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Abstract: Recently, an increasing number of metal complex catalysts have been developed to achieve
the activation or transformation of substrates based on cooperation between the metal atom and its
ligands. In such “cooperative catalysis,” the ligand not only is bound to the metal, where it exerts
steric and electronic effects, but also functionally varies its structure during the elementary processes
of the catalytic reaction. In this review article, we focus on metal–ligand cooperation involving
aromatization and dearomatization of the ligand, thus introducing the newest developments and
examples of homogeneous catalytic reactions.
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1. Introduction

Current strategies in synthetic organic chemistry strongly require that chemical transformations
be realized with inexpensive, easily available, and safe starting materials. As a result, the formation
of unnecessary byproducts is suppressed, harmful waste is reduced, and useful target compounds
are produced in high yields with excellent selectivity. The most important point for addressing these
requirements is the effective utilization of appropriately designed catalysts for each type of chemical
transformation. Metal complex catalysts based on metal–ligand combinations have shown spectacular
progress in recent years, realizing the catalytic transformations of various substrates which would
otherwise be recognized as difficult to achieve using traditional methods, and thus contributing to the
advancement of synthetic organic chemistry [1,2].

In the past, the ligands in a metal complex catalyst were mainly expected to exhibit (1) steric
effects that influenced the spatial environment around the metal and (2) electronic effects that affected
the electronic character of the metal center. With these conventional catalysts, the structure of the
ligand usually remained unchanged during the elementary processes of the catalytic reaction.

However, an increasing number of metal complex catalysts have been recently developed to
achieve the activation or transformation of substrates based on cooperation between the metal atom
and ligands [3,4]. In such cases, in addition to the conventional effects (steric and electronic), the ligand
is not only bound to the metal but functions by varying its structure during the elementary processes of
the catalytic reaction. Namely, the catalytic conversion is achieved by cooperation between the metal
and the structurally changeable ligand.

Several examples of cooperation between a metal and its ligands are known. Representative complexes
are illustrated in Figure 1. The first is the synergistic effect in the metal owing to the interconversion
between the amine and amide forms of the ligand structure. Well-recognized, pioneering research in
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this area was conducted by Noyori et al. [5,6]. More recently, many examples of interesting catalytic
reactions based on the cooperation of the metals with MACHO ligands [HN(CH2CH2PPh2)] have been
described. There are reviews covering this subject [7,8].
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Another example of a complex catalyst that shows metal–ligand cooperation is based on the
interconversion between a hydroxycyclopentadienyl and cyclopentadienone-type ligand. A ruthenium
complex reported by Shvo et al. was the first of its kind in this field [9–12]. This complex catalyst
has been applied to various types of reactions, including the Oppenauer-type oxidation, transfer
hydrogenation reduction, and dehydrogenation. Excellent reviews have also been published in this
area [13,14].

Finally, there are examples of metal–ligand synergy in the elementary steps of a catalytic reaction
in which the ligand loses aromaticity and then regains it (dearomatization and aromatization). In this
review article, we focus on metal–ligand cooperation involving aromatization and dearomatization,
thus introducing the newest developments and examples of homogeneous catalytic reactions.

2. Pincer-Type Ligand Enabling Proton Uptake and Release on Side Arm

A wide variety of tridentate pincer-type ligands have been investigated in the area of coordination
chemistry [15–18]. A rigid pincer scaffold enables enough stability, which is desirable for catalytic
applications in organic synthesis; hence, numerous pincer complexes for homogeneous catalysis have
been explored [19–22]. N-Heterocycles such as pyridine and triazine can be incorporated as the center
of the pincer scaffold (Scheme 1), and side arms with coordinating atoms (L) and methylene or amine
(NH) linkers (E) are typically tethered to the central N-heterocycle at the 2- and 6-positions. Complexes
with such ligands can undergo deprotonation on the side arm at E resulting in dearomatization of the
pyridine moiety. This reaction is reversible; hence, protonation on the side arm can occur to restore
aromaticity. This reactivity can be applied to the metal–ligand cooperative H–R bond activation of small
molecules such as H–H, H–OR, H–NR2, etc. [23–29]. For example, a dearomatized pincer complex can
heterolytically activate H2 to generate a metal–hydride intermediate with a proton on the side arm,
which can be utilized as the active species for hydride transfer to various unsaturated compounds,
leading to efficient catalytic hydrogenation reactions. Reverse dehydrogenation, to achieve oxidation
by H2 release, is also possible. Transfer hydrogenation in which H2 is not involved as a starting
material or final product can also be accomplished by pincer catalysts. The deprotonated side arm
of the pincer complex is also nucleophilic; this characteristic has been recently explored in catalytic
transformations of nitriles.

