
RSC Advances

PAPER
pH-Dependent t
aState Key Laboratory of Chemical Resource

Chemistry, College of Chemistry, Beijing Un

100029, China. E-mail: leim@mail.buct.edu
bCollege of Pharmaceutical Science, Hebei U
cState Key Laboratory of Physical Chemist

Xiamen, 361005, China. E-mail: zxcao@xm

† Electronic supplementary informa
10.1039/c9ra10651k

Cite this: RSC Adv., 2020, 10, 10411

Received 18th December 2019
Accepted 15th February 2020

DOI: 10.1039/c9ra10651k

rsc.li/rsc-advances

This journal is © The Royal Society o
ransfer hydrogenation or
dihydrogen release catalyzed by a [(h6-arene)
RuCl(k2-N,N-dmobpy)]+ complex: a DFT
mechanistic understanding†

Chenguang Luo,a Longfei Li,b Xin Yue,a Pengjie Li,a Lin Zhang,a Zuoyin Yang,a

Min Pu, a Zexing Cao *c and Ming Lei *ac

The reaction mechanism of the pH-dependent transfer hydrogenation of a ketone or the dehydrogenation

of formic acid catalyzed by a [(h6-arene)RuCl(k2-N,N-dmobpy)]+ complex in aqueous media has been

investigated using the density functional theory (DFT) method. The TM-catalyzed TH of ketones with

formic acid as the hydrogen source proceeds via two steps: the formation of a metal hydride and the

transfer of the hydride to the substrate ketone. The calculated results show that ruthenium hydride

formation is the rate-determining step. This proceeds via an ion-pair mechanism with an energy barrier

of 14.1 kcal mol�1. Interestingly, the dihydrogen release process of formic acid and the hydride transfer

process that produces alcohols are competitive under different pH environments. The investigation

explores the feasibility of the two pathways under different pH environments. Under acidic conditions

(pH ¼ 4), the free energy barrier of the dihydrogen release pathway is 4.5 kcal mol�1 that is higher than

that of the hydride transfer pathway, suggesting that the hydride transfer pathway is more favorable than

the dihydrogen release pathway. However, under strongly acidic conditions, the dihydrogen release

pathway is more favorable compared to the hydride transfer pathway. In addition, the ruthenium hydride

formation pathway is less favorable than the ruthenium hydroxo complex formation pathway under basic

conditions.
Introduction

The hydrogenation of polar double bonds, such as C]O and C]
N, catalyzed by transition-metal (TM) complexes is a fundamen-
tally important method to produce value-added alcohol- and
amine-containing chemicals in organic syntheses and chemical
industries.1,2 The transfer hydrogenation (TH) of ketones using
organic hydrogen sources as well as H2 hydrogenation (HH)
using molecular hydrogen resources have gained more atten-
tion.3 The TH of ketones can be performed either in water or in
organic solvents.4–8 However, due to environmental and ecolog-
ical advantages and reaction-specic pH selectivity, using water
as the solvent for the TH of ketones is very convenient and
attractive compared to traditional organic solvents.9–12 Two
hydrogen sources have primarily been used in TM-catalyzed TH,
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namely isopropanol and formic acid. The conception of metal–
ligand bifunctional cooperation is oen used to explain the
reaction mechanism of TH and the HH of polar double bonds
catalyzed by TM complexes with different ligand environments
such as diphosphine-diamine ruthenium catalyst A (see Scheme
1)13–19 as well as those of TH using formic acid hydrogen sour-
ces.20–23 For the mode of hydrogen transfer, inner-sphere and
outer-sphere mechanisms are proposed based on the direct/
indirect interactions between the metal center and the atoms
of the ketones/imines, excluding the hydrogen atoms.

