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1. Introduction

The use of transition metal catalysts expanded the scope
of reactivity of organic compounds due to the ability of
transition metals to participate in various reaction types, such
as oxidative addition, reductive elimination and b-hydride
elimination (Scheme 1a,b). In many classical examples in
homogeneous catalysis, such transformations occur at the
metal center, while the ligands remain unchanged over the
course of the reaction.

However, bond activation in many enzymes occurs in
a different manner and involves a finely adjusted ligand
environment that acts in cooperation with the metal and
participates in bond activation, leading to chemical modifi-
cation of both the ligand and the metal center (Scheme 2). For
example, H2 activation in [FeFe], [NiFe], and [Fe]-only
hydrogenases occurs through cooperation between the
ligand and the metal leading to H2 heterolytic splitting
across the metal–ligand bond without an overall change of the
metalÏs oxidation state. Discovery of such systems inspired

new approaches to ligand design and expanded the scope of
catalytic reactions, including the recent discoveries of several
environmentally benign and energy-related reactions.

This Review will discuss diverse modes of metal–ligand
cooperation (MLC) in bond formation or bond cleavage
reactions that affects the 1st coordination sphere of the metal
(i.e. ligands that are directly bound to the metal are chemi-
cally modified as a result of bond breaking/bond formation
processes). References up to February 2015 are covered.
Selected examples that satisfy the following criteria will be
covered:
1) Both the metal and the ligand participate in the bond

cleavage or bond formation steps.
2) Both the metal and the ligand are chemically modified

during bond activation.
3) The coordination mode of the cooperative ligand under-

goes significant changes in the 1st coordination sphere as
a result of bond activation.

In addition, we will focus predominantly on examples in
which the ligand does not act as a permanent leaving group,
which is an important prerequisite for catalytic applications.
Mechanistic studies will be discussed that allow to confirm the
involvement of MLC in the bond activation process. The
structural changes that occur during MLC will also be
demonstrated. At the same time, as it is not always possible
to unambiguously rule out or confirm the mechanism, some
controversial examples in which several mechanistic scenarios
can be realized will also be discussed.

The following examples will not be covered in this
Review:
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Metal–ligand cooperation (MLC) has become an important concept
in catalysis by transition metal complexes both in synthetic and bio-
logical systems. MLC implies that both the metal and the ligand are
directly involved in bond activation processes, by contrast to “clas-
sical” transition metal catalysis where the ligand (e.g. phosphine) acts
as a spectator, while all key transformations occur at the metal center.
In this Review, we will discuss examples of MLC in which 1) both the
metal and the ligand are chemically modified during bond activation
and 2) bond activation results in immediate changes in the 1st coor-
dination sphere involving the cooperating ligand, even if the reactive
center at the ligand is not directly bound to the metal (e.g. via tauto-
merization). The role of MLC in enabling effective catalysis as well as
in catalyst deactivation reactions will be discussed.
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Scheme 1. a) Oxidative addition/reductive elimination and b) b-H elim-
ination. Note that these processes might involve ligand dissociation/
association steps.

Scheme 2. Bond activation by metal–ligand cooperation.
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1) Systems with redox-non-innocent ligands, where the
ligand participates only in transferring electrons to/from
the metal, but not in bond cleavage/formation.

2) Hemilabile ligands whose main function is to create
coordinative unsaturation at the metal center, while bond
activation takes place primarily at the metal.

3) Examples in which MLC involves only the 2nd coordina-
tion sphere, but not the 1st coordination sphere (for
example, ligands containing non-coordinated functional
groups acting as internal Brønsted or Lewis bases;
frustrated Lewis pair (FLP)-inspired activation).

Based on the last criterion, examples of ligands that mimic
H2 activation by [FeFe]-hydrogenase with a pendant amine
group will not be discussed here, as the amine both in the
starting material and the product of H2 activation remains
essentially in the 2nd coordination sphere of the metal. These
examples were covered in several other articles and
reviews.[1–3] At the same time, it is important to distinguish
from examples where the ligand backbone modification
(formally in the 2nd coordination sphere) leads to significant
changes of the ligands in the 1st coordination sphere, which is
particularly important for N-heterocyclic ligands that can
exist as several tautomeric forms with different donor
properties of the N-atoms (see Section 3).

This Review is divided into two main sections. Section 2
discusses bond activation directly across a metal–ligand bond
as shown in Scheme 2. Section 3 is dedicated to systems in
which bond activation by MLC leads to disruption/restoration
of the conjugated system in the ligand.

2. Metal–Ligand Cooperation through M¢L Bonds

Examples of bond cleavage/formation across M¢L bonds
(Scheme 2) with various donor atoms (N, O, S, B, and C) are
covered in this section and some catalytic applications are
discussed in the context of MLC.

2.1. Metal–Nitrogen Bond

H–H and H–heteroatom bond activation by metal amide/
amine systems is among the most well studied and widely used
in catalysis. Several types of bond activation processes that

occur through MLC in amide/amine complexes will be
discussed here using several selected examples of such
systems. The goal of this section is not to cover all currently
known systems, but to show common patterns of bond
cleavage/formation and their mechanisms. The catalytic
applications of metal amide/amine complexes and their
mechanistic studies were discussed in detail in several
recent reviews.[2–8]

In search for reactive Ru-based catalysts for ketone
hydrogenation using H2 gas or 2-propanol (in transfer hydro-
genation), NoyoriÏs group discovered that additives of
diamines or ethanolamine containing at least one NH group
have a tremendous effect on the reactivity of Ru catalysts for
ketone hydrogenation.[4–6] In particular, [RuCl2(PPh3)3] in
combination with ethylenediamine and KOH was found to be
an effective catalyst for acetophenone hydrogenation, while
the turnover frequency in the absence of either ethylenedi-
amine or KOH was significantly lower.[5, 9] Notably, at least
one primary or secondary amine group should be present in
the amine additive in these systems: for example, N,N,N’,N’-
tetramethylethylenediamine (TMEDA) was not effective
under analogous conditions.[5] Following these observations,
a family of highly active catalysts for ketone hydrogenation
were developed containing bisphosphine and 1,2-diamine
ligands (Scheme 3).[4–6] Dichloro complexes such as 1 and 2 (in
combination with a base: KOH, KOtBu, NaOiPr) or hydrido-
borohydrido complexes 3 and 4 with chiral BINAP and chiral
diamine ligands (either under base-free conditions, or in the
presence of a base), serve as pre-catalysts in highly efficient
enantioselective ketone hydrogenation (Scheme 4).[10]

Mechanistic studies of ketone hydrogenation led to the
proposed dual pathway shown in Scheme 5, with the contri-
bution of cycles I and II dependent on the reaction conditions.
Notably, ketone hydrogenation is proposed to occur through
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Scheme 3. Bisphosphine diamine bifunctional catalysts for ketone
hydrogenation.
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an outer-sphere mechanism, via a six-member pericyclic
transition state TS-5 (Scheme 5).[10] In this mechanism, the
proton from the amine ligand and the hydride from the metal
are simultaneously transferred to a C=O group, to form
a formally 16e¢ amide complex 7.[11] Bergens et al. later
proposed that a partial Ru¢O bond or a strong H-bond
between NH and alkoxide could be present in the transition
state based on the observed formation of alkoxide inter-
mediates at low temperatures.[12]

Cooperative activation of H2 by 7 in cycle II was proposed
to occur either through a four-membered transition state TS-
8,[13] or through an alcohol-assisted pathway via a six-mem-
bered TS-9 (Scheme 5).[10]

Transfer hydrogenation is catalyzed by Ru-arene com-
plexes [{RuCl2(h6-arene)}2] developed by Noyori, Ikariya
et al.[4, 7, 14] Similar to the phosphine-based system, a significant
acceleration of the transfer hydrogenation of ketones was
discovered when catalyzed by Ru-arene complexes in the
presence of ethanolamine and other additives containing at
least one primary or secondary amine (“NH effect”).[4, 14,15]

The precatalysts 10 bearing chiral amine-sulfonylamide
ligands catalyze in the presence of a base the enantioselective
transfer hydrogenation of ketones. Similarly, hydrogen trans-
fer to a ketone substrate in these systems was proposed to
occur via a concerted pathway involving simultaneous trans-

fer of a proton of the NH group and a hydride of the Ru¢H
group to a carbonyl group (TS-11) (Scheme 6).[4, 16]

The outer-sphere mechanism was proposed in other Ru,
Rh, and Ir systems and was studied extensively and supported
by kinetic isotope effect (KIE) studies and calculations.[16–18]

For example, kinetic isotope effects were measured for the
reaction of [(p-cymene)Ru(HNCHPhCHPhNTs)] with iso-
propyl alcohol; the rates were measured for (CD3)2CHOH,
(CD3)2CDOH, (CD3)2CHOD, and (CD3)2CDOD. The KIE
for hydrogen transfer from OH to N was found to be 1.79, and
the KIE for hydrogen transfer from CH to RuH was 2.86. The
KIE for transfer of hydrogen from a doubly labeled substrate,
(CD3)2CDOD, was found to be 4.88, which approximately
corresponds to the product of two individual KIEÏs, consistent
with the concerted transfer.[17]

The presence of the NH group as well as metal-hydride in
a hydrogenation catalyst does not necessarily imply that an
outer-sphere mechanism of C=O hydrogenation is operative.
The hydricity of Ru¢H and acidity of NH as well as
hemilability of the ligands also play important roles in
determining the reaction pathway. For example, Morris
et al. studied the mechanisms of ketone hydrogenation with
Ru complexes containing N-heterocyclic carbene (NHC)
ligands with tethered primary amines (Scheme 7). Hydro-
genation of ketones catalyzed by the pre-catalyst 12 was
proposed to occur through an alcohol-assisted outer-sphere

Scheme 4. Enantioselective hydrogenation of acetophenone.

Scheme 5. Mechanism of hydrogenation of acetophenone catalyzed by
4. The aryl groups of the diamine backbone and diphosphine are
omitted for clarity.

Scheme 6. (Arene)Ru-based bifunctional catalysts for enantioselective
transfer hydrogenation of ketones and the proposed mechanism (Ph
groups of diamine are omitted for clarity).

Scheme 7. Ru (pre)catalysts with NHC-tethered amines.
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mechanism of hydrogen transfer from an in situ formed
neutral Ru-hydride species 14 similar to that proposed for
Noyori-type systems (Scheme 8, path a).[19] An outer-sphere
mechanism was also suggested for ester hydrogenation
catalyzed by 12.[20] At the same time, experimental and
computational studies imply that the analogous outer-sphere
mechanism would be unfavored for complex 13b, likely due
to diminished nucleophilicity of the cationic hydride spe-
cies.[21] Based on kinetic and isotopic effect studies, an inner-
sphere mechanism was proposed (Scheme 8, path b), and
supported by a computational investigation.[21]

Grîtzmacher et al. developed diolefin amide ligands that
assist in facile concerted heterolytic cleavage of H2 across the
metal–amide bond (Scheme 9). In particular, the Rh complex

15 heterolytically activates H2 (1 atm) even at ¢78 88C to give
the hydrido amine complex 16.[22] Unlike in the “classical”
oxidative addition, the oxidation state of the metal (RhI)
remains unchanged during the concerted H2 heterolysis. This
reaction is reversible and selective H/D exchange occurs upon
exposure of 16 to D2 to give 16-[D2] . The reverse reaction of
16-[D2] with H2 was also observed and was monitored by
NMR spectroscopy, which indicated that the exchange occurs
simultaneously in both Rh¢H and NH positions.[22] These
studies suggest that a concerted heterolytic H2 splitting via
a four-membered transition state TS-17 is a plausible mech-
anism. The feasibility of this metal–ligand cooperative

mechanism was further confirmed by DFT studies, which
also showed that the “classical” oxidative addition of H2 to
a RhI center in 15 to form RhIII dihydride is an unfavorable
endothermic process.[22] The diolefin amide complexes of this
type were shown to be active catalysts for a wide variety of
direct hydrogenation, transfer hydrogenation and dehydro-
genation reactions, including hydrogenation of ketones and
imines as well as dehydrogenative coupling of alcohols with
MeOH, amines, water to form esters, amides and carbox-
ylates, respectively.[23]

An outer-sphere mechanism was also proposed for hydro-
genation of nitriles catalyzed by the Ru complex 18 with
a tetradentate PNNP ligand, including sequential hydrogena-
tion of the CN triple bond of the nitrile and the CN double
bond of the imine (Scheme 10).[24]

Morris et al. also reported efficient asymmetric transfer
hydrogenation of ketones catalyzed by Fe complexes sup-
ported by an aliphatic tetradentate PNNP ligand, and the
mechanistic studies suggest that an outer-sphere mechanism
could be operative.[25]

Application of aminophosphine Ru complexes for cata-
lytic dehydrogenation of borane–amine adducts was reported
by Fagnou et al.[26]

The aliphatic tridentate “pincer” ligands with a central
amide/amine nitrogen donor offer a versatile platform for
studying metal–ligand cooperativity in catalysis. The first
examples of reversible heterolytic splitting of H2, employing
disilylamido PNP complexes of late transition metals, were
reported by Fryzuk et al. starting from 1980s and catalytic
alkene hydrogenation with such complexes was also stud-
ied.[27] Numerous examples of catalytic applications of Ru, Ir,
Os, and Fe complexes (Scheme 11) supported by aliphatic
PNP and PNN complexes in hydrogenation and transfer
hydrogenation reactions were recently reported.[28–30] For
example, Ir complexes 19 and 20 (Scheme 11) are catalysts for
direct hydrogenation and transfer hydrogenation of ketones,
imines, and hydrogenation of CO2 to formate.[31] Ru com-
plexes 21, 22 and 23 were used for transfer hydrogenation of

Scheme 8. Proposed outer-sphere (a) and inner-sphere (b) mecha-
nisms of ketone hydrogenation catalyzed by 12 or 13, respectively.