In this section, recent studies (post-2010) on metal–pincer complex-catalyzed transformations
such as hydrogenation, dehydrogenation, transfer hydrogenation, nitrile functionalization, and other
reactions involving metal–ligand cooperation are featured.
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2.1. Hydrogenation Reactions

The hydrogenation of carbonyl compounds is one of the most fundamental transformations in
organic synthesis [30–32]. The reactivity of lutidine-based pincer complexes toward H2 activation
has been well documented by the Milstein group [33,34]. Deprotonation at the pincer side arm
forms a dearomatized metal-amide species, which heterolytically cleaves the H–H bond to afford
a hydride complex while restoring the aromaticity of the ligand scaffold by protonation at the side
arm. The resultant hydride complexes possess enough reactivity for the hydrogenation of unsaturated
compounds. The catalytic hydrogenation of various types of carbonyl derivatives, including ketones,
aldehydes, esters, amides, and CO2 has been recently investigated, employing Ir [35], Ru [36–38],
Fe [39–41], and Mn [42,43] as the reactive centers.

2.1.1. Hydrogenations of Ketone and Aldehydes

Catalytic hydrogenations of simple carbonyl compounds, such as ketones and aldehydes, leading
to the corresponding alcohols and mediated by complexes of precious metals (including Ru, Rh,
and Ir [30,31]), have been extensively studied. The combination of pyridine-centered pincer ligands with
these precious metals has been found effective for achieving high catalytic performance [44,45]. Recently,
metal–ligand cooperation in a pyridine-centered pincer complex allowed the use of non-precious metal
centers such as Fe and Mn in the catalytic hydrogenation reactions, which is a significant advance over
precious metals from the perspectives of natural abundance and cost.

In 2011, Milstein et al. reported the Fe-PNP pincer complex catalyzed hydrogenation of ketones
under mild reaction conditions [46]. Acetophenone underwent hydrogenation to 1-phenylethanol in
the presence of catalytic amounts of Fe complex 1 and KOt-Bu under 4.1 atm H2 in ethanol solvent
at ambient temperature (Scheme 2). At 40 ◦C, the reaction reached completion in a shorter time,
achieving a turnover frequency (TOF) of 430 h−1. Shortly thereafter, the same group reported the
same hydrogenation reaction under base-free conditions by employing borohydride-ligated catalyst
precursor 2 at 40 ◦C [47]. Acetophenone derivatives and benzophenone were successfully hydrogenated
to the corresponding alcohols in this catalytic system. Cyclohexanone, as an aliphatic example, also
underwent hydrogenation to cyclohexanol in good yield. The diketone benzil was similarly converted
to the mono-hydrogenated product in the presence of catalyst 1.

Mechanistically, as supported by density functional theory (DFT) calculations, the key intermediate
is proposed as dearomatized monohydride complex 3, which undergoes hydrogen atom transfer to
afford aromatized Fe(0) intermediate 4 (Scheme 3). Then, a molecule of ethanol solvent coordinates to
the Fe center to give 5 followed by concomitant hydrogen transfer to acetophenone from the PNP-side
arm and ligated ethanol, giving 1-phenylethanol- and ethoxide-ligated dearomatized intermediate 6.
After liberation of product 1-phenylethanol, hydrogenolysis of ethoxide complex 7 proceeds to restore
solvent ethanol and parent monohydride complex 3. More recently, the same group reported an
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Scheme 3. Reaction mechanism for Fe-pincer complex catalyzed hydrogenation of acetophenone.