A number of TH reactions of polar double bonds catalyzed by
cyclometallated TM complexes have been developed in the past
decades.11,24–27 Most of the TM catalysts for ketone/imine
hydrogenation have a Lewis acidic site in the TM center and
a Lewis basic site in the ligand moiety of the structure (TM-LB
catalyst) or a Lewis basic site in the TM center and a Lewis
acidic site in the ligand moiety (TM-LA catalyst).2,28 In 1986,
Shvo et al. reported a useful TH catalyst (B in Scheme 2) for
ketones, which is an example of a ligand–metal bifunctional
catalyst wherein the redox activity is distributed between the
metal center and a cyclopentadienone ligand.29 In 1995, Noyori
et al. synthesized h6-arene-Ru complexes bearing mono-
tosylated 1,2-diamine moieties (C in Scheme 2), which are
RSC Adv., 2020, 10, 10411–10419 | 10411
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Scheme 1 The metal–ligand bifunctional mechanism for ketone/
imine hydrogenation catalyzed by Ru complexes.
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efficient TH catalysts for ketones.30 In 2006, Xiao et al. made
a breakthrough by improving catalyst efficiency using iridium
catalysts with N-sulfonyl ethylenediamine as the ligand (D in
Scheme 2) in water with HCOONa as the hydrogen source.31

Some cyclometallated TM complexes are single-site catalysts.
They can be modied in the ligand moiety to provide a Lewis
basic or acidic site and then can become bifunctional catalysts
like B, C, and D. In 2002, Ogo et al. reported the TH of ketones
using HCOONa or HCOOH in water with cyclometalated single-
site Ru complexes (E in Scheme 2).32 In 2012, Fukuzumi et al.
reported a single-site cyclometalated Ir complex bearing a bpyO
ligand (F in Scheme 2), which could catalyze aliphatic alcohol
dehydrogenation at room temperature in a basic aqueous
solution.33 In 2013, Xiao et al. reported another cyclometalated
single-site Ir complex (G in Scheme 2), which was shown to be
an excellent catalyst for the TH of carbonyl compounds in water
using formate as the hydrogen source.27 As discussed above, it is
obvious that the mechanism of TH reactions catalyzed by
cyclometallated single-site TM complexes is different from that
of bifunctional TM catalysts. However, reports concerning the
mechanism of TH with formic acid as the hydrogen source and
catalyzed by cyclometallated single-site TM complexes have
been sporadic.22 The TM-catalyzed TH of ketones with formic
acid as the hydrogen source proceeds via two sequential steps.
First, hydride transfer from the formate moiety to the metal
Scheme 2 The development of cyclometallated TM complexes.
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center (formation of the metal hydride) occurs and then
a hydride transfer step from the metal to the ketone substrate
follows. There are two modes for metal hydride formation: the
b-hydrogen elimination mechanism and the ion-pair mecha-
nism (see Scheme 3a).22

For the b-hydrogen elimination mechanism, it has been
stated that the formate anion must occupy two coordination
sites before cleavage of the C–H bond of the formate can
occur.34 In 2013, Yang et al.35 investigated the mechanism of
formic acid dehydrogenation catalyzed by an iron complex via
the DFT method and their study indicated that b-hydrogen
elimination was involved in the transition state (TS) of metal
hydride formation. In the ion-pair mechanism, the metal
hydride is formed by the direct hydride transfer from the
formate moiety to the metal center in the form of an ion pair
and the Ru–O bond is broken before metal hydride formation.36

In 2015, Xiao et al.22 investigated the mechanism of imine
reduction with formic acid catalyzed by a single-site cyclo-
metallated Ir catalyst, the calculated results showed that metal
hydride formation proceeds via an ion-pair mechanism.37 If the
TM center of the metal hydride species is coordinatively
unsaturated, the substrates prefer to coordinate with the TM
center according to the b-hydrogen elimination mechanism
along an inner-sphere pathway.38 If it is coordinatively satu-
rated, the substrate will coordinate with the TM center
according to the ion-pair mechanism along an outer-sphere
pathway, which is supported by experimental observa-
tions.22,27,32,39 The reaction pathways of the second hydride
transfer step from the metal to the ketone substrate are similar
to the reversible processes of the rst hydride transfer step
mentioned above (see Scheme 3b).

