shall see later.

Scheme 2. Alternative pathways for the reduction of double bonds,
exemplified by the reduction of intermediate 5.

The next steps in catalytic cycles A and A� are clearly
divergent. In pathway A, 6 undergoes an internal proton
transfer from the amine group to the ruthenium-bonded
oxygen, which releases imine 7 and yields the ruthenium–
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Figure 3. Optimized geometry for the transition states involved in
the reduction of amide and imine groups, both through direct pro-
ton transfer of one ruthenium hydride (TS5�6 and TS9�10) and
one proton from the methylene group (TS5�6� and TS9�10�), thus
dearomatizing the pincer complex.[19]

hydroxy complex 8 (Figure 1). The transformation is exo-
thermic, but exhibits a relatively high energy barrier of
+51.0 kcal mol–1. In the case of 10, the proton transfer takes
place with dearomatization of the pincer complex and re-
leases one water molecule instead of 7. Interestingly, this
transformation has a low barrier (+40.1 kcalmol–1) relative
to the above-mentioned dearomatization processes from 5
and 9. Compound 11 can subsequently release 7 by a simple
ligand exchange without energy barrier.[18] The elimination
of water in 8 also takes place through a dearomatization
process. In this case the energy barrier, +31.3 kcalmol–1, is
relatively low, too, and 1 is recovered.

The theoretical calculations on pathways A and A� reveal
similar overall energy barriers (+51.0 and +52.2 kcalmol–1).
These somewhat high energy barriers are in agreement with
the drastic conditions usually required for reported amide
hydrogenations involving C–O cleavage (i.e. 160 °C and 40–
100 bar of hydrogen pressure).[5–6] In both catalytic cycles,
imine 7 and H2O are generated as final products, and the
main difference, in addition to the initial substrates, is the
nature of the rate-determining steps. While in pathway A
the key step involves formation of 7, reduction of the imine
group occurs in the case of A�.

Imine 7 must be subsequently hydrogenated, and this
happens in catalytic cycle B (Figure 1). The formation of
intermediate 3 occurs in the same manner as in A and A�.
Then, imine 7 approaches the ruthenium center to form in-
termediate 12. As previously described for the formation of
5 and 9, the approach of the substrate involves the displace-
ment of one of the bipyridine nitrogen atoms. The ener-
getics for this process is also similar, that is, an endergonic
transformation due to entropy effects when the aggregate is
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formed. The transfer of one ruthenium-bonded hydride
over the imine double bond, with an energy barrier of
+35.0 kcalmol–1, is a favorable process by 11.2 kcalmol–1

(with respect to 12). It should be noted that the free energies
depicted in catalytic cycle B are also referred to the initial
reactants (1 + 4 + 2H2). In this way, the relative stabilities
of the different substrates (4, 4�, and 7) are also taken into
account.

The release of diethylamine (14) from intermediate 13
involves dearomatization of the pincer complex. Thus, one
methylene hydrogen is transferred to the amine nitrogen.
This transformation, which possesses a barrier of
+34.9 kcalmol–1, together with the formation of 14, re-
covers catalyst 1. The overall hydrogenation process (4 +
2H2 � 14 + H2O) is thermodynamically favorable by
–4.9 kcalmol–1.

The energetics depicted in Figure 1 reveals that both
amide 4 and its imine tautomer 4� can be involved in the
hydrogenation process leading to C–O cleavage. The global
energy barriers (+51.0 and +52.2 kcalmol–1, respectively)
favor the reduction of 4 by only approximately 1 kcalmol–1

(catalytic cycles A and A�, Figure 1). The released imine 7
can be more easily hydrogenated in comparison with the
initial substrate (cat. cycle B, Figure 1), since the energy
barrier is 35.0 kcalmol–1.

As described above, in catalytic cycle A, the approach of
4 to dihydride–ruthenium complex 3 and subsequent hydro-
gen transfer leads to alkoxide 6. This intermediate could
alternatively evolve as depicted in catalytic cycle C (Fig-
ure 4), as proposed by Milstein and co-workers.[7] In this
case, the amino group catches one hydrogen atom from the
methylene group. The corresponding transition structure
TS16�16 (Figure 5), with an energy barrier of only
+38.1 kcal mol–1, leads to an intermediate (INT6�16) in
which the amide nitrogen is protonated, at a relative energy
of 26.3 kcal mol–1.

The pincer complex is dearomatized during this process.
Then, ethylamine can easily be released from the carbonyl
group through a second transition state (TS26�16) (Fig-
ure 5), which possesses a relatively low energy barrier of
+27.9 kcalmol–1. A second H2 molecule can rearomatize 16
to give 17. As 16 is in equilibrium with 1 and acetaldehyde,
the barrier for this hydrogenation step must be exactly the
same as that for 1 � 3 (28.5 kcal mol–1). It is worth pointing
out that the relative energy of TS5�6 and 6 are different in
catalytic cycles A and C. The reason is the different configu-
ration at the chiral center formed during the hydrogenation
of the carbonyl group. While in catalytic cycle C the rate-
determining step (RDS) is the formation of 6, with configu-
ration R,R for the most stable transition state, in catalytic
cycle A the RDS involves formation of complex 8. In this
case, the most stable transition structure comes from a sub-
strate (compound 6) possessing the diastereomeric R,S con-
figuration (see Supporting Information).