Later, Milstein’s group improved the reaction conditions to achieve high catalytic activity toward
aldehyde hydrogenation [49]. For the hydrogenation of benzaldehyde, the addition of triethylamine and
KOt-Bu was essential to achieve a high yield of benzyl alcohol (Scheme 4). Borohydride complex 2 could
also catalyze the hydrogenation under KOt-Bu-free conditions, although the yield was significantly
decreased. Under the optimized conditions (30 bar H2, 40 ◦C) using catalyst 1, the complete conversion
of benzaldehyde was achieved with a turnover number (TON) of 4000. Both aromatic and secondary or
tertiary aliphatic aldehydes were tolerated in this hydrogenation reaction to afford the corresponding
alcohols. In the case of primary alkyl aldehydes, reaction in the presence of borohydride complex 2
under KOt-Bu-free conditions was suitable for achieving a high yield of alcohol; these conditions
avoided undesired base-catalyzed aldol condensation side reactions.

Analogously, the Mn-PNP complex also exhibited catalytic activity in the hydrogenation of
ketones. Sortais et al. reported the Mn-catalyzed hydrogenation of ketones (Scheme 5) [50], wherein
both aromatic and aliphatic ketones were reduced in the presence of Mn catalyst 8 and KOt-Bu in
toluene at 130 ◦C under 50 bar H2 to the corresponding alcohols in good yields. Interestingly, this
complex showed catalytic activity toward the reverse dehydrogenation of 1-phenylethanol to afford
acetophenone and H2.
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2.1.2. Ester Hydrogenation

The hydrogenation of esters provides an environmentally benign reductive transformation compared
to conventional methods utilizing stoichiometric metal hydrides such as LiAlH4. Ru complexes have been
investigated as promising catalysts for the hydrogenation of non-activated esters [51–53]. Metal–ligand
cooperation enabled by pyridine-centered pincer ligands has been demonstrated as an excellent
strategy for the hydrogenation of not only simple carbonyl compounds but also esters. Since the
pioneering work on the Ru-PNP pincer complex-catalyzed hydrogenation of esters was reported by
Milstein et al. [54], various pincer-type complexes have been developed for this catalytic transformation.

Milstein et al. reported Ru-PNN–H type pincer complexes 9 and 10 as catalysts for the
hydrogenation of esters at ambient temperature (Scheme 6) [55]. These complexes potentially have
dual modes of metal–ligand cooperation, including amine/amide and aromatization/dearomatization
interconversions. In the reaction, 9 undergoes double deprotonation—at the NH group and methylene
moiety between the pyridyl and amino group—by the stoichiometric reaction with KH (2.5 equiv)
to afford 11. Various aliphatic and aromatic esters were successfully converted to the corresponding
alcohols in high yields under 5 bar H2 at room temperature (rt) in THF solvent in the presence of
catalyst 9 or 10 (0.5 mol%) and KOt-Bu (5.0 mol% for catalyst 9, 1.1 mol% for catalyst 10). Other types
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of Ru-pincer complexes 12–19 exhibiting catalytic activity in the hydrogenation of esters leading to
alcohols have also been reported (Figure 2) [56–61].
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The side arm in the pincer skeleton can be altered to a NH moiety, which can also show metal–ligand
cooperative activity in the catalytic hydrogenation of esters [62]. Huang et al. reported the Ru-PNN
pincer complex 20-catalyzed hydrogenation of esters leading to alcohols (Scheme 7). The reactions
proceeded in toluene at 120 ◦C under 400 psi H2 in the presence of 20 (1.0 mol%) and KOt-Bu (8.0 mol%)
to give the corresponding mixtures of alcohols in high yields. DFT studies suggested that a proton
transfer shuttle plays a key role in both the cleavage of the H–H bond across the Ru center and nitrogen
atom in the ligand side arm and the addition of the proton and hydride to the ester C=O bond.