Scheme 9. Heterolytic H2 activation by diolefin amide Rh complexes.

Scheme 10. Proposed mechanism of nitrile hydrogenation catalyzed by
18.
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ketones,[32] hydrogenation of esters[33] and azides,[34] and
dehydrogenation of alcohols[35] and amine–borane adducts.[36]

Experimental and computational studies of these reactions
suggest that MLC through a metal–amide/metal–amine bond
may play an important role in these reactions. A mechanism
was proposed for the Ir-catalyzed transfer hydrogenation of
ketones through an outer-sphere hydrogen transfer to car-
bonyl from Ir¢H/N¢H, similar to Noyori–Morris-type mech-
anism (Scheme 12).[37] For PNN complexes 26 and 27, both

inner-sphere and outer-sphere mechanisms were considered
as plausible because of the presence of a potentially hemi-
labile pyridine arm.[38]

Interestingly, complexes with aliphatic PNP ligands may
also show a different mode of H2 elimination through
participation of the ligand backbone. For example, complex
23 undergoes double H2 elimination to form 33 with an
unsaturated ligand backbone (Scheme 13). Mechanistic stud-

ies suggest that the first H2 elimination occurs by transfer of
the NH proton to the metal hydride (step (i) in Scheme 13;
see also Scheme 14).[39] The resulting amide species 31
undergoes b-hydride elimination to form an unstable imine
intermediate 32 (step (ii)), which further eliminates H2 by
proton transfer from a C¢H group in the ligand backbone to
the hydride ligand (step (iii) in Scheme 13, via TS-34). This
reactivity resembles the H2 elimination from aromatic PNP
Ru complexes discussed in Section 3.1.

The H2 elimination in step (i) (Scheme 13) could involve
the direct coupling of the NH proton with a Ru¢H via a four-
membered transition state TS-35 in the absence of protic
solvents, similar to the amide complexes discussed above
(Scheme 14, path a). At the same time, an alternative

mechanism becomes feasible in the presence of water,
which can act as a proton shuttle between NH and a hydride.
According to the DFT study of the model system (R = Me in
Scheme 14), the reaction barrier for a water-catalyzed path-
way (b) via TS-36 lowers DG¼6 by about 8 kcalmol¢1

compared to path (a).[28, 39] Proton exchange NMR studies
also revealed a stereoselective exchange between water and
Ru¢H that is syn-coplanar with N¢H, consistent with the
water-assisted pathway (b). The importance of protic solvents
acting as proton shuttles between the ligand and the metal
was proposed not only for metal–amide/amine–type cooper-
ation, but also for many other ligand frameworks that
participate in bond activation systems via MLC (see Sec-
tion 3).

Fe complexes 29 and 30 a with aliphatic PNP ligand were
found to be catalytically active in acceptorless alcohol

Scheme 11. Complexes with aliphatic PNP pincer ligands used for
catalytic hydrogenation, transfer hydrogenation and dehydrogenation.

Scheme 12. Proposed mechanism for (PNP)Ir-catalyzed ketone hydro-
genation.

Scheme 13. Double H2 elimination from 23.

Scheme 14. Proposed pathways for H2 elimination from 23 and calcu-
lated free energies (kcalmol¢1).
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dehydrogenation under base-free conditions.[40] Both con-
certed (via MLC) and stepwise mechanisms were considered
and could not be distinguished based on the experimental
data (Scheme 15).

An outer-sphere (concerted) mechanism was proposed for
hydrogenation of esters to alcohols catalyzed by 29 based on
the DFT studies and supported by NMR experiments.[30]

Beller et al. reported that the iron complex 29 is also
catalytically active in MeOH dehydrogenation in the pres-
ence of KOH.[41] It was recently found that Fe complexes
30a,b and 37a,b operate under base-free conditions, in the
presence of LiBF4 as a Lewis acid co-catalyst (Scheme 16).[42]

Mechanistic studies of the reaction and DFT analysis suggest
that metal–ligand cooperation likely plays a role and a con-
certed, outer-sphere mechanism is operative.

By contrast to aliphatic PNP ligands, the amide nitrogen
in diarylamide PNP complexes is significantly less basic and

MLC is unlikely to play an important role in such systems. For
example, as reported by Ozerov et al. , the palladium complex
38 with diarylamide PNP ligand heterolytically splits H¢X
bonds (HX = H2, terminal alkyne, thiol) to give 39
(Scheme 17).[43] Although these reactions eventually lead to
a net addition of H2 bond across the Pd–amide bond, direct
transfer of a proton from H2 to the amide nitrogen was
considered unlikely. The mechanism proposed for H2 activa-
tion involves initial coordination of H2 to the Pd center to give
[(PNP)Pd(H2)]+ followed by an intermolecular proton trans-
fer from coordinated H2 to the amide nitrogen assisted by an
external Brønsted base (triflate or solvent). Activation of B¢
B and B¢H bonds with (PNP)Pd complexes with weakly
coordinating anions was also reported and the possibility of
oxidative addition to form a PdIV intermediate was proposed,
but no conclusive experimental evidence was obtained yet in
favor of PdIV intermediates in this reaction.[44]

Apart from amide/amine ligands, cooperative bond acti-
vation in mononuclear imide complexes is widely known.
However, the application of such systems in catalysis is more
problematic, largely because of the irreversibility of bond
activation by highly reactive metal imides (Scheme 18 a,b).

Mononuclear imido complexes of early transition metals are
known to cleave C¢H bonds of hydrocarbons through a 1,2-
addition pathway (Scheme 18 a) and undergo cycloaddition of
substrates containing C¢C and C–heteroatom double and
triple bonds across the M–imide bond (Scheme 18b).[45, 46] For
example, zirconium(IV) imido complexes cleave the C¢H
bond of benzene to give a phenyl amido complex
(Scheme 19).[45] However, the catalytic application of such
reactivity is quite challenging due to stability of the resulting
products and their inability to undergo further functionaliza-
tion (in particular, reductive elimination does not occur as a d0

metal center is present).
Bridged binuclear imido complexes can serve as bifunc-

tional Lewis acid–Lewis base platforms for heterolytic split-

Scheme 15. Proposed mechanisms for Fe-catalyzed acceptorless dehy-
drogenation of alcohols.

Scheme 16. Fe-catalyzed MeOH dehydrogenation in the presence of
Lewis acid co-catalyst. TON= turnover number.

Scheme 17. HX heterolytic splitting by the Pd diarylamide complex.

Scheme 18. MLC in mononuclear imido and binuclear imido-bridged
complexes.
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ting of H¢H and H¢X bonds (Scheme 18 c).[47] For example,
heterolytic splitting of H2 and NH3 was reported by Ikariya,
Kuwata et al. (Scheme 20) and it may be potentially relevant
to N2 fixation chemistry with binuclear late transition metal
complexes.[48]

The binuclear bis(tosylimido)-bridged RhIII complex 40
heterolytically splits H2 to give bis(amido)bridged RhII

complex 41 (Scheme 21 a).[49] A DFT study of the reaction

mechanism shows that a plausible mechanism involves
sulfonyl-mediated H2 heterolytic splitting (TS-42 in
Scheme 21) followed by proton transfer from the sulfonyl
oxygen atom to the imide nitrogen, and then proton migration
from Rh¢H to another imide. Experimental evidence for Rh-
hydride intermediates was obtained. Interestingly, the starting
material can be regenerated by the reaction with O2, which
enables catalytic oxidation of H2 with O2 to water in the
presence of 40 (Scheme 21b).[49]

2.2. Metal–Oxygen Bond

Compared to metal amide/amine complexes, the involve-
ment of MLC in bond activation is less common for metal
alkoxide/alcohol complexes due to the lower basicity of
coordinated alkoxides and greater lability of coordinated
alcohol in late transition metal complexes.

Gelman et al. reported a well-defined iridium pincer
complex 33 with a dibenzobarrelene-based PCP pincer ligand
that catalyzes the acceptorless dehydrogenation of alcohols to
ketones and esters. Attempted crystallization of 43 leads to
the release of H2 gas, likely through an intramolecular
interaction of Ir¢H with dangling OH proton, and results in
the formation of 44 with a coordinated alkoxide arm
(Scheme 22). Such a H2 release step was proposed to be
involved in the catalytic dehydrogenation of alcohols. In
contrast to Noyori-type systems, the alcohol dehydrogenation
step was proposed to occur through an inner-sphere mecha-
nism, via coordination and b-hydride elimination of the
alkoxide (Scheme 23).[50]

A Ru complex with an analogous dibenzobarrelene PCP
ligand was shown to be a catalyst for the acceptorless
dehydrogenation of alcohols and the acceptorless dehydro-
genative coupling of alcohols with amines to form imines. The
liberation of H2 was proposed to occur through a similar
pathway involving Ru¢H/OH interactions.[51]

A similar pathway for H2 elimination could be operative
in the dehydrogenative coupling of amines with alcohols to
form imines catalyzed by the binuclear complex 45 in the
presence of a base, although the mechanism of H2 elimination
was not studied (Scheme 24).[52]

The iridium complex 46 with an NHC-tethered alcohol
catalyzed the alkylation of amines with alcohols (Scheme 25).

Scheme 19. C¢H bond activation by Zr imido complexes.

Scheme 20. H¢H and N¢H bond cleavage by imido-bridged diiridium
complex.

Scheme 21. H2 activation by binuclear Rh tosylimido complex.

Scheme 22. H2 extrusion from [(PCP)IrH(Cl)] complex 43 with dangling
OH arm.

Scheme 23. Proposed mechanism of alcohol dehydrogenation to
ketones catalyzed by 33 or 34.
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However, the mechanism was not investigated and both
inner-sphere and outer-sphere mechanisms were considered
to be plausible in this system.[53] Cooperative Si¢H bond
splitting by a diphosphine-dialkoxide FeII complex accompa-
nied by the silylation of one of the alkoxide ligands was
recently reported by Rauchfuss et al.[54]

Overall, due to the greater lability of alcohol ligands
compared to amines, an inner-sphere mechanism through b-
hydride elimination from alkoxide intermediates is often
a viable pathway that may compete with an outer-sphere
hydrogen transfer in hydrogenation or transfer hydrogenation
reactions of carbonyl compounds.

2.3. Metal–Sulfur Bond

Activation of H2 through M¢S bond cooperation is highly
relevant to the mechanism of H2 oxidation to H+ in [NiFe]-
hydrogenase, where H2 bond splitting assisted by the coordi-
nated S atom of cysteine across the Ni¢S bond was proposed
based on experimental and computational studies
(Scheme 26).

This inspired investigations of metal–sulfur cooperation
for activation of H2 and H¢X bonds. Heterolytic H2 and H¢X
bond splitting is known for metal complexes containing
various types of S-donor ligands, including terminal and
bridging sulfides and thiolate complexes.

The titanium sulfide complex 48 reported by Bergman,
Andersen et al. was shown to activate H2 reversibly (Sche-
me 27 a).[55] Based on detailed isotopic and NMR studies,

a concerted mechanism via a polarized four-membered
transition state was proposed (Scheme 25a). Consistent with
this mechanism, when [(Cp*)2Ti(py)(S)] reacted with HD, an
equilibrium mixture of [(Cp*)2Ti(H)(SD)] and [(Cp*)2Ti(D)-
(SD)] was formed, and no H2 or D2 was detected. In addition,
1H NMR EXSY experiments showed that the rates of
exchange of H2 with Ti¢H and SH positions were identical,
consistent with a concerted pathway.[55]

The same complex 48 was shown to activate Si¢H bonds
(Scheme 27b,c). Two possible mechanisms were considered
for Si¢H activation: path A via a pentacoordinate silicon
intermediate, and path B via a four-membered transition state
(Scheme 27b).[55] Based on observation of a normal kinetic
isotope effect for silane activation, the authors concluded that
path B is more likely as the Si¢H bond is expected to be
significantly weakened in the transition state, while an inverse
isotope effect could be expected for path A based on previous
studies of Si¢H addition in metal–imide complexes.[56] The
Si¢H activation is reversible: when [(Cp*)TiD(SSiMe3)] was
heated in the presence of H2SiMe2, a mixture of starting
materials, [(Cp*)2TiH(SSiHMe2)], and DSiMe3 was present,
but no H/D scrambled products were detected (Scheme 27c).
This is consistent with an intramolecular 1,2-elimination of
Si¢H bonds that occurs in a strictly pairwise manner.

Scheme 24. Dehydrogenative coupling of amines with alcohols cata-
lyzed by a binuclear Ru complex. DABCO= 1,4-diazabicyclo-
[2.2.2]octane.

Scheme 25. Alkylation of aniline with benzyl alcohol catalyzed by 46.

Scheme 26. Proposed mechanism of H2 splitting in [NiFe]-hydroge-
nase.

Scheme 27. H¢H and Si¢H bond activation by a Ti sulfide complex:
a) proposed H2 activation and proposed mechanism. b) Considered
mechanisms for Si¢H activation. c) Reversible Si¢H/Si¢D activation.
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The binuclear Ir complex 49 with bridging sulfides
reported by Rauchfuss et al. features two modes of H2

activation: first, homolytic H2 activation leading to the
formation of the dihydride complex 50, followed by hetero-
lytic activation of another equivalent of H2 to generate 51
with bridging hydride and hydrosulfide ligands
(Scheme 28).[57] The unstable complex 51 observed by NMR
spectroscopy at low temperature eventually isomerizes to 52.