The non-cooperation mechanism of H2 activation/release for
single-site TM catalysts can be divided into the classical oxida-
tive addition/reductive elimination mechanism and the s-bond
Scheme 3 (a) Representative reaction modes of formate decarbox-
ylation to produce the metal hydride (b) Representative reaction
modes of hydride transfer from the metal to the ketone substrate. (c)
Representative reaction modes of H2 activation/release.
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metathesis (hydrogenolysis) mechanism (see Scheme 3c).28 In
the classical oxidative addition/reductive elimination mecha-
nism, the coordination of H2 affords a typical dihydrogen
complex [M–H2], which quickly undergoes oxidative addition to
form a dihydride intermediate [H–M–H] along a homolytic
splitting pathway. The oxidation state of the metal center
increases as the dihydride complex is formed in the oxidative
addition of H2. In the s-bond metathesis mechanism, the metal
hydride [M–H] generally prefers to activate/release H2 via
a heterolytic splitting pathway. During the dehydrogenation,
solvents, including water or formate, can assist H2 release.

Previous studies on the TH of ketones in aqueous media have
revealed that water can accelerate ketone reduction and that pH
has a dramatic effect on the catalytic activities of cyclometallated
Ru, Rh, and Ir complexes.12,24,25,31,32,40–42 This effect was also
observed in the dehydrogenation reactions of formic acid.43–48 In
2003, Ogo et al. reported pH-dependent TH of a variety of
carbonyl compounds catalyzed using a cyclometallated Ir catalyst
in water.25 They proposed that the dehydrogenation of formic
acid is achieved under strongly acidic conditions, which was
conrmed via a GC analysis. The TH of ketones and formic acid
dehydrogenation catalyzed by the same cyclometallated catalyst
in water are two competitive pathways at different pH values.

Recently, Espino et al.49 developed a pH-dependent catalytic
system for the TH of acetophenone using functional cyclo-
metallated [(h6-arene)RuCl(k2-N,N-dmobpy)]+ as the catalyst
precursor, which showed only one open coordination site upon
chloride dissociation (see Scheme 4). They proposed a tentative
reaction mechanism for cyclometallated [(h6-arene)RuCl(k2-
N,N-dmobpy)]+ (1) catalyzed acetophenone hydrogenation,
which included two steps: hydride transfer from the formate to
the metal center via the b-hydrogen elimination mechanism
and hydride transfer to substrates via the inner-sphere mecha-
nism. In the past decades, a lot of experimental and theoretical
studies have been performed to unveil the nature of the TH and
HH of ketones catalyzed by TM complexes and to understand
the preference for different hydrogen resources in different
catalytic systems. However, the reaction mechanism of pH-
dependent transfer hydrogenation or dihydrogen release cata-
lyzed by a [(h6-arene)RuCl(k2-N,N-dmobpy)]+ complex is still
unclear. Herein, a DFT study was performed to investigate the
nature of this system, which may provide insights to develop an
Scheme 4 Reduction of ketones catalyzed by the cyclometallated
ruthenium single-site complex.

This journal is © The Royal Society of Chemistry 2020
understanding on the TH and HH of polar double bonds cata-
lyzed by cyclometallated single-site TM complexes.

Computational methods

In accordance with our previous computational studies,3,19,50–55

all calculations in this study were carried out using the DFT
method with uB97X-D56 using the Gaussian 09 program.57 The
SMD polarizable continuum model in water as the solvent was
employed in the calculations.58 The effective core potential
(ECP) of Ru with a double-z valence basis set (LANL2DZ) was
chosen to describe Ru and the 6-31G(d,p) basis set for other
atoms.59,60 All the transition states were conrmed via vibra-
tional analysis and characterized by only one imaginary
frequency. Intrinsic reaction coordinate (IRC) calculations were
performed to conrm all transition states connecting two
desired minima. All relative energies of the stationary points
along the reaction pathway are relative to complex 2. Unless
otherwise stated, the energy values in the following parts are
free energies. Gibbs free energies were calculated at 298.15 K.