The catalytic activity of an Fe-pincer complex was also demonstrated by Milstein’s group, who
achieved hydrogenation of trifluoroacetic esters under mild reaction conditions [63]. 2,2,2,-Trifluoroethyl
trifluoroacetate was quantitatively converted to 2,2,2-trifluoroethanol by hydrogenolysis under 10 bar H2

at 40 ◦C in the presence of catalyst 21 and KOt-Bu in 1,4-dioxane (Scheme 8). n-Butyl trifluoroacetate
also underwent hydrogenation to afford a mixture of trifluoroethanol and n-butyl alcohol, although the
reaction efficiency was significantly decreased. For esters other than 2,2,2-trifluoroethyl trifluoroacetate,
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NaOMe was a more suitable base for accelerating the hydrogenation reaction. The reactivity of
other trifluoroacetate esters toward hydrogenation catalyzed by Fe catalyst 21 was investigated under
increased H2 pressure (25 bar), resulting in good-to-high yields of trifluoroethanol.
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2.1.3. Amide Hydrogenation

The hydrogenation of amides under mild reaction conditions is typically more difficult than
that of esters due to their less polarized and less reactive C=O bonds. Two types of reaction modes
are possible (Scheme 9): C–O bond cleavage by hydrogenolysis or C–N bond cleavage. The former
reaction proceeds via an initial H–H addition to the C=O bond, giving a hemiaminal intermediate
which undergoes dehydration with the liberation of imine, followed by a second H–H addition to the
imine giving the secondary amine product. The second C–N bond cleavage mode produces amine and
alcohol products. Compared to the former reaction mode [64–67], the latter has been rarely reported
until recently, probably because of the inherent instability of the free hemiaminal intermediate which
undergoes spontaneous dehydrative decomposition [68–77].
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PNN pincer complex 15 (1 mol%), the hydrogenation of amides in THF solvent at 110 ◦C under
10 atm H2 successfully proceeded to give amines and alcohols in good-to-high yields (Scheme 10).
It was proposed that the reaction would proceeds via H2 addition to complex 15, giving dihydride
intermediate 22, which undergoes coordination of the substrate amide to the Ru center with concomitant
dissociation of one pyridyl moiety (Scheme 11). Hydride transfer to the coordinated amide in 23
generates hemiaminoxy intermediate 24, which undergoes elimination of the amine accompanied by
the formation of aldehyde-coordinated intermediate 25, promoted by simultaneous proton transfer
from the side arm of the pincer ligand onto the liberated nitrogen atom. Aldehyde-coordinated
intermediate 25 reacts with H2, giving dihydride intermediate 26; then, hydride transfer to the ligated
aldehyde occurs to give alkoxide intermediate 27. Liberation of the alcohol product regenerates the
catalytically active species 15. Similar Ru-PNN pincer complexes based on 2,2′-bipyridylmethane or
2,2′-oxobipyridine were reported by the same group; these also exhibited catalytic activity toward
the hydrogenation of amides leading to amines and alcohols [79]. It is noteworthy that, recently,
the reversible interconversion between amides (or the related imides) and amines with alcohols
through hydrogenation/dehydrogenation catalyzed by Ru-PNN pincer complexes has been applied in
a hydrogen storage system based on organic hydrides [80–82].

Catalysts 2020, 10, 635 8 of 72 

 

reported until recently, probably because of the inherent instability of the free hemiaminal 
intermediate which undergoes spontaneous dehydrative decomposition [68–77]. 

 

Scheme 9. Reaction modes in the hydrogenation of amides leading to C–O or C–N bond cleavage 
products. 