Heterolytic splitting of 2 equivalents of H2 was also
observed with the binuclear sulfide-bridged Rh complex
with a triphos ligand (Scheme 29).[58]

The reversible activation of Si¢H bonds by the cationic Ir
complex 53 supported by a P,S-ligand was reported by
Stradiotto et al. and resulted in a net addition of Si¢H
across the Ir¢S bond (Scheme 30). However, no detailed
mechanistic studies were carried out and it remains to be seen
whether this reactivity involves MLC.[59] Although complex
53 could be regenerated by the reaction with a ketone, it was
not an effective catalyst for ketone hydrosilylation.[59]

The reactivity of coordinatively unsaturated Ir, Rh and Ru
complexes with bulky thiolate ligands was studied by the

groups of Ohki, Tatsumi, and Oestreich. Reversible heter-
olysis of H2 by the Ir complex 54 occurs at low temperatures,
giving rise to complex 55 as the major product, characterized
by NMR spectroscopy at low temperatures (Scheme 31).[60]

This is a rare example of H2 heterolysis by a metal thiolate
complex under mild conditions and it functionally resembles
the reactivity of [NiFe]-hydrogenase described above
(Scheme 26). The measured kinetic isotope effect suggests
that H¢H bond cleavage is involved in the rate-limiting
step.[60] Warming up in the presence of H2 eventually results in
the loss of free thiol and formation of the IrV trihydride 56.
Interestingly, the starting material can be regenerated in 81%
yield by heating 56 in the presence of free thiol.[60]

The reaction with the analogous Rh complex was less
selective and led to more significant degradation.[60, 61] The
lability of a protonated thiol ligand and its irreversible loss is
an important issue for Ir and Rh complexes and it is likely
responsible for the lack of catalytic reactivity of the Ir
complex in C=O and imine hydrogenation, while the analo-
gous Rh complex was active in aldehyde, ketone and imine
hydrogenation at ¢50 88C.[61]

Based on a computational study of this reactivity, Li et al.
suggested that H2 activation by the Ir complex 54 occurs
through initial oxidative addition of H2 to give an IrV

dihydride followed by S¢H reductive elimination.[62] At the
same time, DFT studies suggest that the analogous Rh
complex operates through metal–ligand cooperative hetero-
lytic splitting of H2.

[62]

The metal-thiolate-mediated H2 activation could be
operative in hydrogenation of ketones catalyzed by a Ru
complex 57 bearing a tethered thiol as reported by Ohki,
Tatsumi et al. (Scheme 32a).[63] The authors also proposed
a concerted outer-sphere hydrogen transfer to the carbonyl
similar to the Noyori-type mechanism.[63] However, given the
lability of a protonated thiol ligand, inner-sphere mechanisms
cannot be unambiguously ruled out without further studies.

Furthermore, the Ru thiolate complex 57 was found to be
an active catalyst for the electrophilic borylation of indoles.[64]

Cooperative activation of B¢H by the metal thiolate was
proposed and an activated borane complex 61 was charac-
terized by NMR spectroscopy and X-ray crystallography
(Scheme 33).[64]

The same complex 57 is active in C¢H silylation of indoles
(Scheme 34a).[65] Low-temperature NMR studies of the

Scheme 28. H2 activation by binuclear bis(sulfide)-bridged Ir complex:
i) homolytic activation; ii) heterolytic activation.

Scheme 29. Heterolytic H2 splitting by binuclear triphos Rh complex.

Scheme 30. Si¢H activation by cationic Ir complex 53.

Scheme 31. Reversible H2 activation by Ir thiolate compelx.
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reaction between 57 and excess silane allowed to detect
a metal–hydride species, with the hydride signal showing
splitting from the phosphine ligand, but no detectable 1JSi-H

satellites. By analogy with H2 activation, a cooperative Si¢H

activation was proposed (Scheme 34 b), however, alternative
mechanistic scenarios were not considered.[65] Interestingly,
complete H/D scrambling between Ph2MeSiH and PhMe2SiD
was observed at room temperature in the presence of catalytic
57 to give a mixture of Ph2MeSi(H/D) and PhMe2Si(H/D) (H/
D ca. 50:50) suggesting that Si¢H bond formation does not
occur in a pairwise fashion and the mode of Si¢H activation
may be more complicated than that shown in Scheme 34b.[65]

Overall, while thiolato complexes of late transition metals
show interesting potential in catalysis, the extent of metal–
ligand cooperation in H¢H and H¢X bond activation needs to
be further elucidated through mechanistic studies. The
hemilability of a protonated thiolate ligand as well as
alternative metal-only or ligand-only mediated pathways
should be taken into account when considering possible
reaction mechanisms.

2.4. Metal–Boron Bond

Although there are only a few examples so far of H2

activation by metal–borane complexes and their application
in catalysis, this topic attracts significant attention in the
context of metal-mediated borohydride regeneration using H2

for catalytic hydrogenation reactions. Compared to previ-
ously discussed metal amide, alkoxides, or thiolate complexes,
the mode of H2 activation by metal–borane complexes is
different as the borane ligand acts as a Lewis acid site in H¢H
bond activation resulting in the formation of a borohydride
and a metal hydride.[66]

Reversible addition of H2 to [(tBu3SiO)3Ta(BH3)] to form
[(tBu3SiO)3TaH(h3-BH4)] was studied recently by Wolczanski
et al.[67] Complex 59 reported by Owen et al. undergoes
hydride migration from the borohydride to the coordinated
norbornadiene followed by its rearrangement to give an alkyl
complex 60 (Scheme 35).[68] Subsequent activation of 2 equiv-
alents of H2 with 60 leads to elimination of the alkane product
(tricyclo[2.2.1.02,6]heptane) and the formation of the borohy-
dride complex 61. Alkene hydrogenation catalyzed by 60 was
also accomplished.[68]

Peters et al. reported on the reversible oxidative addition
of H2 to the nickel-borane complex 62 resulting in the

Scheme 32. Ketone hydrogenation catalyzed by a) Ru thiolate complex
57; b) proposed mechanism.

Scheme 33. Borane activation by the Ru thiolate complex 57.

Scheme 34. a) Silylation of indoles catalyzed by 57. b) Proposed coop-
erative Si¢H bond activation. c) Catalytic Si¢H/Si¢D scrambling.

Scheme 35. Double H2 addition to the Rh-borane complex 60.
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formation of the borohydrido-hydrido NiII complex 63, which
serves as a catalyst for alkene hydrogenation (Scheme 36).[69]

Similar reactivity was reported for the Fe-boratrane
complex 64 that can activate H2 to generate complex 65 or,
with excess H2, 66 (Scheme 37a).[70] Stoichiometric reaction of
65 with styrene under N2 atmosphere generates ethylbenzene
and 64, thus demonstrating that the bridging hydride in 65 is
competent in hydrogen transfer to alkenes under stoichio-
metric conditions. Catalytic alkene hydrogenation was also
achieved with complex 64 as a catalyst. Complex 64 was also
shown to activate C¢H bonds of terminal alkynes to give
alkynyl-borohydride complexes 67 (Scheme 37 b).[70] As
noted by the authors, the possible contribution of metal–
borane cooperation in H2 splitting in such systems needs to be
addressed through more detailed mechanistic investigations.

Borane-assisted bond activation reactions were recently
reported for the three-coordinate Pt complex supported by
a small bite-angle bidentate (boryl)iminomethane ligand.[71]

Reversible activation of H2 by complex 68 bearing a wide
bite-angle bis(phosphine)borane ligand (Scheme 38) results
in the formation of Pt hydride borohydride complex 69.[72]

Interestingly, phenylacetylene activation by 68 eventually
leads to the formation of vinylborane complex 70, resulting
from migration of the Ph group from B to the acetylide
carbon.

A boryl-assisted pathway was recently proposed for the
hydrogenolysis of Ni-Me PBP pincer complex based on
a DFT study.[73]

To conclude, while borane and boryl ligands represent an
interesting platform for bond activation studies, one of the
potential drawbacks is alkyl or aryl group migration from

boron to other substrates leading to irreversible ligand
modification. Moreover, even if the borane ligand is chemi-
cally modified as a result of bond activation, cooperation
between metal and boron needs further proof through
experimental and theoretical studies For example, some of
the reactions shown in Scheme 38 could involve “classical”
oxidative addition to a low-coordinate reactive Pt center
followed by binding to a Lewis-acidic borane. In addition,
borane and boryl ligands significantly affect the reactivity of
transition metal complexes due to their unique electronic
properties, regardless of metal–ligand cooperative pathways
in bond activation.[66]

2.5. Metal–Carbon Bond

The studies of the ability of aliphatic PCP pincer
complexes to reversibly lose H2 were pioneered by Shaw
et al. and this reactivity was later explored by other
groups.[74, 75] The reversible elimination of H2 from the
cyclometalated osmium complex 71 with agostic a-CH
interactions was reported by Gusev et al. , leading to the
formation of the hydrido carbene 72 (Scheme 39), however,

the mechanism was not discussed in detail. Treatment of the
hydrido carbene 72 with D2 gave a partially deuterated 71
with deuterium incorporated in both Os¢H positions (64%
D), a-CH (85%) and b-CH2 positions (14%).[76] The analo-
gous Ru carbene complex could not be obtained in a pure
form due to competing b-hydride elimination.[76]

In order to avoid b-hydride elimination from the aliphatic
backbone of the PCP ligand, the reactivity of iridium carbene

Scheme 36. H2 activation by Ni borane complex 65.

Scheme 37. a) H2 and b) alkyne activation by 64.

Scheme 38. H2 and terminal alkyne activation by a borane Pt complex.

Scheme 39. Reversible H2 elimination from a cyclometalated Os com-
plex.
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complexes with diarylphosphine arms was studied by Piers
et al. Single C¢H bond activation of a free bis(2-(diaryl-
phosphino)phenyl)methane leads to the formation of 73,
while the reaction at elevated temperature produces the
product of a double C¢H bond activation, the carbene
complex 74, in high yield (Scheme 40).[77] The authors

suggested that the central carbon in 74 behaves essentially
as a Fischer carbene, thus allowing to assign a formal
oxidation state + 1 for the Ir center. Facile addition of H2

occurs upon exposure of 74 to H2 to give 73. The mechanism
of this reaction is not clear and it could involve oxidative
addition of H2 to a formally IrI center.[77]

By contrast to the Ir complex 74, the analogous ligand in
the Ni complex 75 was assigned as a Schrock-type carbene
bearing a formal ¢2 charge, supporting a NiII center
(Scheme 41).[78] Unlike 74, the Ni complex 75 undergoes

rapid addition of polar C¢H, N¢H, and O¢H bonds.
Structural and DFT studies along with the observed reactivity
also suggest a nucleophilic character of the central carbon
atom in a similar Pd complex.[79]

Overall, although net activation of H¢H and H¢X bonds
is observed for both complexes 74 and 75, the mechanism of
activation may be different, depending on the electronic
nature of the carbene ligand and the metal atom.

Another type of carbene-based PCP ligand was shown by
Piers et al. to participate in an oxygen transfer reaction from
N2O to the Ir complex 76 leading to formation of the
iridaepoxide species 77 by addition of O across the Ir=C bond
(Scheme 42).[80] Complex 77 was also identified as one of the
possible products of the reaction of 76 with O2 upon exposure
to air, although its formation was less selective. Complex 77

reacts cleanly with H2 via intermediate dihydride 78 to
eventually give H2O and regenerate 76, although further
reactivity with excess H2 leads to its reversible addition across
the Ir=C bond. Although this reactivity points out toward
possible catalytic N2O hydrogenation, an attempted catalytic
reaction led to complex decomposition.[80]

The reactivity of complexes with a cycloheptatrienyl-
based PCP pincer ligand developed by Kaska, Mayer, and co-
workers[81] was covered in detail in a recent review, along with
other examples of aliphatic PCP pincer complexes.[75]

3. Metal–Ligand Cooperation through Aromati-
zation/Dearomatization

In this section, examples of MLC will be considered in
which the ligandÏs aromatic system is disrupted or restored
during the bond breaking/formation step.

3.1. Lutidine- and Picoline-based Ligands

A great number and variety of tridentate pincer ligands
have been developed over the last decades (Scheme 43). The
majority of the ligands discussed in this section are substituted
lutidines or 2-picolines, with one or two CH2 groups in the
ortho-position(s) of a central pyridine unit, which upon
deprotonation by strong bases undergo dearomatization of
the heteroaromatic core, with formation of an exocyclic
double bond, thus forming a reactive center for metal–ligand
cooperation, as shown by our group (Scheme 44).[82]

Although deprotonation occurs at the methylene group
located remotely from the metal center, it has a direct
influence on the first coordination sphere of the metal, as the
central pyridine ring loses its aromatic character and a central
N-atom can be seen as an amide-donor. For example, the
NMR spectrum of complex 89 obtained by deprotonation of
the cationic complex 88 shows three pyridine protons that
shift upfield and appear at 5.4, 6.35 and 6.43 ppm, consistent
with dearomatization of the pyridine system (Scheme 45).[83]

The X-ray structure of 89 reveals that the C6¢C7 bond is
significantly shorter than the C1¢C2 bond (Figure 1).[83] At

Scheme 40. Formation of carbene complex 74 and H2 activation.

Scheme 41. H¢X and H¢H bond activation by (PCP)Ni carbene
complex 75.

Scheme 42. N2O hydrogenation mediated by Ir complex 76.
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the same time, the C7¢P2 bond is only slightly shorter than
C1¢P1 bond, showing that the phosphor-ylide resonance
structure has a much lesser contribution.[82]

Lutidine-based ligands offer versatile platforms for study-
ing MLC in activation of H¢H, H¢X (X = C, N, O, B) as well
as C=O double bonds and C�N triple bonds of nitriles as will
be discussed below.