Results and discussion

The reaction mechanism of ketone transfer hydrogenation or
dehydrogenation of formic acid catalyzed by the [(h6-arene)
RuCl(k2-N,N-dmobpy)]+ complex is shown in Fig. 1. Two steps
exist in this process: the rst step is the formation of a metal
hydride and the second step is hydride transfer from the metal
to the ketone substrate to complete TH or the dihydrogen
release. The mechanisms of TH using ketones and the dehy-
drogenation of formic acid have the same rst step. Initially, the
catalytic precursor 1 undergoes an aquation step to give
complex 2, which is the active catalytic species in the catalytic
cycle.49 Then, the H2O of complex 2 is substituted with the
formate anion to form 3. The next step is the metal hydride
Fig. 1 The catalytic cycle for the TH of ketones catalyzed by cyclo-
metallated ruthenium single-site complexes.

RSC Adv., 2020, 10, 10411–10419 | 10413



Fig. 2 The ion-pair mechanism and b-hydrogen elimination mecha-
nism for the formation of metal hydride 5.
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formation from 3 to 5. Subsequently, the dihydrogen release
pathway and the hydride transfer pathway compete to release
dihydrogen or complete the TH of the ketone. The hydride of 5
coordinates to the protonated ketone (in acidic aqueous media)
to form intermediate 6 or reacts with hydrated protons to
release dihydrogen. The reverse process of dihydrogen release,
the dihydrogen activation, is also considered. Finally, the active
catalytic species 2 is regenerated.
Metal hydride formation

As shown in Fig. 2, two possible mechanisms for the formation
of metal hydride 5 from 3 exist: the ion-pair mechanism and the
b-hydrogen elimination mechanism. In the ion-pair
Fig. 3 The free energy profiles for the formation of metal hydride 5. All e
in Å, the values in parentheses are electronic energies.
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mechanism, the intermediate 5 is formed via TS4a-5, which
forms an ion pair between the dissociated formate and the
cationic 16e Ru(II) complex. The b-hydrogen elimination
mechanism involves a change in the arene ring from h6- to h2-
coordination by ring slippage from 3 to TS4b-5. Then, the metal
hydride 5 is formed via TS4b-5 with a four-membered ring
structure.

The ion-pair mechanism. In the ion-pair mechanism, the
H2O ligand in the catalytic species 2 is substituted with HCOO�

to form intermediate 3 in the presence of the formate anion.
This process is exergonic by 12.1 kcal mol�1 (see Fig. 3). Then, 3
undergoes conformational conversion to produce intermediate
4a. This process is endergonic by 12.7 kcal mol�1. Subsequently,
themetal hydride intermediate 5 is formed by a hydride transfer
step from the formate to the Ru center via TS4a-5, with an
energy barrier of 1.4 kcal mol�1. Finally, the C–H bond cleavage
affords the metal hydride 5 and releases one molecule CO2. The
Ru–H distance is 2.953 Å in 3, indicating that there is little
interaction between the hydrogen atom of the formate and the
Ru(II) center. From 4a to 5, the Ru–H distance decreases from
1.840 Å to 1.598 Å, showing that a covalent Ru–H bond is
formed in 5. Notably, the Ru–O bond cleavage is accompanied
by charge separation and is more difficult than the C–H bond
activation of the formate moiety in 3. The energy barrier for this
ion-pair pathway is 14.1 kcal mol�1 from 3 to TS4a-5.

The b-hydrogen elimination mechanism. A feature of the b-
hydrogen eliminationmechanism is the ring slippage of the arene
ring from h6-coordination to h2-coordination, i.e., from interme-
diate 3 to intermediate 4b. This process is endergonic by
8.2 kcal mol�1. Then, 5 is formed aer hydride transfer from the
formate to the Ru center via TS4b-5, which has a four-member ring
structure with an energy barrier of 24.0 kcal mol�1. In comparison
nergies are denoted in kcal mol�1 and interatomic distances are shown

This journal is © The Royal Society of Chemistry 2020



Fig. 4 Four possible pathways of hydride transfer from the metal to
the ketone substrate. The values of DG (in kcal mol�1) indicate the free
energy barriers of the four possible pathways.
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to TS4a-5 from the ion-pair mechanism, the most notable feature
here is that the oxygen of the formate moiety coordinates with the
Ru center while the Ru–O bond distance changes from 2.062 Å in
4b to 2.099 Å in TS4b-5. The energy barrier for this b-hydrogen
elimination pathway is 32.2 kcal mol�1 from 3 to TS4b-5, which is
18.1 kcal mol�1 higher than that of the ion-pair pathway
(14.1 kcal mol�1), indicating that the b-hydrogen elimination
mechanism is much less favorable than the ion-pair mechanism.