Milstein et al. first reported the Ru-PNN pincer complex-catalyzed hydrogenations of amides 
affording amine and alcohol products under mild conditions [78]. In the presence of Ru-bipyridine-
based PNN pincer complex 15 (1 mol%), the hydrogenation of amides in THF solvent at 110 °C under 
10 atm H2 successfully proceeded to give amines and alcohols in good-to-high yields (Scheme 10). It 
was proposed that the reaction would proceeds via H2 addition to complex 15, giving dihydride 
intermediate 22, which undergoes coordination of the substrate amide to the Ru center with 
concomitant dissociation of one pyridyl moiety (Scheme 11). Hydride transfer to the coordinated 
amide in 23 generates hemiaminoxy intermediate 24, which undergoes elimination of the amine 
accompanied by the formation of aldehyde-coordinated intermediate 25, promoted by simultaneous 
proton transfer from the side arm of the pincer ligand onto the liberated nitrogen atom. Aldehyde-
coordinated intermediate 25 reacts with H2, giving dihydride intermediate 26; then, hydride transfer 
to the ligated aldehyde occurs to give alkoxide intermediate 27. Liberation of the alcohol product 
regenerates the catalytically active species 15. Similar Ru-PNN pincer complexes based on 2,2′-
bipyridylmethane or 2,2′-oxobipyridine were reported by the same group; these also exhibited 
catalytic activity toward the hydrogenation of amides leading to amines and alcohols [79]. It is 
noteworthy that, recently, the reversible interconversion between amides (or the related imides) and 
amines with alcohols through hydrogenation/dehydrogenation catalyzed by Ru-PNN pincer 
complexes has been applied in a hydrogen storage system based on organic hydrides [80–82]. 

 

Scheme 10. Ru-pincer complex 15-catalyzed hydrogenation of amides to alcohols and amines. Scheme 10. Ru-pincer complex 15-catalyzed hydrogenation of amides to alcohols and amines.Catalysts 2020, 10, 635 9 of 72 

 

 

Scheme 11. Proposed mechanism for Ru-pincer complex 15-catalyzed hydrogenation of amides to 
alcohols and amines. 

In subsequent work, Milstein et al. reported a similar hydrogenation of amides leading to amines 
and alcohols catalyzed by Fe-PNP pincer complex 28 [83]. Although N-phenylbenzamide and N-
phenylacetamide were not suitable substrates for C–N bond cleavage by hydrogenation, 2,2,2-
trifluoro-N-phenylacetamide as an activated amide was successfully converted to aniline and 2,2,2-
trifluoroethanol in the presence of 28 and potassium hexamethyldisilazide (KHMDS) under 60 bar 
H2 in dioxane at 140 °C (Scheme 12). The reaction mechanism is likely similar to that for the Fe-
catalyzed hydrogenation of trifluoroacetate esters reported by the same group [63]. 

 

Scheme 12. Fe-pincer complex-catalyzed hydrogenation of trifluoroacetamides to alcohols and 
amines. 

Regarding the C–O bond cleavage hydrogenolysis of amides, reports of non-precious metal 
catalysis are still rare. Recently, the combination of a Mn-PNP pincer complex catalyst and B(C6F5)3 
as a Lewis acidic additive was found to be effective for the deoxygenative hydrogenation of amides 
[84]. N-Phenylbenzamide successfully underwent hydrogenation to afford the amine in m-xylene at 

Scheme 11. Proposed mechanism for Ru-pincer complex 15-catalyzed hydrogenation of amides to
alcohols and amines.



Catalysts 2020, 10, 635 9 of 68

In subsequent work, Milstein et al. reported a similar hydrogenation of amides leading to
amines and alcohols catalyzed by Fe-PNP pincer complex 28 [83]. Although N-phenylbenzamide
and N-phenylacetamide were not suitable substrates for C–N bond cleavage by hydrogenation,
2,2,2-trifluoro-N-phenylacetamide as an activated amide was successfully converted to aniline and
2,2,2-trifluoroethanol in the presence of 28 and potassium hexamethyldisilazide (KHMDS) under
60 bar H2 in dioxane at 140 ◦C (Scheme 12). The reaction mechanism is likely similar to that for the
Fe-catalyzed hydrogenation of trifluoroacetate esters reported by the same group [63].
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Regarding the C–O bond cleavage hydrogenolysis of amides, reports of non-precious metal
catalysis are still rare. Recently, the combination of a Mn-PNP pincer complex catalyst and B(C6F5)3 as
a Lewis acidic additive was found to be effective for the deoxygenative hydrogenation of amides [84].
N-Phenylbenzamide successfully underwent hydrogenation to afford the amine in m-xylene at 150 ◦C
under 50 bar H2 in the presence of Mn catalyst 29 (5 mol%), KOt-Bu (6 mol%), and B(C6F5)3 (1.5 equiv)
(Scheme 13). In the absence of B(C6F5)3, no conversion was observed. The use of less Lewis-acidic
BPh3 instead of B(C6F5)3 decreased the yield of amine, which means the addition of an appropriate
Lewis acid is essential for high reaction efficiency. The proposed role of the Lewis acid is to activate the
benzamide, enabling the facile addition of hydride to the Lewis acid–amide complex. The Lewis acid
might also accelerate the hydrogenation step of the intermediate imine that leads to the amine product.
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2.1.4. Carbonate, Carbamate, Urea, and Formate Hydrogenation