3.1.1. H2 Activation in Complexes with Lutidine-based Ligands.

Iridium complexes with PNP ligands 79 were shown by
our group to activate H2 and C¢H bonds.[82–84] For example,
the reaction of the phenyl iridium(I) complex 90 with H2

generated the trans-dihydride complex 92 as the product
(Scheme 46).[83] Interestingly, a cis-dihydride complex was not

detected in this reaction, suggesting that a mechanism differ-
ent from oxidative addition to the IrI center is operative.
Moreover, the reaction with D2 leads to incorporation of one
deuterium atom into the ligandÏs arm. A mechanism was
proposed and studied both experimentally and computation-
ally, which involves initial H-transfer from the methylene arm
to the metal center to give a dearomatized IrIII hydride (step
A in Scheme 46), followed by H2 coordination (step B) and
heterolytic H2 splitting through metal–ligand cooperation,
with aromatization (step C).[83] Therefore, although the
overall reaction leads to 2e¢ oxidation of the Ir center, the
H2 activation step likely occurs at the oxidized, IrIII center.
Indeed the postulated dearomatized intermediate hydride 91
was independently prepared and fully characterized at low
temperature, and shown to react with hydrogen to give the
same trans-dihydride product

Later, computational studies of the H-transfer step A
showed that the barrier for the direct transfer from the arm to
the metal is high, not consistent with the mild reaction
conditions.[85] As an alternative, a water-assisted proton
shuttle mechanism was proposed, where one or two water
molecules form a bridge between the arm and the metal,
leading to significantly lower activation barriers (for example,
TS-93 in Scheme 46).[85] Accessible activation barriers were
found for H2 splitting at the IrIII center in the MLC pathway
(TS-94, Scheme 46).[86]

Catalytic applications of Ru and other transition metal
complexes with pincer ligands were reviewed thoroughly in
recent reviews, and bond activation by MLC was implicated in

Scheme 43. Lutidine- and picoline-based pincer ligands.

Scheme 44. Bond activation in complexes bearing lutidine-based
pincer ligands.

Scheme 45. Synthesis of complex 89.

Figure 1. ORTEP representation of 89 (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. Selected bond lengths (ç):
C1–C2 1.506, C6–C7 1.351, C1–P1 1.830, C7–P2 1.784, Ir–N 2.089.

Scheme 46. H2 activation by the IrI complex 90.
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many of these transformations.[87, 88] Some selected examples
of bond activation will be discussed here to illustrate the
metal–ligand cooperation concept in lutidine-based systems.

As shown by our group, complexes 97 and 98, formed by
deprotonation of precursors 95 and 96, heterolytically split H2

in a reversible fashion (Scheme 47a). Both complexes 97 and
98 are catalysts for ester hydrogenation, however, the PNN
complex 98 shows significantly higher activity.[89] The reverse

reaction, alcohol dehydrogenation, is also mediated by
complexes 95 or 96 in the presence of a base, or in the
absence of base by dearomatized species 98.[90] Reversible H2

activation was proposed as one of the key steps in several
catalytic transformations that generate hydrogen or consume
it catalyzed by 97, including the new amide bond forming
reaction, by acceptorless dehydrogenative coupling of alco-
hols and amines.[89,91]

Notably, deprotonation of the unsymmetrical PNN com-
plex 96 generates a P-arm deprotonated species 98 selectively
(Scheme 47a).[89] This correlates with theoretical studies by
Yang and Hall who calculated relative energies of several
tautomers of the simplified PNN ligands.[92] While the
aromatized form I of the ligand was significantly more
stable that both a-protic tautomeric forms II and III, the P-
arm deprotonated form II was several kcal mol¢1 more stable
that the N-arm deprotonated isomer III (Scheme 47b).[92]

However, as shown below, the reactivity at both P- and N-
arms can be observed depending on the substrate and
reaction conditions.

In the analogous Ru complex with an unsymmetrical
NN(NHC) ligand, initial deprotonation generates a NHC-
arm deprotonated species 101 and subsequent reaction with
D2 at low temperature leads to incorporation of the D label at
the NHC arm (Scheme 48).[93] However, complete incorpo-
ration of D into both arms was observed upon warming up the
reaction mixture in the presence of excess D2, suggesting that
deprotonation of the amine arm also takes place.

Metal–ligand cooperation was also proposed to play a role
in H2 elimination during water splitting mediated by complex
98 discovered by our group (Scheme 49).[94] First, the dear-
omatized complex 98 reacts with water to give the aromatized
hydrido hydroxo complex 102, which then thermally elimi-

nates H2 to give the isolated dihydroxo complex 103. The
latter is capable of O2 elimination upon irradiation of 320–
420 nm light, presumably via H2O2 intermediacy, thus
closing the net thermal/photochemical cycle for water
splitting. DFT studies of the reaction mechanism suggest
cooperative pathways for H2 elimination, either directly or
through proton shuttle mechanisms, although alternative
pathways have also been considered.[92, 95] This water
splitting reactivity was described in more detail in recent
reviews.[87, 96] Activation of water by an NCN pincer
complex containing a central NHC ligand and two
pyridine arms was also reported by Morris et al. Dear-
omatization of one or both Py arms by a CH2Py group
deprotonation was observed in these systems.[97]

Our group reported the first examples of hydrogenation
of organic carbonates, carbamate esters[98] and ureas[99] to
form methanol, alcohols and amines catalyzed by the
bipyridyl-PNN Ru dearomatized pincer complex 104
(Scheme 50). Since these compounds can be formed from
CO2 or from CO, this provides a mild, two-step process for the
hydrogenation of these gases to methanol. Indeed, this has led
to the development of a 2-step procedure for CO2 capture
with aminoalcohols at low pressure and subsequent hydro-
genation of the in situ formed oxazolidinone products to
MeOH.[100]

Interestingly, the same complexes 104 and 105 show
unprecendented reactivity in catalytic dehydrogenation of
alcohols to carboxylic acid salts in refluxing water in the
presence of an equivalent amount of NaOH.[101]

Interestingly, a dual mode of MLC can be enabled in the
Ru complexes 106 a, 106b, and 106 c with a secondary amine
group, both through amide/amine and pyridine aromatiza-

Scheme 47. a) Formation of dearomatized Ru complexes and H2 activation
and b) hypothetical tautomers of PNN pincer ligand and their calculated
relative electronic energies (kcal mol¢1).

Scheme 48. D2 activation by 101.

Scheme 49. Water splitting mediated by 98.
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tion/dearomatization transformations, as recently reported by
our group (Scheme 51).[102] In particular, double deprotona-
tion of 106a generates the anionic enamido complex 107
characterized by X-ray crystallography. Complexes 106a,
106 b, and 106c in the presence of 2 equiv of base are active
catalysts for ester hydrogenation at room temperature and
5 bar of H2, which are the mildest conditions for ester
hydrogenation reported so far. Moreover, they catalyze the
acceptorless dehydrogenative coupling of alcohols to form
esters at a temperature as low as 35 88C (boiling ether
solvent).[102]

Hydrogen activation was also observed by our group with
Re complexes supported by PNP ligands. The dearomatized
complex 108 reacts with D2 at room temperature to give 109-
[D2] (Scheme 52).[103] The following observations support
intramolecular D2 activation through a MLC mechanism:
1) formation of Re¢D occurs concomitantly with incorpora-
tion of only one D at the methylene arm; 2) D-incorporation
on only one face on the ligand; and 3) no further H/D
exchange was observed in the methylene arms under these
conditions (1 atm, RT). Interestingly, when 109-[D2] was

reacted with 1 bar H2 at 60 88C, selective Re¢D/Re¢H
exchange was observed at initial stages to form 109-[D1] ,
while the CHD arm remained intact (Scheme 52). This
suggests that Re¢H/Re¢D exchange occurs by a non-MLC
mechanism under these conditions. At higher reaction
temperatures and 2 bar of H2, H/D exchange at the methylene
arm was also seen to give 109 (Scheme 52).[103]

3.1.2. N¢H Bond Activation

As reported by our group, activation of the N¢H bond of
electron-poor arylamines by the dearomatized Ru complex
110 generates complexes 112 (Scheme 53).[104] For p-nitro-

substituted arylamines, complexes 112 a and 112 b were the
only products present, while for halogen-substituted aryl-
amines, an equilibrium mixture of 112c or 112 d and 110 was
formed. For ammonia, the most thermodynamically stable
form in solution was the coordination complex 111. However,
evidence for N¢H bond activation of ammonia was obtained
in a reaction with excess ND3 leading to stereoselective
incorporation of a single D-label on only one face of the
ligand, consistent with N¢D activation by MLC
(Scheme 54).[104] DFT studies of the reactions in Scheme 53
were in good agreement with experimental observations, and
accessible activation barriers were found for N¢H activation
by MLC.[104]

Detailed mechanistic studies of N¢H bond activation in
square planar RhI complexes suggest an associative pathway
(Scheme 55).[105]

Scheme 50. Hydrogenation of organic carbonates, carbamates and
ureas catalyzed by 104 and 105.

Scheme 51. a) (PNNH)Ru complexes and b) the formation of dearom-
atized enamido complex 107.

Scheme 52. Hydrogen activation by a (PNP)Re complex.

Scheme 53. N¢H activation by (PNP)Ru complex.
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Yoshizawa, Ozawa et al. reported N¢H activation of
amines and ammonia by an anionic IrI complex supported by
the phosphaalkene ligand to give the corresponding amido
complexes in quantitative yields (Scheme 56), and a similar
associative mechanism was proposed.

3.1.3. Alcohol, Aldehyde and Ketone Activation

Activation of these three types of substrates by Ru
complexes is considered in this section, as Ru pincer
complexes described here also act as effective dehydrogen-
ation catalysts for alcohols.

Alcohol activation by the dearomatized (PNP)Ru com-
plex 110 was studied by our group using low-temperature
NMR spectroscopy, showing that the formation of an alkoxo
complex 117 is reversible even at ¢80 88C (Scheme 57 a).[106]

Upon warming up to ¢30 88C, alcohol dehydrogenation was

observed, leading to formation of the dihydride 118
(Scheme 57b). Notably, free aldehydes were not detected
under these conditions, and the other product of this
reaction was complex 119 that results from in situ
trapping of aldehydes by 110. Complex 110 was shown
to react rapidly with free aldehydes even at ¢70 88C to
give an adduct 119, with formation of new Ru¢O and C¢

C bonds through C=O activation. This demonstrated for the
first time a new mode of MLC for facile carbonyl group
activation accompanied by a reversible C¢C coupling with
a ligand backbone (Scheme 57c). Upon warming up to
¢50 88C, the reverse reaction, aldehyde elimination, takes
place to give an equilibrium mixture of 119, 110, and free
aldehyde. Reversibility of this reaction at ¢50 88C was also
confirmed by spin saturation transfer (SST) NMR experi-
ments. When complex 119a was warmed up to room temper-
ature, a mixture of 110 and benzaldehyde was formed, while
for complex 117b the reaction was less clean. In addition,
facile alcohol dehydrogenation at ¢30 88C suggests that
a mechanism different from the “classical” b-hydride elimi-
nation is operative, as coordinative unsaturation (for exam-
ple, through P-arm dissociation) is unlikely at this temper-
ature.[106]

Activation of carbonyl compounds (aldehydes, ketones,
esters) with (PNN)Ru complex 98 was later studied in detail
by Sanford et al. Benzaldehyde reacted at low temperature to
initially give a P-arm adduct observed at low temperature,
similar to complex 119a.[107] However, upon warming up to
room temperature, the aldehyde migrated to the N-arm to
generate adduct 120 a (as a mixture of diastereomers)
(Scheme 58). Reactions with formate esters and ketones at
room temperature led to the formation of N-arm adducts
121 a, 121 b and 122 (Scheme 58). The equilibrium constants
were shown to be sensitive to both steric and electronic
properties of carbonyl compounds.[107] Except for benzalde-
hyde, most of these reactions were reversible and 98 could be

Scheme 54. D-label incorporation to methylene arm in a reaction with ND3.

Scheme 55. a) N¢H activation by Rh complexes and b) proposed
associative mechanism.

Scheme 56. N¢H activation by Ir phosphaalkene complex.

Scheme 57. Bond activation by MLC for complexes with lutidine-based
ligand framework.
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regenerated after removing volatiles under vacuum. No
reaction was observed with N,N-dimethyl formamide and
methyl acetate and only trace product formed with acetone.

3.1.4. CO2 Activation

Reversible trapping of CO2 with C¢C bond formation at
the ligand was observed by our group for the (PNP)Ru
complex 110 (Scheme 59), and the reversibility of CO2

binding was confirmed by SST NMR studies.[108] DFT
calculations revealed a low-barrier (8.1 kcal mol¢1) transition
state for the concerted addition of CO2 to 110.[108]

The reactivity of the PNN complex 98 with CO2 was
studied by Sanford et al. and initial formation of a C¢C bond
at P-arm was observed to give 124 as a kinetic product in less
than 5 min.[109] However, after reacting overnight at room
temperature or heating at 70 88C, complex 125 was obtained as
a thermodynamic product (Scheme 60). Conversion to 125
was irreversible at room temperature, but further studies
showed that the reactivity at the N-arm becomes reversible at
high temperatures, upon heating to 120 88C in anisol for several
hours. Complex 98 catalyzes CO2 hydrogenation to formate

salts in the presence of K2CO3 or other bases. The proposed
catalytic cycle involves heterolytic H2 activation by 98, CO2

insertion into Ru dihydride 100, and base-promoted formate
release.

Although complex 125 is also catalytically active in CO2

hydrogenation, this reactivity could be due to reversible CO2

liberation, although an alternative catalytic cycle mediated by
125 was also considered.[109] However, even in this case,
formate generation likely occurs through direct CO2 insertion
into Ru dihydride through a non-MLC pathway, and no
evidence was obtained so far that adducts such as 124 or 125
can play a role as active intermediates in CO2 hydrogenation.