Ketone hydrogenation or dihydrogen release

Fig. 4 shows four possible pathways for the second hydride
transfer to complete the TH of ketones. There are two outer-
sphere pathways and two inner-sphere pathways for hydride
transfer from the metal center to the carbon atom of the ketone
substrate, which belong to the ion-pair mechanism and b-
hydrogen elimination mechanism, respectively.
Fig. 5 The free energy profiles of the hydride transfer pathway (path A) a
and interatomic distances are shown in Å, the values in brackets are ele

This journal is © The Royal Society of Chemistry 2020
As shown in Fig. 5, the ketone substrate can be stabilized
with a hydrated proton (H5O2

+) through hydrogen bonding
under acidic conditions in path A, this process is endergonic by
3.6 kcal mol�1 (see Fig. S8†). The use of the hydrated proton
(H5O2

+) here corresponds to an acidic aqueous medium.12 First,
the protonated ketone coordinates with metal hydride 5 to form
intermediate 6. Then, the hydride is transferred from the Ru
center to the carbon atom of the protonated ketone via TS6-7
with an energy barrier of 4.9 kcal mol�1. Subsequently, inter-
mediate 7 is formed, the free energy of complex 7 is
�14.1 kcal mol�1. From 6 to TS6-7, the Ru–H bond length
increases from 1.578 Å to 1.639 Å and the C–H distance
decreases from 2.431 Å to 1.697 Å. The calculated energy
barriers of path B, path C, and path D are 12.5 kcal mol�1,
16.7 kcal mol�1, and 27.8 kcal mol�1, respectively (see Fig. 4
above and Fig. S1–S3 in ESI†). The calculated results demon-
strate that hydride transfer from the metal to the ketone
substrate via the ion-pair mechanism (path A) is more favorable
than the three other possible pathways.

Recently, several studies have shown that metal hydride species
([M–H]+) can react with hydrated protons to release H2 in an acidic
aqueous medium.43,44,47,48,61 As mentioned above, the dihydrogen
release pathway and the second hydride transfer pathway (path A)
could be two competitive processes driven by the cyclometallated
ruthenium single-site species 5. As shown in Fig. 5, the energy
barrier of the dihydrogen release pathway is 9.4 kcal mol�1, which
is 4.5 kcal mol�1 higher than that of path A (4.9 kcal mol�1).
Obviously, the hydride transfer pathway via an outer-sphere ion-
pair mechanism (path A) is more favorable than the dihydrogen
release pathway, which is in agreement with experimental results.49

The inuence of pH on reactivity

Espino et al. found that this [(h6-arene)RuCl(k2-N,N-dmobpy)]+

system is pH-dependent in experiments.49 A pH value of 4 was
found to be the most favorable and the reduction becomes slow
or stagnant outside of a reasonable pH value. Furthermore, the
nd dihydrogen release pathway. All energies are denoted in kcal mol�1

ctronic energies.

RSC Adv., 2020, 10, 10411–10419 | 10415



Fig. 6 Proposed mechanism for TH of ketones catalyzed by cyclo-
metallated ruthenium single-site complex at different pH values.
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experimental results have shown that the reversible formation
of unreactive [Ru–OH]+ at high pH levels (basic condition) leads
to inactivity. Several cases of pH-dependent selective TH of
ketones have been reported by several groups.24,32,62 For those
active cyclometallated TM single-site complexes [M–H2O]

2+ and
metal hydrides [M–H]+, Ogo et al. proposed that (1) under
strongly acidic conditions, the protonation of the [M–H]+ leads
to the release of H2, which was conrmed by GC analysis (see
eqn (1)); (2) under basic conditions, [M–H2O]