The evolution of 17 is analogous to that of 12 in cycle B.
First, one of the ruthenium-bonded hydrides reduces the
carbonyl group, which leads to the alkoxide–ruthenium
complex 18 with an energy barrier of +33.4 kcal mol–1 (Fig-
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Figure 4. Catalytic cycle for the hydrogenation of amides to pri-
mary amines and alcohols with C–N cleavage proposed by Milstein
and co-workers. Relative free energies with respect to separate reac-
tants (1 + 4 + 2H2 = 0.0) for all the intermediates (in parentheses),
and energy barriers (kcalmol–1) are shown. The relative energies of
6 and the previous TS are different from those in catalytic cycle A,
because cycles A and C follow different stereoisomeric pathways
(see Supporting Information).

Figure 5. Optimized geometry for the transition structures and in-
termediate leading to the transformation from 6 to 16 and opti-
mized geometry for TS18�1. In both processes the pincer complex
is dearomatized.

ure 4). During the formation of ethanol (19), the pincer
complex is again dearomatized through a concerted transi-
tion state (TS18�1) (Figure 5), which results in an energy of
only +21.3 kcal mol–1. In this way the catalyst is recovered.
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The overall process depicted in catalytic cycle C consists

of the hydrogenation of amide 4 with C–N cleavage, so the
final products are ethylamine (15) and ethanol (19). This
is an unfavorable transformation, endothermic by
0.8 kcalmol–1. The high, experimentally applied[7] H2 pres-
sure must increase the concentration of the reactant in the
solvent and displace the equilibrium, thus explaining the
good conversion achieved.[7]

The key role of the aromatization/dearomatization pro-
cesses occurring during these transformations is note-
worthy. The ease of deprotonation of the methylene group
depending on the parent substrate determines the pathway
followed by the intermediates. Thus, compounds 5, 9, and
12 are unable to dearomatize the pincer complex (the high-
energy transition states are collected in the Supporting In-
formation), and the reduction takes place through the
transfer of one of the ruthenium-bonded hydrides. On the
contrary, the ease with which intermediates 8, 10, 13, and
18 transfer a methylene hydrogen enables the recovery of
catalyst 1. Notably, intermediate 6 can also lead to dearo-
matization of the pincer complex by the amino group. This
feature enables the bifurcation from the classical C–O cleav-
age to the hydrogenation, in which the C–N bond is dissoci-
ated. The relatively low energy barrier for this dearomatiza-
tion, +38.1 kcalmol–1, which is more than 10 kcalmol–1 be-
low that calculated for the catalytic cycle involving C–O
bond breaking, accounts for the complete selectivity in this
transformation.[7] This lower barrier also explains the rela-
tively mild conditions needed for the hydrogenation to oc-
cur with 1 as catalyst, which leads to the alcohol and the
primary amine. In this case, the reaction conditions are
10 atm hydrogen pressure and 110 °C in THF,[7] which con-
trast with the more drastic conditions necessary for C–O
cleavage.

The relative energies presented in this work have been
calculated at 298 K and 1 atm, and thus they do not corre-
spond to the experimental conditions. In order to assure
that the conclusions reported herein are consistent with
both the standard conditions and experimental ones, we re-
calculated the thermodynamic properties of the key transi-
tion structures and reactants at 383 K (110 °C) and 10 atm.
The results are collected in Table 1. The change in the en-
ergy barriers is not significant on increasing temperature
and pressure. The aggregation of particles in the transition
states (1 + 4 + H2) results in a negative activation entropy
and consequently in a higher barrier as the temperature in-

Table 1. Relative energies for the key transition structures involved
in catalytic cycles A, A�, and C at the standard conditions and the
experimental conditions employed by Milstein.[7]

ΔG� (kcalmol–1)

298 K, 1 atm 383 K, 10 atm

TS6�8 +51.0 +54.1
TS9�10 +52.2 +56.9
TS5�6 +39.5 +42.7
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creases. However, the effect of the high pressure probably
compensates this effect, and the barriers are only increased
by 2–4 kcalmol–1.

Conclusion

The hydrogenation of amide groups has been assessed by
means of DFT calculations by using the M06 approach.
The classical C–O cleavage and the newly reported C–N
bond breaking[7] have been compared by using the bipyr-
idyl-based RuII pincer complex 1 as catalyst in our calcula-
tions.

In the mechanism for the reduction in which the C–O
bond is cleaved to yield the secondary amine, the participa-
tion of both amide 4 and its imine tautomer 4� has been
considered. The similar energetics involved in the reduction
of these compounds (+51.0 and +52.2 kcalmol–1 for amide
and imine, respectively) reveals that both isomers could be
appropriate substrates for the formation of secondary
amines with C–O cleavage. The high energy barriers are in
good agreement with the drastic conditions usually em-
ployed in the transformation (i.e. high hydrogen pressures
and temperatures above 160 °C).

Once the carbonyl group is reduced in catalytic cycle A,
intermediate 6 can be transformed into 7 + 8 in the key
step of the overall process. However, 6 can also evolve by a
stepwise process. First, one of the methylene hydrogen
atoms is transferred to the amine group, which leads to a
new intermediate in which the pincer complex is dearoma-
tized. The subsequent fast release of the protonated amine
from the carbonyl group results in the C–N bond breaking
reported by Milstein. This stepwise process has an energy
barrier of +38.1 kcalmol–1, thereby explaining the complete
selectivity provided by catalyst 1 for C–N bond cleavage.
This energetics equally accounts for the much milder condi-
tions required by this reaction (10 atm H2 pressure, 110 °C
in THF)[7] in comparison with that described for the hydro-
genation yielding the secondary amine.

The aromatization/dearomatization of the pincer com-
plex, depending on the intermediate, plays the leading role
in the above-mentioned selectivity and guides the transfor-
mation to the products obtained experimentally.

Supporting Information (see footnote on the first page of this arti-
cle): Stereoisomeric pathway descriptions, images of transition state
structures, Cartesian coordinates, energies, and imaginary fre-
quencies (transition states) for all the calculated stationary points.
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