The reversibility of CO2 binding to the Re complex 108 to
give adduct 126 at 90 88C was shown by our group by exchange
experiment with labeled 13CO2 (Scheme 61a).[103] In addition,

reversible loss of CO2 occurs upon heating 126 under H2 to
generate the Re hydride 109, presumably via intermediate
formation of 108 (Scheme 61b).

The Re hydride 109 exhibits different types of reactivity
depending on the reaction temperature: while the reaction at
elevated temperature under CO2 pressure leads to the release
of H2 and re-formation of 126 (Scheme 61b), the reaction at
room temperature produces the formate complex 127 by CO2

insertion to Re¢H bond (Scheme 62a).[103]

Complex 127, which was shown to liberate CO2 and re-
form 109 at elevated temperatures, was utilized as a catalyst

Scheme 58. C=O activation with 98.

Scheme 59. CO2 activation by the Ru complex 110.

Scheme 60. CO2 activation by 98.

Scheme 61. a) Reversible CO2 activation by (PNP)Re complexes.

Scheme 62. a) Formation and reactivity of the formate complex 127.
b) Catalytic formic acid decomposition.
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for selective formic acid decomposition to CO2 and H2 under
base-free conditions at 120–180 88C (Scheme 62 b).[103]

3.1.4. Nitrile Activation

Cooperative activation of the CN triple bond of nitriles
was first reported by our group, using the dearomatized Re
complex 108 (Scheme 63).[110] Two types of nitrile adducts

were observed: ketimido complexes 128 formed when 108
reacted with nitriles lacking a-methylene groups, and enam-
ido complexes 129 formed with aliphatic nitriles. In both
cases, the reactions with nitriles were reversible as confirmed
by exchange experiments. DFT studies suggest a stepwise
mechanism via initial pre-coordination of a nitrile. The
formation of enamido complexes could also proceed through
initial formation of the ketimido complexes followed by their
tautomerization to give enamido complexes 129. The enam-
ido complexes 129 readily undergo electrophilic attack at the
enamide double bond. Based on these observations, a catalytic
cycle was designed for facile conjugate addition of benzyl
cyanide derivatives to a,b-unsaturated carbonyl compounds
as electrophiles, with no added base, catalyzed by complexes
108 and 129b (Scheme 64).

Pidko et al. later reported nitrile activation by Ru pincer
complexes with two NHC arms in the presence of a base. By
contrast to Re complexes, the Ru adducts 130 are cationic
complexes with a protonated ketimide nitrogen atom
(Scheme 65).[111] Nitrile liberation takes place upon addition

of a base to 130a to quantitatively generate dearomatized
complex 131 which was characterized in situ.

The same dearomatized complex 131 was proposed as an
intermediate in catalytic CO2 hydrogenation to formate in the
presence of a DBU base.[112] Interestingly, metal–ligand
cooperation was proposed to be involved both in the
formation of a catalytically active dihydride species 132 by
cooperative H2 activation, and in catalyst deactivation by
formation of a stable CO2 adduct 133 (Scheme 66). Increasing

the H2 :CO2 ratio allowed to suppress the catalytic deactiva-
tion pathway; for example, stable catalytic performance was
obtained at H2 :CO2 39:1.[112]

The involvement of metal–ligand cooperative nitrile
activation in catalytic reactions was also proposed recently
by de Vries and Otten who demonstrated that the previously
reported dearomatized complex 98[90] catalyzed the oxa-
Michael addition of alcohols to unsaturated nitriles in the
absence of external base (Scheme 67).[113]

The catalytically active dieneamido complex 134 was
isolated from the reaction of 98 with 3-pentenenitrile and 2-

Scheme 63. Nitrile activation by dearomatized Re complex 108.

Scheme 64. Conjugate addition of nitriles catalyzed by 108 and 129b.

Scheme 65. Nitrile activation by bis(NHC)-based (CNC)Ru pincer
complexes.

Scheme 66. H2 and CO2 activation by bis(NHC)-based (CNC)Ru
pincer complexes.
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pentenenitrile (complex 98 is also catalytically active in
alkene double bond isomerization) (Scheme 68).[113] Notably,
nitrile activation occurs at the N-arm, likely because of
greater thermodynamic stability of the N-arm adduct com-
pared to P-arm adduct, similar to CO2 activation reactivity
described above. The catalytic cycle for oxa-Michael addition
to 3-pentenenitrile was proposed and studied by DFT that
involves conversion of complex 134 to a less stable tautomer
B, which activates alcohol through hydrogen bonding to
a Brønsted-basic N-center. The oxa-Michael addition was
then proposed to occur through a six-membered transition
state TS-135 in a concerted manner. The ketimido intermedi-
ates are proposed to play an important role as they increase
nucleophilicity of the alcohol due to basicity of the ketimido
nitrogen, so that the reaction occurs under mild conditions
even in the absence of external base.[113]

3.1.5. B¢H Bond Activation

By contrast to H¢X activation where X is an oxygen or
nitrogen atom (Scheme 44), activation of the B¢H bond of
catecholborane and pinacolborane leads to generation of
a new B¢C bond as shown by our group (Scheme 69).[114] A
mixture of 136 and dihydride 118 are formed in a room

temperature reaction, while heating to 60 88C gives complete
conversion to 136. DFT studies suggest that the reaction
might proceed via the unobserved intermediate 137 which
then undergoes H2 elimination to generate 136.[114]

The dearomatized (PNN)Ru complex 98 reacted with the
sterically demanding pinacolborane in a similar way to give
the product of P-arm borylation, 138, and the Ru dihydride
100 (Scheme 70).[114] In a reaction with the less bulky substrate

catecholborane, the major product of the reaction was
assigned as the s-boryl complex, which was characterized by
NMR spectroscopy.

Attempted dehydrogenative coupling of borane catalyzed
by 110 or 98 gave only low yields of diborane. Complex 98
catalyzed C¢H borylation of benzene and toluene, however,
the mechanism of this reaction was not studied.[114]

3.1.6. Reactivity with Dioxygen

Compared to MLC reactivity with HX and C–heteroatom
multiple bond activation that does not involve change in the
oxidation state of the metal, examples of reactivity under
oxidative conditions remain relatively rare. Recently, our
group reported the reactivity of the IrI phenyl complex that
leads to the formation of IrIII hydroxo phenyl dearomatized
complex 141 as the final product (Scheme 71).[115] Both O-
atoms of dioxygen were utilized in this reaction. The proposed

Scheme 67. Oxa-Michael addition to unsaturated nitriles catalyzed by
98.

Scheme 68. Proposed mechanism of the oxa-Michael addition cata-
lyzed by 98.

Scheme 69. B¢H activation by 110.

Scheme 70. B¢H activation by 98.
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mechanism involves formation of mononuclear IrIII peroxo
species and its subsequent conversion to 141. The diamagnetic
intermediate, observed by NMR spectroscopy, was formed in
50% yield, when the reaction with 0.5 equiv O2 was per-
formed at 195 K, which was tentatively assigned as a peroxo
species 140. Consistent with this assignment, addition of CO
results in the formation of a carbonato complex 142.
Although the mechanism of formation of 141 remains
unclear, an intermolecular reaction of 140 with another
equivalent of 90 is likely operative leading to oxygen transfer,
while the benzylic arm of the ligand acts as a source of
a proton for the hydroxo group in aprotic solvents. This
reactivity is a rare example of O2 activation that is accom-
panied by dearomatization of a ligand backbone (see also
Sections 3.5 and 3.6).

3.2. Aminopyridine-based Ligands

Representative examples of pincer ligands based on 2-
aminopyridine and 2,6-diaminopyridine (structures 143–146),
as well as other diaminosubstituted N-heterocycles (147–148)
are shown in Scheme 72.[116] By contrast to picoline- or
lutidine-based ligands described above which bear a reactive
CH2 group, these ligands contain an NH spacer, which is
generally more acidic than a CH2 group. Deprotonation of the
NH arm leads to dearomatization of the pyridine ring
(Scheme 73), and the deprotonated species can participate

in a range of bond activation processes through MLC that
involves reversible aromatization/dearomatization of the 2-
aminopyridine system.[116] The potential drawback of amino-
pyridine-based ligands is the hydrolysis of the aminophos-
phine bond that has been observed in some complexes.[117]

Heterolytic splitting of H2 by Fe complexes was recently
studied by Kirchner et al. who found that the FeII complex 149
reacts with Zn under H2 atmosphere to give a hydride
complex 151 (Scheme 74).[118] The analogous reaction with D2

affords 151-[D2], in which D-labels are incorporated into Fe¢
D and the N¢D group, according to 2H NMR spectroscopic
characterization. The authors noted that a slower reaction of
149 with D2 compared to the reaction with H2 could be due to
a large KIE suggesting that H¢H splitting is involved in the
rate-limiting step. Notably, an NMe-substituted analog 152
did not react under analogous conditions (Scheme 7b). The
proposed mechanism, supported by DFT calculations,
involves partial isomerization of 149 to the cis-isomer 149’
(step A, Scheme 74a) followed by reduction of NH protons
with Zn, resulting in the formation of H2 and Zn2+ (step B).
Zn2+ ions formed at this step abstract a Cl ligand to form
a 16e¢ complex 150, which then coordinates (step C) and
splits H2 through MLC (step D). An accessible transition state
was found by DFT for an intramolecular H2 activation

Scheme 71. O2 activation by 90.

Scheme 72. Pincer ligands based on 2-aminopyridines (143–146),
diamino-substituted pyrimidine (147) and triazine (148).

Scheme 73. Bond activation via MLC by complexes with 2-amino-
pyridine-based ligands.

Scheme 74. Heterolytic H2 activation by the Fe complex 149.
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(DGTS = 22.8 kcal mol¢1 for the rate-determining step D,
Scheme 74a).[118]

The dicarbonyl complex 151 was not catalytically active in
hydrogenation, while replacing one CO with a labile ligand L
(L Br¢ , MeCN, BH4

¢) led to a catalytically active species that
hydrogenates ketones and aldehydes to alcohols under mild
conditions.[119] Mechanistic studies of the catalytic reactivity
suggest that the catalytic hydrogenation catalyzed by mono-
carbonyl complexes involves an inner-sphere mechanism
without metal–ligand cooperation.

Dearomatization was observed upon reaction of Ru
complexes [(L)RuH(CO)Cl] with a base to give the corre-
sponding dearomatized species [(L*)RuH(CO)] (L = 143b,
145, 146 a, 146 b) (Scheme 75). Catalytic applications for both

aromatized complexes [(L)RuH(CO)Cl] (L = 143 b, 145,
146 a, 146 b) and the corresponding dearomatized complexes
[(L*)RuH(CO)] were developed and covered recently in
a review by Huang et al. and include 1) transfer hydro-
genation, 2) alcohol dehydrogenation to esters, 3) dehydro-
genation of amines to imines, 4) hydrogenation of esters to
alcohols etc.[116]

The differences in the reactivity of aminopyridine-based
versus picoline-based ligands were highlighted in a theoretical
study of H2 activation by dearomatized complexes 154a and
154 b,[116,120, 121] which can be generated by deprotonation of
precursors 153 a and 153b, respectively, with a strong base
(Scheme 76). Both complexes 153 a and 153 b in combination

with catalytic amounts of base were reported to be efficient
catalysts for ester hydrogenation.[87, 116] The free energies and
activation barriers were calculated for the intramolecular H2

activation by complex 155a or 155 b, which results from H2

coordination to unsaturated species 154 a or 154 b, respec-
tively.[120, 121] The dihydride formation was found to be
exergonic for CH-bridged complex 155b by ¢10 kcalmol¢1,
and endergonic for N-bridged complex 155 a by + 2.7 kcal

mol¢1 (Scheme 77).[120, 121] Interestingly, the activation barrier
for direct H2 splitting by complex 155 a was too high to be
accessible under reaction conditions (DGTS = 35.5 kcalmol¢1),
while the activation barrier for 155 b was considerably
lower.[120, 121] The authors suggested an alternative proton
shuttle mechanism for H2 activation by 155a in which H-
transfer is facilitated through bridging with two water
molecules in a transition state TS-2H2O (Scheme 77).[121]

Pyrrole synthesis by dehydrogenative coupling of b-
aminoalcohols and secondary alcohols is catalyzed by the Ir
complex 157, as reported by Kemp et al., and also by the Ru
complex 154b, as reported by us (Scheme 78).[122] A DFT

investigation of the reaction mechanisms by Wang et al.
suggests that proton shuttle pathways for metal–ligand
cooperation likely play an important role in the Ir-catalyzed
reactions.[120]

Scheme 75. Dearomatization of Ru complexes with aminopyridine-
based pincer ligands via deprotonation.

Scheme 76. Generation of dearomatized complexes 154a and 154b.

Scheme 77. Intramolecular H2 activation to form Ru dihydride by direct
splitting (TS) and water-assisted pathways (TS-2H2O for complex
155a and TS-H2O for 155b).

Scheme 78. Pyrrole synthesis from secondary alcohols and 2-amino-
alcohols.
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3.3. Hydroxypyridine-based Ligands

The general mode of bond activation in metal complexes
containing the 2-hydroxypyridine moiety can be represented
by Scheme 79 a. Although the OH/O¢ group in these com-

plexes is not coordinated to a metal, protonation/deprotona-
tion and bond activation in these systems directly affect the
1st coordination sphere of the metal through significant
contribution of a pyridonate resonance form, in which C¢O
bond has a significant double bond character (see below), and
a formally negatively charged N-atom can act as a strong p-
donor, by contrast to the pyridine nitrogen in a protonated 2-
hydroxypyridine form (Scheme 79 a). Interestingly, lactam–
lactim tautomerism is also observed in free 2-hydroxypyr-
idine, which exists in its 2-pyridone tautomeric form in the
solid state, and the relative stability of the two tautomeric
forms in solution depends on the solventÏs properties
(Scheme 79b).[123] This is in contrast to free 2-aminopyridine,
in which the corresponding imine tautomer is not observed
under typical conditions.