2+ is predomi-
nantly deprotonated to form a hydroxo complex [M–OH]+,
which easily leads to the termination of the reaction (see eqn
(2)). In 2018, Xu et al.11 pointed out that even though a metal
Fig. 7 The free energy profiles of the hydride transfer pathway and the di
in kcal mol�1 and interatomic distances are shown in Å, the values in pa

10416 | RSC Adv., 2020, 10, 10411–10419
hydride is generated, reduction did not occur under neutral or
basic conditions. Thus, the pH-dependence is also related to the
proton-mediated activation of the ketones.

½M�H�þ þH3O
þ

����������!strong acidic conditions ½M�H2O�2þ þH2 (1)

½M�H2O�2þ þOH�
������!basic conditions ½M�OH�þ þH2O (2)

That is to say, different pH values may result in different
reaction reactivities. As shown in Fig. 6, the active species 5 can
react with H3O

+ to release H2 under strongly acidic conditions
or with the protonated ketone to undergo the second hydride
transfer pathway. The active intermediate 2 can form the
hydroxo intermediate 8 leading to the termination of the reac-
tion under basic conditions or the formation of the metal
hydride 5 under acidic conditions. The metal hydride formation
pathway and the metal hydroxo formation pathway are the two
processes open to the catalytic species 2 and the chosen
pathway is dependent on the pH values.

Herein, we used the DFT method to investigate the reaction
mechanism for the TH of ketones catalyzed by a cyclometallated
ruthenium single-site complex at different pH values. We used
different hydrated protons including H3O

+, H5O2
+, and H7O3

+ to
indicate the different pH values of the solution. Fig. 7 shows the
free energy proles of the dihydrogen release pathway and the
hydride transfer pathway mediated by H3O

+. The energy barrier
of the dihydrogen release pathway is 1.1 kcal mol�1. Interest-
ingly, the reaction energy barrier along the hydride transfer
pathway (Path A) is 3.5 kcal mol�1. In general, the dihydrogen
release pathway, driven by the cyclometallated TM single-site
system, is more favorable than the hydride transfer pathway
under strongly acidic conditions, which is in agreement with
hydrogen release pathway mediated by H3O
+. All energies are denoted

rentheses are electronic energies.

This journal is © The Royal Society of Chemistry 2020



Fig. 8 The free energy profiles of the metal hydride formation
pathway and the metal hydroxo formation pathway, the values in
parentheses are electronic energies.
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the experimental results.11,25 Compared with that of the H1 atom
of H5O2

+ and H7O3
+, the H1 atom in H3O

+ carries amore positive
charge (see Table S1 in ESI†). This means that H3O

+ is more
acidity. The calculated results indicated that the dihydrogen
release pathway is less favorable than the hydride transfer
pathway (Path A) for the reaction mediated by H5O2

+ or H7O3
+

(see Fig. 5 and S4 in ESI†).
Fig. 8 demonstrates the energy proles of the metal hydride

formation pathway and the metal hydroxo formation pathway
under acidic and basic conditions. The energy barrier of the
metal hydride formation is 14.1 kcal mol�1, which may also be
formed under acidic, neutral or basic conditions. However, for
the metal hydroxo formation pathway, the free energy changes
dramatically in solutions of different pH values. Under acidic
conditions, the metal hydride formation pathway is more
favorable than the metal hydroxo formation pathway, which is
endergonic by 18.4 kcal mol�1. In contrast, the metal hydride
formation pathway is less favorable than the metal hydroxo
Fig. 9 Three typical TM catalysts for HH or TH of ketones and the mod

This journal is © The Royal Society of Chemistry 2020
formation pathway under basic conditions. The metal hydroxo
formation pathway is exergonic by 42.1 kcal mol�1 under basic
conditions, indicating that 8 is very easily formed under basic
conditions. The calculated results indicate that different pH
values can change the reactivity of the reaction, which may
switch the preference for ketone hydrogenation or dihydrogen
release in the mechanism.