Organic carbonates and carbamates are much more challenging classes of substrates toward
hydrogenation compared to other carbonyl derivatives. Dimethyl carbonate and methyl carbamates can
be readily synthesized from CO2 or CO and methanol and/or amines [85–90]; hence, their hydrogenation
could offer indirect alternative routes for the reduction of CO2 or CO to methanol [91]. This renders such
hydrogenation processes as highly attractive, not only from the viewpoint of synthetic chemistry but
also from the concept of carbon-neutral energy carriers employing methanol/CO2 interconversions [92].
The difficulty in the hydrogenation of organic carbonates and carbamates derives from their low
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electrophilicities, which lead to low reactivities toward the metal hydride species in the catalytic
cycle. This challenge can be overcome by using strongly electron-donating ligands in the catalyst,
which would reinforce the nucleophilicity of the intermediate metal hydride toward the less reactive
carbonyl carbon.

In 2011, Milstein et al. first reported the Ru-PNN pincer complex-catalyzed hydrogenation of
organic carbonates and carbamates, leading to alcohol and amine products [93]. Dimethyl carbonate
was quantitatively converted to 3 equiv methanol under 40–60 atm H2 at 145 ◦C in 1,4-dioxane solvent
in the presence of Ru catalyst 14, reaching a TON of 2500 (Scheme 14). Under 50 atm H2 at 110 ◦C in
THF solvent, catalyst 15 exhibited higher catalytic activity, with a TON of 4400. The hydrogenation
reaction could be performed in solvent-free conditions under 10 atm H2 at 100 ◦C. Catalyst 15 also
promoted the hydrogenation of methyl carbamates, affording the corresponding amines and methanol
in high yield. Benzyl carbamates also underwent hydrogenation, giving benzyl alcohol, methanol,
and the amines. Catalyst 15 also reduced methyl formate, generating methanol with a TON as high as
4700. The use of Ru-pincer complex 15 for the hydrogenation of methyl formate in the cascade catalysis
of CO2 hydrogenation to methanol was also reported [94]. More recently, the hydrogenation of cyclic
carbonates and carbamates was described using Ru-PNN or Ru-CNC pincer complex catalysts [95,96].Catalysts 2020, 10, 635 11 of 72 
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Complex 15 was proven to be an effective catalyst in the hydrogenation of ureas, which are
electronically much less reactive substrates toward nucleophilic reagents [97]. Both aliphatic and
aromatic amine-derived ureas were subjected to the catalytic hydrogenation reaction conditions under
13.6 atm H2 at 110 ◦C in THF solvent, leading to the formation of methanol and the corresponding amines
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in good-to-high yields (Scheme 15). More recently, the reversible hydrogenation/dehydrogenation
of ethylene urea/ethylenediamine and methanol was achieved in the presence of Ru-PNN pincer
complex catalyst 9 [98]. This system is a promising candidate for reversible hydrogen storage based on
organic hydrides.
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2.1.5. CO2 Hydrogenation

Attention to the utilization of CO2 as a C1 source in synthetic chemistry has been growing
in response to the progression of environmental problems such as global warming and fossil fuel
depletion. The hydrogenation of CO2 to formic acid or its salts is a fundamental and important
transformation because of their high synthetic utility and industrial demand. Hence, much effort has
been devoted to the development of catalytic hydrogenation systems for CO2 based on heterogeneous
and homogenous transition metal catalysts [99–101]. Since Nozaki et al. demonstrated the quite
high catalytic performance of an Ir-PNP pincer complex in the hydrogenation of CO2, leading to the
formate salt [102], several studies on the transformation employing pincer complex catalysts with the
aromatization/dearomatization-based metal–ligand cooperation strategy have been reported.