The applications of the 2-hydroxypyridine ligand for
hydrogen activation reactions were inspired by the discovery
that this ligand motif is present at the active site of monoiron
hydrogenase.[124, 125] [Fe] hydrogenase is involved in one of the
steps of methane generation from CO2 and H2 in methano-
genic archae, and it catalyzes the reversible reduction of
methenyltetrahydromethanopterin (methenyl-H4MPT+) with
H2 to form methylene-H4MPT and a proton (Scheme 80).[124]

According to crystallographic studies by Shima et al., the
enzyme contains a Fe-guanylylpyridinol cofactor (FeGP) in
which a catalytically active Fe center is surrounded by
guanylylpyridinol ligand, two carbonyls, a sulfur of cysteine,
and an “unknown” ligand X (most likely water solvent).[126]

The nucleophilic O-atom of deprotonated 2-hydroxypyr-
idine can be potentially involved in H2 activation by FeGP by
acting as an internal base. A theoretical study of H2 activation
pathways in a model system showed two energetically

accessible mechanisms (Scheme 81): heterolytic H2 activation
assisted by the O-atom of pyridonate (path A, via TS-158) and
S-assisted pathway (path B, via TS-159), in which the S-atom
acts as an internal base. In addition, the OH group of 2-
hydroxypyridine stabilizes product 160 by forming a dihydro-
gen FeH···HO bond (Scheme 81).[127]

The important role that the ortho-hydroxy group plays in
[Fe] hydrogenase reactivity inspired numerous studies of the
reactivity of transition metal complexes with 2-hydroxypyr-
idine-based ligands in catalysis, especially in relevance to H2

activation. Indeed, it was shown that the presence of an ortho-
OH group in pyridine- or pyridimide-based ligands has a large
effect on the catalytic activity in these systems.[125] A few
selected examples will be discussed below to illustrate the role
of the ligand and a solvent in such reactions in the context of
MLC. For a more detailed discussion of the scope of such
systems in energy-relevant catalysis, the reader can be
referred to a recent review by Szymczak et al.[125]

Stoichiometric and catalytic hydrogen activation in Ir
complexes containing the pyridonate ligand was studied by
Rauchfuss et al. In particular, Ir complex 161 reacts with H2

even at ¢30 88C to give unstable complex 162 which was
characterized by NMR spectroscopy as the first observable
hydride, along with binuclear species formed by 2-hydroxy-
pyridine dissociation (Scheme 82). The species 162 can also be
generated by the reaction of 161 with a transfer hydro-
genation catalyst 163 (Scheme 82). This type of H2 activation

Scheme 79. a) Bond activation in hydroxypyridine complexes. b) 2-
Hydroxypyridine–2-pyridone tautomerism.

Scheme 80. [Fe] hydrogenase FeGP cofactor and catalytic reduction of
methenyl-H4MPT+.

Scheme 81. Possible pathways of H2 activation in [Fe] hydrogenase
model system.
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reactivity is likely involved in the acceptorless dehydrogen-
ation of alcohols catalyzed by the monometallic complex
161.[128] However, the lability of 2-hydroxypyridine may be
a potential problem leading to catalyst decomposition and
formation of catalytically inactive binuclear species in such
systems.

Interestingly, heterolytic H2 splitting was studied by
Morris et al. , using an Ir complex with S-coordinated 2-
pyridylthiol ligand, in which H2 activation occurs with
participation of an uncoordinated pyridine N-atom, rather
than S-atom of a coordinated thiol, as confirmed by H/D
exchange experiments.[129]

Chelating bipyridyl or bipyrimidyl systems with ortho-OH
groups can afford more stable and catalytically active systems
for H2 activation reactions. Efficient reversible hydrogenation
of CO2 to formate is catalyzed by the diiridium complex
164 a,b bearing a tetrahydroxybispyrimidine ligand
(Scheme 83 and Table 1).[130] The catalytic activity can be
turned on and off by varying the pH of the solution. Complex
164 a undergoes facile exchange of Cl¢ ligands with H2O in
aqueous solutions to give 164 b, and the equilibria between
protonated and deprotonated forms depend on the pH: a fully
protonated form 164b is predominant at pH< 2, while

a neutral deprotonated species 164b’ is the predominant
form at pH> 5 (Scheme 84). Notably, the catalyst 164b
containing hydroxy groups in ortho-positions showed
superior catalytic activity in CO2 hydrogenation to
formic acid salts compared to its analogs lacking
hydroxy groups (165a,b) and the monometallic complex
with a para-substituted ligand (166) (Table 1). This
effect was explained by the ability of an ortho-O¢ to act
as internal base facilitating H2 heterolysis, as well as by
electronic activation of the complex 164 b’ supported by
strongly p-donating deprotonated ligand. Upon low-
ering the pH, the same catalyst also catalyzes formic acid

decomposition to CO2 and H2, thus enabling reversible H2

storage using formic acid.[130]

Fujita, Himeda and co-workers also studied the positional
effect of hydroxy groups on the reactivity of Ir complexes for
a series of 6,6’-, 5,5’-, 4,4’-, and 3,3’-dihydroxy-substituted
bipyridyl complexes (Scheme 85).[131, 132] The protonated
forms 166 a and 166b and the corresponding doubly depro-
tonated forms 166 a’ and 166 b’ were characterized by X-ray
crystallography.[131] While C¢O bonds in the protonated forms
166 a and 166b are within a normal range for a C¢O single
bond (1.329 è for 166a ; 1.319 and 1.321 è for 166 b), they
shorten significantly upon deprotonation (1.295 è for 166 a’
and 1.272 è for 166b’). This is consistent with a C=O double
bond character in these deprotonated complexes and signifi-

Scheme 82. H2 activation by 161 and generation of 162.

Scheme 83. Catalysts for reversible CO2 hydrogenation.

Table 1: CO2 hydrogenation to formate salt catalyzed by Ir complexes
with bipyrimidyl- and bipyridyl-based ligands.

Catalyst[a] TOF initial [h¢1] TON[b]

164b’’[a] 64 7200
165b[a] 0 0
166a[a] 7 92
164b’’[b] 15700 153000

[a] p = 0.1 MPa (1:1 H2/CO2), 25 88C, 1m NaHCO3. [b] p = 4 MPa, 50 88C,
2m KHCO3.

Scheme 84. pH-Dependent equilibria in solution of 164b.

Scheme 85. Catalysts tested for CO2 hydrogenation at pH 8.5.

Metal–Ligand Cooperation
Angewandte

Chemie

12259Angew. Chem. Int. Ed. 2015, 54, 12236 – 12273 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


cant contribution of a pyridonate resonance structure with
a negative charge localized at the N-atom (Scheme 85).
Complexes 166 a and 166 b exhibit much higher catalytic
activity for CO2 hydrogenation at pH 8.5 compared to 166 c,d
and 167, showing that the electronic effects and resonance
stabilization of p-donating pyridonate ligand play an impor-
tant role in the catalytic reactivity. At the same time, catalyst
166 b was more active than 166 a, due to the presence of ortho-
OH groups that can act as internal bases in metal–ligand
cooperative H2 activation. Interestingly, KIE investigations
revealed that water is involved in the rate-determining H2

heterolysis in this system. Accordingly, a low activation
barrier was found by DFT for a proton-relay pathway (via TS-
168, Scheme 86), which was 3.42 kcalmol¢1 lower than the

activation barrier of H2 heterolysis directly with ortho-O¢

acting as a pendant base (TS-169, Scheme 86).[132]

The mechanism of acceptorless alcohol dehydrogenation
catalyzed by 166b’ was investigated by DFT, and the outer-
sphere, concerted pathway for alcohol dehydrogenation was
found to be more favorable than an inner-sphere, b-hydride
elimination pathway.[133]

To summarize, the presence of an ortho-OH group in
pyridine-based ligands leads to significant alternation of the
reactivity of the derived metal complexes. First, deprotona-
tion of an ortho-OH group changes the electronic properties
of the ligand and generates strongly p-donating pyridonate
systems. Second, the close proximity of an ortho-O¢ acting as
a pendant base in deprotonated species enables ligand-
assisted pathways for heterolytic H2 activation, however,
proton shuttle mechanisms assisted by water or alcohol
solvents are likely to play an important role in these systems.
In addition, the ortho-OH group is capable of forming
hydrogen bonds with the ligands in the first coordination
sphere of the metal (i.e. hydride, halides) thus affecting their
stability and reactivity.

3.4. Acridine-based Pincer Ligands

This section will focus on the acridine-based PNP pincer
ligands, first developed in our group, that demonstrate non-
innocent behavior in stoichiometric reactions with H2,
alcohols and amines. By sharp contrast to the previously
described examples of MLC reactivity where a ligand acts as
a Lewis-basic site, the acridine backbone acts as an acceptor
of a hydride leading to the reduction of an acridine ring.

Ru complexes with an acridine-based PNP ligand
(AcrPNPiPr) show an unusual type of a long-range MLC in
H2 activation that involves participation of the C9 atom of the
central acridine ring. Complex 170 reacts with H2 in the
presence of KOH in refluxing toluene to give dearomatized
complex 171 with the reduced central acridine ring
(Scheme 87).[134] The analogous reaction with D2 leads to

incorporation of one D-label in the central acridine ring
(Scheme 87) and the formation of Ru¢D. Partial H/D
exchange was also observed in the CH2 arms and iPr groups.
Hydride transfer from Ru to acridine was also induced by the
reaction of 170 with NH3 to generate a complex where the
reduced flexible AcrPNPiPr ligand coordinates to Ru in an
unusual fac-fashion (Scheme 87).[134]

Based on DFT analysis of a model system (with PiPr2

replaced by PMe2), a mechanism was suggested for the
reaction with H2, which involves initial formation of Ru0

monocarbonyl by Ru¢H deprotonation by a strong base,
followed by oxidative addition of H2 to generate the RuII

dihydride II (Scheme 88). One of the Ru hydrides is then
transferred directly to the C9 carbon of central acridine ring
(Scheme 88).[134]

Complex 170 catalyzes the amination of primary alcohols
with ammonia to selectively form primary amines, as well as
the reverse reaction, deamination of primary amines by water
to form alcohols.[135] Dehydrogenation of alcohols catalyzed
by 170 under neutral conditions generates acetals, while esters
are formed in the presence of catalytic base.[136] However, the
role of long-range MLC in these reactions was not studied.

Recently, Hofmann et al. synthesized an analogous com-
plex 172 with PCy2-substituted AcrPNPCy ligand which also
shows catalytic activity in amination of alcohols with ammo-

Scheme 86. Proposed pathways for H2 activation by 2,2’-dihydroxybi-
pyridyl Ir complex.

Scheme 87. Activation of H2 and D2 by 170.
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nia.[137] The stoichiometric reaction of 172 with an alcohol in
the presence of a base leads to the reduction of the central
acridine ring and generation of 173 (Scheme 89). DFT
analysis of the reaction with MeOH as a model substrate
showed that a plausible mechanism involves formation of an
alkoxide complex followed by hydride transfer from the CH2

group of the alcohol to the C9 position of the central acridine
ring (Scheme 89).[137]

Our group has recently found that complex 170 in the
presence of a catalytic amount of NaOH catalyzes unusual
lactam formation from cyclic amines using water as the only
reagent (Scheme 90).[138] This reaction is accompanied by

liberation of 2 equiv of H2 gas and it does not require any
oxidants apart from water. This represents a highly atom-
economical way of lactam synthesis that avoids the use of
strong stoichiometric oxidants that are typically required for
such reaction, for example, PhIO, RuO2/NaIO4, peroxides, or
O2/Au catalyst.[139]

Further mechanistic investigation into this unprecedented
reaction showed that the catalytically competent species is the

dearomatized complex 171, which can be synthesized inde-
pendently by a reaction of 170 with benzyl alcohol or ethanol
in the presence of NaH or tBuOK (Scheme 91).[140] Notably,
complex 171 catalyzed 2-pyrrolidone formation from pyrro-
lidine even in the absence of a base in neutral H2O/dioxane
solution at 135 88C.

The reduction of the central acridine ring after reaction
with alcohols is unambiguously confirmed by the X-ray
structure of 171 (Figure 2a).[140] The short Ru¢N distance

(2.124 è) suggests that there is a strong interaction between
the Ru center and a negatively charged N-atom. By compar-
ison, the Ru¢N distance in the parent complex 170 is
(2.479 è), suggesting only weak interaction with a remote
aromatized acridine N-atom (Figure 2b).[136]

Possible mechanisms for the formation of 171 in the
presence of alcohols, or under lactam formation conditions
were investigated by DFT.[140] Under lactam formation
conditions, b-hydride transfer could occur from the coordi-
nated deprotonated pyrrolidine with a low calculated activa-
tion barrier via TS-175 (Scheme 92).[140]

A DFT study of the possible mechanisms of pyrrolidone
formation showed that the conformational flexibility of the
reduced AcrPNPiPr and its ability to coordinate both in mer-
and fac-fashion plays an important role both in b-hydride
elimination and in H2 liberation steps.[140] At the same time,
the central aromatic ring remains dearomatized throughout
the course of the catalytic cycle. An alternative pathway via
aromatization/dearomatization of the acridine ring and for-
mation of a Ru0 intermediate is characterized by high
calculated activation barriers and is unlikely to be operative.