The modes of dihydrogen activation

Fig. 9 shows three typical HH or TH catalysts and their modes of
dihydrogen activation. While catalyst A30 is an efficient HH
catalyst, catalysts C30,63 and 2 (ref. 49) show good TH activities.
Meanwhile, catalyst C was reported to be able to drive HH
reactions under acidic conditions.17,64,65 Our previous theoret-
ical works investigated the preference for the TH or HH of
ketones and concluded that H2 coordination is essential for
dihydrogen activation.3 Under neutral or basic conditions, the
16e species RuNC, with strong delocalized p-bonds, is hard to
break to provide a vacant d-orbital for H2 coordination, thus the
H2 activation barrier is high. On the contrary, RuNA is a 16e
species, which could provide a vacant d-orbital for H2 coordi-
nation, thus H2 could be activated. Whereas under acidic
conditions, dihydrogen can easily coordinate with RuNC to form
a stable h2-H2 intermediate with the assistance of TfOH, which
indicates that protonic acid interrupts the hyperconjugative
effect of the Ru–N double bonds, resulting in a signicant
reduction in the energy barrier for dihydrogen activation. The
single-site TM catalysts usually operate via non-cooperation
mechanisms including the classical oxidative addition/
reductive elimination mechanism and the s-bond metathesis
mechanism.28 Interestingly, the catalytic species 2 does not have
a M–H/N–H bifunctional framework and the mode of dihy-
drogen activation catalyzed by 2 is different from those cata-
lyzed by A and C (metal–ligand bifunctional cooperation). It is
obvious that dihydrogen heterolytic splitting, activated by 2,
belongs to the ion-pair mechanism, which requires metal-
solvent cooperation (see TS18-19 in Fig. 9). The H2 with assis-
tance from the solvent, H2O, prefer to coordinate with the TM
center similar to an end-on coordination mode. The complex 2
shows only one open coordination site upon H2O ligand
es of dihydrogen activation.

RSC Adv., 2020, 10, 10411–10419 | 10417
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dissociation. The dihydrogen activation mode of the single-site
complex 2 does not change the oxidation state of the Ru center
of complex 2. On the contrary, the energy barrier of H2 activa-
tion is only 17.4 kcal mol�1 (see Fig. 7), which is the reverse
reaction of H2 release. This implies that complex 2 is not only an
efficient catalyst for TH but also an efficient catalyst for H2-
hydrogenation in acidic aqueous media based on this
calculation.
Conclusions

In summary, we investigated the transfer hydrogenation (TH) of
ketones and dihydrogen release catalyzed by [(h6-arene)RuCl(k2-
N,N-dmobpy)]+ complexes in different pH environments using
the DFT method. TH of ketones proceeds via two sequential
steps: the formation of a metal hydride and the second hydride
transfer via an ion-pair mechanism. The calculated results show
that metal hydride formation is the rate-determining step with
a free energy barrier of 14.1 kcal mol�1. In addition, we analyzed
the origin of pH-dependent transfer hydrogenation and dihy-
drogen release catalyzed by this single-site cyclometallated
ruthenium complex. Under weakly acidic conditions, the
favorable pathway is the metal hydride formation pathway and
the hydride transfer pathway via an ion-pair mechanism to
complete the TH of ketones. Under strongly acidic conditions,
the dehydrogenation of formic acid can be achieved to release
dihydrogen following the metal hydride formation pathway and
the dihydrogen release pathway via an ion-pair mechanism.
This is in agreement with experimental results. The dihydrogen
activation mode of this reaction adopts an ion-pair mechanism,
which is metal-solvent cooperative in nature. Such single-site
cyclometallated TM catalysts are predicted to be able to drive
H2-hydrogenation under acidic conditions. Meanwhile, under
basic conditions, the active species [(h6-arene)Ru(H2O)(k

2-N,N-
dmobpy)]2+ is easily deprotonated to form the hydroxo complex
[(h6-arene)Ru(OH)(k2-N,N-dmobpy)]+, which leads to the termi-
nation of the reaction.
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