Milstein et al. reported the Fe-PNP pincer–dihydride complex-catalyzed hydrogenation of CO2

to produce a formate salt under basic conditions [103]. The strongly σ-donating CO and hydride
ligands in complex 30 facilitate insertion of the Fe–H bond into CO2 (Scheme 16), while the t-butyl
groups on the phosphorus atoms help stabilize the active dihydride species. The hydrogenation
of CO2 was performed in H2O/THF (10:1) solvent in the presence of Fe catalyst 30 (0.1 mol%) and
NaOH (2 M) under an atmosphere of H2:CO2 (2:1, 10 bar) at 80 ◦C, affording sodium formate with
a TON of 788 after 5 h. The hydrogenation of sodium bicarbonate was also investigated under
similar conditions, reaching a TON of up to 320. According to the proposed mechanism (Scheme 17),
dihydride complex 30 reacts with CO2 to produce formate complex 32, followed by ligand exchange
between formate and water to give cationic aquo intermediate 33. Ligand exchange between H2

and water generates dihydrogen-coordinated intermediate 34, which reacts with the hydroxide base
to regenerate dihydride complex 30 via either deprotonation at the pincer side arm followed by
consequent metal–ligand cooperative H–H bond cleavage in 35, or direct deprotonation of the ligated
dihydrogen in 36. Milstein et al. later reported analogous Fe complex 31 with a pyrazine-centered PNP
pincer ligand, which also exhibited catalytic activity toward the hydrogenation of CO2 with a TON of
up to 388 (Scheme 16) [104]. The pyrazine moiety of the pincer ligand might coordinate via nitrogen at
the 4-position to another Fe center, giving a polymeric or macrocyclic structure that may be involved
during the catalytic cycle. Pidko et al. reported the hydrogenation of CO2 to formate catalyzed by
Ru-PNP or Ru-CNC pincer complexes, in which a metal–ligand noncooperative mechanism was
proposed to be dominant [105,106].
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Kirchner and Gonsalvi et al. reported a Mn-PNP pincer complex for the catalytic hydrogenation
of CO2 to formate [107]. Biscarbonyl monohydride complex 37 reacted immediately with 1 atm
CO2 at 25 ◦C to form formate complex 38 (Scheme 18). Under 70 bar H2 in the presence of DBU
(1,8-diazabicyclo [5.4.0]undec-7-ene) in THF at 25 ◦C, formate complex 38 was converted to the parent
monohydride complex 37. The catalytic hydrogenation of CO2 was performed under 80 bar H2:CO2

(1:1) at 100 ◦C in THF/H2O (10:1) in the presence of 37, DBU, and LiOTf, reaching a TON of 31,600.
Both a metal–ligand cooperative mechanism for the cleavage of the H–H bond and a noncooperative
mechanism have been proposed. Other Mn complex-catalyzed hydrogenations of CO2 to formate were
reported by Milstein et al. for Mn-PNN pincer complexes 39 and 40 (Scheme 19) [108]. Complex 40
should allow aromatization/dearomatization-based metal–ligand cooperation for the activation of H2,
although its catalytic performance toward the hydrogenation of CO2 was significantly lower (6% yield)
than that of complex 39 with the side-arm amido moiety (23% yield), which exhibits amine/amide
interconversion-based metal–ligand cooperation.
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2.1.6. Other Hydrogenation Reactions