Overall, Ru complexes with acridine-based pincer ligands
show unusual reactivity in H2, alcohol and amine activation

Scheme 88. Proposed mechanism of dearomatization of 170 in a reac-
tion with H2. Calculated free energies are given in kcal mol¢1.

Scheme 89. Formation of 173 by alcohol dehydrogenation by 172.

Scheme 90. Lactam formation from cyclic amines and water catalyzed
by 170/NaOH.

Scheme 91. Synthesis of 171 by reaction of 170 with alcohols.

Figure 2. ORTEP representations of a) 171 and b) 170 (50% probabil-
ity ellipsoids) and selected bond distances [ç] and angles [88] . a) Com-
plex 171: Ru1–N1 2.124, C9–C12 1.502, C9–C13 1.502; C12-C9-C13
108.1. b) Complex 170 : Ru1–N1 2.479, C9–C12 1.381, C9–C13 1.381;
C12-C9-C13 120.6.
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leading to a hydride transfer to the acridine ring. This
generates a conformationally flexible, dearomatized system
with a reduced central ring that can coordinate in both mer-
and fac-fashion, the latter likely playing an important role in
catalytic reactions. Notably, the hydride transfer from alco-
hols to the acridine ring leading to their dehydrogenation is
reminiscent of alcohol dehydrogenase reactivity that leads to
NAD+ reduction to NADH.[141] At the same time, it is
unlikely that the acridine ring aromatization/dearomatization
occurs reversibly under the catalytic conditions studied so far
for these systems.

3.5. MLC by Aromatization/Dearomatization in Other
N-Heterocycles: Phenanthroline, Quinoline, Pyrrole,
Diazafluorene

The concept of MLC by aromatization/dearomatization
can also be extended to complexes of other N-heterocyclic
ligands. Some of these ligands demonstrate reversible aroma-
tization/dearomatization of the heterocyclic system, which
enables some catalytic transformations.

For example, our group reported that the Ru complex 176,
supported by a tetradentate phenanthroline-based ligand
exhibits stepwise MLC reactivity in double H2 activation
through a reversible aromatization/deconjugation sequence
(Scheme 93).[142] First, the dearomatized complex 177 is
generated by benzylic arm deprotonation of 176 with

1 equiv of LiN(SiMe3)2. Complex 177 then reacts with
1 equiv of H2 to generate an unstable rearomatized dihydride
178, which was detected by NMR spectroscopy and synthe-
sized independently. Further reaction with H2 leads to
hydrogenation of one of the double bonds of the phenanthro-
line backbone to give 179 with a partially deconjugated
phenanthroline fragment. Importantly, these transformations
are reversible and heating of 179 in refluxing toluene under
argon regenerates 177. The formation of 179 was also
observed when 177 reacted with alcohols via intermediate
formation of 178.

This reactivity was employed in catalytic alcohol dehy-
drogenative coupling to form esters catalyzed by complexes
177 or 179, and coupling of alcohols with amines to give
imines catalyzed by 177. Although complex 179 is probably
not directly involved in the proposed catalytic cycle, its ability
to reversibly liberate H2 enables catalytic reactivity in accept-
orless alcohol dehydrogenation.[142]

Another type of long-range cooperativity in heterolytic H2

activation was reported by Song et al. for a Ru complex
supported by 4,5-diazafluorenide ligand.[143] Complex 180
heterolytically splits H2, leading to dearomatization of the
central ring by proton migration to the 9-position and
formation of a new Ru¢H bond (Scheme 94). The reaction

with D2 leads to incorporation of D into the 9-position of the
ligand, formation of Ru¢D as well as D-incorporation into the
ortho-CH of PPh3 ligand due to concomitant reversible
cyclometalation. Exposure of a partially deuterated 181 to
H2 leads to protium incorporation in the 9-position, Ru center
and ortho-H of PPh3 indicating that the reaction is reversible.

Quinoline can also be employed for the design of pincer
ligands capable of MLC by benzylic arm deprotonation,
similar to systems described in Section 3.1. For example,
Vigalok et al. reported that the palladium complex 182 with
a PNF-type pincer ligand is a catalyst for Sonogashira-type
cross-coupling that operates through metal–ligand coopera-
tive alkyne activation (Scheme 95).[144] This was confirmed by
the generation of the dearomatized complex 183 in the
presence of a base and its reaction with a D-labeled phenyl-
acetylene in the presence of aryl iodide that leads to D-label
incorporation into the ligand benzylic arm and the formation
of a C¢C coupled product (Scheme 95). Aryl iodide was used
in this process to trap the Pd0 species resulting from C¢C
reductive elimination from PdII. Other examples of E¢H
bond functionalization (E = O, N, S) using quinoline-based
pincer ligands were also reported by Vigalok et al..[145]

Another example of bond activation by dearomatization
under oxidative conditions was reported by Goldberg et al.

Scheme 92. Formation of 180 in the presence of pyrrolidine under
catalytic conditions. Calculated DG and DGTS are in kcalmol¢1.

Scheme 93. Reversible stepwise H2 activation by 177.

Scheme 94. H2 activation by Ru 4,5-diazafluorenide complex.
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and involves O2 reaction with a five-coordinate PtIV complex
supported by an anionic pyridyl-pyrrolide ligand to afford
a peroxo species 184 (Scheme 96 a).[146] The Pt center does not
change its formal oxidation state and acts as an electrophilic
site in this reaction, while the ligand undergoes dearomatiza-
tion with the formation of a new C(sp3)¢O bond at the Lewis-
basic carbon atom. The presence of the electrophilic PtIV

center as well as the nucleophilic carbon center are both
important for promoting such reactivity. For example, the
five-coordinate complex 185 with an anionic imino-arylamide
ligand did not react with O2, as such reaction would require
unfavorable dearomatization of a stable six-membered arene
ring (Scheme 96 b). The discussion of cooperative O2 activa-
tion in PtIV complexes leading to C¢O bond formation will
continue in Section 3.6.

3.6. 1,3-Diketiminate Ligands

MLC reactivity through conjugation/deconjugation can
also be observed in complexes with acyclic ligands such as
anionic bidentate 1,3-diketiminates (referred to as “nacnac¢”
ligands). The combination of strong electron-donating ability
and steric bulkiness of the nacnac ligands enable preparation
of well defined coordinatively unsaturated metal complexes
and their reactivity studies. The MLC-type reactivity in these
systems is usually due to partial negative charge delocaliza-
tion at the central carbon atom as can be seen from resonance
structures of the nacnac¢ ligand (Scheme 97).

For example, the Ru arene complex 186 was shown to
heterolytically split H2 in a reversible fashion that breaks the
p-delocalized system of 1,3-diketiminate and leads to sp2-to-
sp3 rehybridization of the central b-carbon supported by X-
ray crystallographic characterization of the product (Sche-

me 98 a).[147] Reversible cycloaddition reactivity was observed
in the reaction with ethylene and acetylene (Sche-
me 98 b,c).[147] Complex 186 is catalytically active in styrene
hydrogenation at 40 bar H2, however, it is not clear if MLC
plays a role in the catalytic reaction.

The reactivity of CO2 with a cationic Sc methyl complex
187 reported by Piers et al. results in CO2 insertion into Sc¢
Me to form acetates followed by further sequential CO2

reaction that leads to the formation of a new C¢C bond at
the a-carbon of the nacnac ligand (Scheme 99).[148] This
parallels the reactivity of dearomatized lutidine-based pincer
complexes of Ru and Re described in Section 3.1. However,
the products of CO2 reaction with [(nacnac)Sc] complex are
unstable and eventually decompose by ligand displacement,
preventing their potential catalytic applications.[148]

The reactivity of coordinatively unsaturated [(nacnac)-
PtIV] complexes with O2 was studied by Goldberg et al. The
reaction of complex 188 with O2 affords a peroxo species 189,
which then decomposes with O¢O bond splitting leading to
oxygenation of a C¢H bond at the ligand backbone (Sche-
me 100 a).[146,149] To stabilize the peroxo intermediate, a Me-
substituted nacnac ligand was used to give a more stable
peroxo complex 190 (Scheme 100 b).[146] In both cases, O2

insertion leads to sp2-to-sp3 rehybridization of the central
carbon atom at the nacnac ligand, similar to the reaction
shown in Scheme 100 a. Complex 190 participates in the
stoichiometric O-atom transfer reactions with sulfides, PPh3

and CO that leads to the formation of 191 bearing a mono-
oxygenated nacnac ligand (Scheme 100c).[146]

Overall, although MLC-reactivity is known for coordina-
tively unsaturated complexes, there is currently no evidence
that such reactivity plays a role in catalytic reactions. The
reactivity of the nacnac ligand (e.g. lability or irreversible

Scheme 95. C¢C coupling mediated by 182.

Scheme 96. Reactivity of five-coordinate PtIV complexes with O2.

Scheme 97. Resonance forms of nacnac¢ ligand.

Scheme 98. Reactivity of 186 in heterolytic H2 splitting and cycloaddi-
tion reactions.
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oxygenation) is an important drawback for potential catalytic
application of the derived complexes in catalysis.

3.7. Imidazole and Pyridine-based NHCs and Pyrazole-based
Ligands

The reactivity of imidazole- and pyridine-based NHC
ligands containing a NH group and pyrazole-based ligands
will be briefly discussed in this section to illustrate another
mode of MLC and to draw parallels with the reactivity of
other systems described above. The detailed reactivity of
these ligands and their applications in catalysis were recently

covered in a comprehensive review by Kuwata and Ikar-
iya.[150]

The common motifs in these three ligand types is the
presence of an acidic NH group in the b-position to the metal
(Scheme 101). Metal–ligand cooperation in H2 and HX
activation reactions involves protonation/deprotonation of
a b-NH group thus resembling MLC in amide/amine com-
plexes and 2-aminopyridine-based pincer complexes de-
scribed in Sections 2.1 and 3.1, respectively. Although the b-
NH group remains non-coordinated to the metal center, its
protonation/deprotonation affects the 1st coordination sphere
of the metal due to conjugation via the p-electron system
(Scheme 101).

For example, the reversible protonation/deprotonation
shown in Scheme 102 involves interconversion between
imidazol-2-yl complex 192 and an NH-protic NHC complex

193 with different properties of a Ru¢C bond.[151] The
13C NMR spectrum of 193 exhibits a Ru¢C signal at dC

182.2, absent from the spectrum of 192 and consistent with
the formation of a NHC species. In turn, X-ray structures of
192 and 193 are also consistent with their assignment as
imidazol-2-yl and NHC complexes, respectively. This reac-
tivity was proposed to play a role in catalytic dehydrative
coupling of allyl alcohol with N-(2-pyridyl)benzimidazole.[151]

Reaction of the Ir imidazol-2-yl complex 194 with H2 in
the presence of KB(C6F5)4 as a chloride-abstracting agent
leads to H2 heterolysis to give the Ir hydride 195 with a protic
NHC ligand (Scheme 103). Activation of acetylene by 194
affords an Ir acetylide complex with a protic NHC ligand.

An interesting example of MLC was observed by Car-
mona et al. in the pyridine-derived NHC complexes (2-

Scheme 99. CO2 activation by [(nacnac)Sc] cationic complex.

Scheme 100. Reactivity of five-coordinated [(nacnac)PtIV] complexes
with O2.

Scheme 101. General representation of bond activation in a) NH-protic
imidazole-based NHC complexes, b) pyridine-based NHC complexes,
and c) pyrazole complexes.

Scheme 102. Reversible protonation of imidazol-2-yl Ru complex to
generate the NHC complex 193.
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pyridylidenes) of IrIII, 196 a,b (Scheme 104).[152–154] The coor-
dination of the pyridylidene ligand can be seen as resulting
from tautomerization of the 2-substituted pyridine induced by
the metal center. For free pyridines, three possible tautomers
can be considered, resulting from the proton shift to an N-
atom (Scheme 105). Although tautomer II has a much higher
energy compared to the aromatic structure I, it can be
stabilized by contribution of a carbene resonance structure
IIb and through coordination to a metal center.[152] Complex
196 synthesized by 2-substituted pyridine activation by Ir
diphenyl precursor activates a C¢H/C¢D bond of benzene/
C6D6 as evident from the exchange reaction with C6D6, which
could occur via an unsaturated 2-pyridyl complex 197 as
a transient intermediate (Scheme 104).[152]

Similarly, heterolytic splitting of H2 likely involves the
intermediate 197 formed by elimination of benzene from 196

(Scheme 106).[153] Activation of the C=O bonds in CO2 and
formaldehyde was also proposed to occur through initial
formation of 197 followed by coordination of aldehyde or
CO2 to an unsaturated Ir center and then a nucleophilic attack
of the pyridyl nitrogen onto the coordinated C=O group
(Scheme 106).[153]

A pronounced effect of the presence of b-NH groups on
catalytic activity was observed in Fe-catalyzed hydrazine
disproportionation to form NH3 and N2 (Scheme 107).[155] The

catalyst, supported by a NNN pincer ligand containing two
NH groups in both pyrazole arms, showed the highest activity,
while the complexes with one or both NH groups replaced by
NMe were less active. The proposed mechanism involves
bidirectional proton-coupled electron transfer (PCET)
between the Fe complex and the hydrazine ligand, facilitated
by participation of NH groups at the pyrazoles (Scheme 108).
In addition, NH groups at the pyrazole can participate in
stabilization of diazene intermediate through multiple hydro-
gen bonds.

3.8. Carbocyclic Ligands

In this section, MLC reactivity will be discussed for
carbocycle-based ligands in which it is based on conjugation/
deconjugation in a carbon-only fragment. Examples of such
ligands are less abundant compared to N-heterocyclic systems
and the mechanisms of bond activation are generally less
studied.

The reactivity of complex 53, supported by an indene-
based ligand that can potentially form a conjugated indenide

Scheme 103. Activation of H2 and alkynes by imidazol-2-yl Ir complex.

Scheme 104. Synthesis of 196 and its reactivity in benzene activation.

Scheme 105. a) Tautomers of pyridine and their relative calculated
energies. b) Resonance structures of II.

Scheme 106. Activation of H2, CO2 and formaldehyde by 196.

Scheme 107. Fe-catalyzed hydrazine disproportionation.
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backbone upon deprotonation, was discussed in Section 2.3 in
the context of M¢S cooperativity. However, a different mode
of bond activation via C-atoms of the indenide backbone can
also be operative in this system. In particular, complex 53
reacts with acetonitrile in the presence of a base to give
a ketimide complex 200 (Scheme 109), resembling nitrile

activation in lutidine-based systems (Section 3.1).[59] This
reaction likely occurs through formation of a zwitterionic
intermediate 199 by deprotonation of 53. However, no data
on the potential reversibility of nitrile activation or reactivity
of ketimide complexes were reported.

The net N¢H activation by Ru complexes with indenide-
based ligands was also reported by Stradiotto et al.; however,
the mechanism was not studied and could involve non-MLC
pathways.[156]

Reversible protonation/deprotonation of an indenediide
backbone in SCS Pd pincer complexes was proposed to play
an active role in catalytic cyclization of alkynoic acids
(Scheme 110).[157]

Heterolytic cleavage of H2, as well as H2 liberation
induced by addition of CO, were reported for Ru complexes
supported by metallocene-based pincer PCP ligands.[158] First,
the (PCP)Ru complexes 201a,b heterolytically split H2,

leading to partial deconjugation of the Cp ring of the
metallocene backbone as evident from C¢C bond length
alternations in the X-ray structure of 202a (Scheme 111).[158]

Although the products 202a,b contain Cp¢H and Ru¢H
hydrogen atoms present in mutual transoid position, this
could result from the follow up rearrangement after initial H2

activation. Then, facile reaction of 202a,b with CO gas
generates complexes 203 a,b which were characterized by X-
ray crystallography.

Complex 203a reacts further in a CD2Cl2 solution at room
temperature to first rearrange to isomer 204a, in which
a mutual cisoid arrangement of Cp¢H and Ru¢H was
deduced from NMR data. Further reaction leads to H2

liberation and formation of complex 205a, which is eventually
converted to an agostic complex 206 as the major product
(80 %), in which aromaticity of the cyclopentadienyl ring is
essentially restored (no significant C¢C bond length alter-
nations in the Cp ring are present in the X-ray structure of
206).[159] Facile H2 liberation is likely enabled by the cisoid
orientation of the Ru-hydride and the Cp-ring proton in
isomer 205a.

The ruthenocene analog 203 b also liberates H2, presum-
ably by a similar isomerization process to form 204 b, which
turned out to be less stable compared to 204a and was not
fully characterized (Scheme 111). The final product of

Scheme 108. Proposed mechanism of hydrazine disproportionation.

Scheme 109. Acetonitrile activation by 53 by M–indenide cooperation.

Scheme 110. Indenediide Pd pincer complexes used for catalytic cycli-
zation of alkynoic acids and proposed mechanism.
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reaction, complex 205b, was sufficiently stable to allow for
isolation and full characterization. Analysis of the X-ray
structure of 205 b allows to suggest carbene-like binding of the
central atom of a PCP ligand.

Thus, the reactivity of metallocene-derived complexes in
Scheme 111 is reminiscent of H2 elimination/addition reac-
tivity of aliphatic PCP complexes described in Section 2.5,
however, in the case of metallocene-derived complexes H2

splitting and liberation leads to various degrees of conjuga-
tion in the cyclopentadienyl ring of the metallocene.

3.9. Shvo Catalyst and Analogous Systems

The Shvo complex 207 is a dinuclear Ru complex
supported by a tetraphenyl-substituted hydroxycyclopenta-
dienyl ligand (Scheme 112). This complex serves as a stable

pre-catalyst for a wide variety of reactions involving hydrogen
transfer, such as transfer hydrogenation of carbonyl com-
pounds and imines, direct hydrogenation, alcohol and amine
oxidation etc.[160] Complex 207 and its analogs were discov-
ered by Shvo in 1984–1985 during studies of Ru-catalyzed

alcohol transfer dehydrogenation to esters. It was first shown
that if diphenylacetylene was present as a hydrogen acceptor
during alcohol dehydrogenation catalyzed by [Ru3(CO)12],
a new catalytically active species formed spontaneously
supported by a cyclopentadienone ligand, which formed
under these conditions through Ru-catalyzed [2++2++1] cyclo-
addition of two diphenylacetylene molecules and a CO
ligand.[161] Complex 207 was then prepared independently
and was shown to be a pre-catalyst for efficient Ru-catalyzed
hydrogenation of alkenes, alkynes, ketones, aldehydes etc.[162]

The Shvo complex 207 has a dimeric structure in the solid
state, however, its catalytic reactivity is determined by
dissociation into the catalytically active monomeric com-
plexes 208 and the coordinatively unsaturated 209 in solution
(Scheme 112).[160] This system is one of the earliest examples
of hydrogen transfer catalysts that operate through the MLC
pathway (Scheme 113). For example, in the proposed outer-

sphere mechanism for carbonyl group hydrogenation, hydro-
gen transfer to a carbonyl group occurs from the 18e¢

complex 208 by a simultaneous transfer of a hydride and
a proton from the RuII center and the OH group at the
hydroxycyclopentadienyl ligand, respectively.[163] This mech-
anism was supported by KIE studies by Casey et al. based on
measurements of individual and combined KIEÏs for com-
plexes with selectively deuterated RuH and OH positions.[163]

The reverse reaction, dehydrogenation of alcohols, also
occurs through an outer-sphere pathway as is evident from
KIE studies by Backvall et al.[164] The dehydrogenation
reaction involves the reactive species 209, which can be
described as a formal Ru0 species supported by an h4-
coordinated cyclopentadienone ligand. While 209 is a reactive
coordinatively unsaturated species and could not be directly
observed, trapping with additional CO led to isolation of
a tricarbonyl complex characterized by X-ray crystallography,
and its geometry was consistent with h4-coordination of
a formally neutral cyclopentadienone ligand. Thus, the bond

Scheme 111. H2 splitting and liberation reactivity of Ru complexes with
metallocene-derived pincer ligands.

Scheme 112. The Shvo complex and its dissociation in solution.

Scheme 113. Proposed mechanism of hydrogen transfer involving alco-
hols in Shvo complex (A: hydrogen acceptor).
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activation by MLC in ShvoÏs system involves interconversion
between Ru complexes with the h5-bound hydroxycyclo-
pentadienyl ligand and the h4-bound cyclopentadienone.

ShvoÏs catalyst is also capable of direct hydrogenation
which should involve H2 activation by unsaturated species
209. The possible mechanisms of H2 activation in Shvo-type
systems were elucidated through mechanistic studies of the
reverse reaction, H2 elimination, using tolyl-substituted
analog 208-Tol (Scheme 114).[165] Elimination of H2 in the

absence of additives produces a dimeric product 207-Tol,
while trapping with PPh3 affords mononuclear 209-Tol-PPh3.
The calculated activation barrier for the direct H2 elimination
in a model system, 43.2 kcalmol¢1 (TS-211 in Scheme 115 a)
was found to be significantly higher than the experimentally
determined enthalpy of activation (26.1 kcalmol¢1), which led
to the proposal of proton shuttle mechanisms. In particular,
a protic solvent-assisted pathway is likely operative in the
presence of alcohols (TS-212 in Scheme 115b), and H2

elimination in aprotic solvents such as toluene may be
assisted by the hydroxy group of the hydroxycyclopentadienyl
ligand of another molecule of 208-Tol (TS-213 in Sche-
me 115 c). Accordingly, dimerization of complex 208-Tol in
aprotic solvents was confirmed through NMR studies.[165]

The acidity of the ionizable group at the Cp ligand plays
a large role in determining the accessibility of an outer-sphere
pathway. For instance, the amino-analog of ShvoÏs complex,
214, with a less acidic PhNH group reacted slowly with
benzaldehyde at 75 88C to give benzyl alcohol.[166] At the same
time, protonation of this complex with triflic acid leads to the
formation of a more acidic 214-H+, which reacts with
benzaldehyde even at ¢80 88C (Scheme 116).[166]

Although the iron analog of ShvoÏs catalyst 215 showed
low catalytic activity, complex 216 was found to be catalyti-
cally active for hydrogenation of aldehydes, ketones and
aldimines (Scheme 117).[167] Complex 216 was first synthe-
sized by Knçlker et al.[168] and its catalytic activity was later
investigated by Casey and Guan.[167] An outer-sphere mech-
anism of aldehyde hydrogenation analogous to that in ShvoÏs
system was proposed for iron-catalyzed reduction of carbonyl
compounds.[169]

Iridium complexes supported by hydroxycyclopenta-
dienyl ligand were recently reported by Nozaki et al. to
catalyze acceptorless dehydrogenation of C¢C bonds
(Scheme 118).[170] Among several tested Ir complexes, the
complexes 217a,b containing an OH group in the Cp ligand

Scheme 114. H2 elimination from 208-Tol.

Scheme 115. Possible mechanisms of H2 elimination from 208-Tol.

Scheme 116. Reaction of aminocyclopentadienyl Ru complexes with
benzaldehyde.

Scheme 117. Iron complexes analogous to Shvo’s catalyst.
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generally showed higher catalytic activity in C¢C bond
dehydrogenation compared to silyl-protected complexes
218 a,b and Cp* complex 219 (Scheme 118).[170] Although
metal–ligand cooperation could potentially play a role ena-
bling H2 elimination, further mechanistic studies will be
required to elucidate the role of the CpOH ligand in this
reaction.

In summary, the Shvo complex is one of the earliest
examples of catalytic systems for hydrogen transfer reactions
that operates by metal–ligand cooperation. Hydrogen trans-
fer reactions result in interconversion between a RuII hydride
complex with h5-bound hydroxycyclopentadienyl ligand and
a formal Ru0 complex with h4-bound, formally neutral
cyclopentadienone ligand. The initial discovery of ShvoÏs
system inspired further studies of the potential of such system
in catalysis by other metals including Fe and Ir that show
catalytic reactivity in hydrogenation and dehydrogenation
reactions.

4. Summary and Outlook

As shown in this Review, the modes of metal–ligand
cooperative bond activation are highly diverse, depending on
the nature of the metal and ligand structures, and they occur
both in biological and chemical catalytic systems. Examples of
bond activation discussed in this Review include not only the
more common H2 and HX activation by bifunctional catalysts,
but also rare examples of cooperative reactivity under
oxidative conditions, for example, reactivity with O2 or N2O.
Another very recent development is MLC involving sub-
strates with multiply bonded functionalities, including car-
bonyl compounds, CO2 and nitriles, already forming the basis
for new catalytic reactions based on nitriles. Several cases
described here illustrate that it is not always an easy task to
distinguish between metal-mediated reactivity and MLC
pathways, and detailed experimental and theoretical studies
are required to elucidate the role of the ligand in bond
breaking and formation.

It is also worth noticing that careful experimental and
theoretical examination of MLC reactivity involving H2 or
HX activation revealed that several of these reactions operate
through pathways assisted by solvents capable of hydrogen
bonding (such as alcohols or water), or adventitious water, by

forming transition states with bridging hydrogen bonded
molecules.

We have shown that ligand tautomerization plays an
important role in MLC reactivity. In particular, even if the
reactive center is located remote from the metal center
(formally in 2nd coordination sphere), bond activation
through such “long-range” MLC may lead to immediate
changes in the 1st coordination sphere of the metal by ligand
tautomerization or aromatization/dearomatization of
a heterocyclic structure. These cases include ligands that are
based on lutidine, 2-aminopyridine or 2-hydroxypyridine
backbones, as well as ligands containing acridine, pyrazole
or imidazole donors.

While in many cases described here small-molecule
activation by MLC enables catalytic transformations, there
are also examples where MLC-type reactivity leads to catalyst
deactivation.

Some future developments in the field of MLC reactivity
could involve increasing the diversity of ligand motifs that are
known to participate in bond activation. The most studied
systems showing MLC are based on N-donor ligands,
although some recent examples demonstrate that other
donor atoms such as carbon, sulfur or boron also have
a great potential for MLC reactivity. The vast majority of
examples for MLC reactivity by aromatization/dearomatiza-
tion involve pyridine-based ligands (i.e. ligands based on
lutidine, 2-aminopyridine or 2-hydroxypyridine framework),
and systems based on other heterocycles are somewhat less
studied, although some recent examples show that they may
also demonstrate interesting catalytic reactivity.

Although we have also discussed several examples of O2

activation by MLC, utilization of such reactions for catalytic
transformations remains a challenge, and an irreversible
ligand decomposition is a significant problem.

Overall, harnessing metal–ligand cooperation for bond
breaking or formation offers an important tool in the design
of well-defined transition metal complexes that catalyze
selective transformations under mild conditions. MLC has
already significantly expanded the scope of catalytic reactions
that can be achieved by using transition metal complexes as
compared to previously developed systems in which ligands
play a spectator role only, while most of the reactivity occurs
at the metal center. This has already led to several sustainable
environmentally benign catalytic reactions, such as new
hydrogenation reactions of polar bonds under unprecedented
mild conditions, and new acceptorless dehydrogenation
systems, of importance both for organic synthesis and for
the development of alternative energy resources. Cooperative
action of the metal center and a carbon or a heteroatom
reactive center at the ligand may offer a suitable spatial and
electronic arrangement for mild and selective bond activation
processes, resembling highly selective bond activation reac-
tions that occur in enzymes under mild conditions.
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