Other types of hydrogenative transformations catalyzed by pincer complexes with
aromatization/dearomatization-based metal–ligand cooperation have been reported by Milstein’s
group. The hydrogenation of nitriles was successfully catalyzed by Ru-PNP pincer complex 41 to afford
primary amines (Scheme 20) [109]. Both aromatic and aliphatic nitriles were hydrogenated under
5–10 bar H2 in benzene solvent at 110 ◦C in the presence of 0.3–0.8 mol% Ru catalyst 41. Concerted
proton and hydride transfers to the nitrile from the dihydride complex are proposed to generate an
imine-coordinated intermediate accompanied by the dearomatization of the pyridine moiety in the
pincer ligand. The second hydrogenation of the imine leading to a primary amine would also proceed
via concerted proton and hydride transfers.
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The hydrogenation of imines to amines catalyzed by a Ru-CNC pincer complex was reported
by Suárez et al. [110]. N-Aryl or N-benzyl imines derived from benzaldehyde or acetophenone
derivatives were successfully hydrogenated to the corresponding amines in the presence of Ru catalyst
42 (0.1 mol%) and KOt-Bu (1 mol%) in 2-methyl-THF solvent under 5 atm H2 at 70 ◦C (Scheme 21).
Deprotonation of Ru complex 42 at the methylene side arm was confirmed in the stoichiometric reaction
of 42 with KOt-Bu in THF-d8, implying potential metal–ligand cooperative reactivity in the catalytic
hydrogenation reaction.

The hydrogenation of N2O (nitrous oxide) to N2 and water catalyzed by Ru-PNP pincer complex 43
was reported by Milstein et al. [111]. In the presence of 0.23 mol% 43, N2O was converted to N2

in 83% yield in THF solvent at 65 ◦C, achieving a TON of 360 after 48 h (Scheme 22). The reaction
might proceed via the heterolytic cleavage of H2 by metal–ligand cooperation of the dearomatized
complex, followed by oxidation by N2O to afford a hydroxide intermediate with the release of N2.
The elimination of water regenerates the dearomatized complex or the dihydride complex by reaction
with H2. The oxidation of hydrosilanes with N2O was also catalyzed by the same catalyst 43 giving
silanol and disiloxane products.Catalysts 2020, 10, 635 15 of 72 
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2.2. Dehydrogenation

Acceptorless dehydrogenation with the liberation of molecular H2 is an environmentally benign
oxidative transformation because of its high atom efficiency emits no waste other than H2, and it avoids
the use of stoichiometric amounts of toxic or harmful oxidants [112,113]. Moreover, the co-produced
H2 can be utilized as a clean energy carrier which generates only harmless water in addition to
thermal energy via combustion or electricity from a fuel cell. Hence, the dehydrogenative process
in synthetic chemistry should be considered as a very promising, environmentally compatible
transformation [114–116]. Due to their thermodynamic properties, the dehydrogenation of alkanes to
alkenes generally requires high temperature and has been relatively unexplored [117]. By comparison,
the dehydrogenation of alcohols is much easier, especially from the standpoint of reaction enthalpy;
hence, this type of oxidation reaction with the release of H2 has attracted significant attention
in synthetic chemistry since the pioneering studies reported in the 1970s and 1980s [118–120].
In the mid-2000s, an efficient catalytic system for the acceptorless dehydrogenation of alcohols
leading to the corresponding carbonyl compounds under mild reaction conditions based on the
metal–ligand cooperative strategy emerged [121,122]. Pincer complex-based catalysts are one of the
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most intensively investigated groups of catalysts. In this section, recent developments (post-2010)
in dehydrogenative transformations catalyzed by pincer complexes with metal–ligand cooperative
functions are briefly featured.

2.2.1. Ester Formation

Compared to conventional esterification via the dehydrative condensation of an alcohol with
a carboxylic acid, in which the ratio between product and starting materials is controlled by an
equilibrium derived from the natural reversibility of the reaction, the dehydrogenative coupling of
alcohols leading to esters does not suffer an equilibrium problem because the spontaneous release of
the co-produced H2 gas from the reaction system drives ester formation to completion. This significant
advantage renders dehydrogenative ester formation from alcohols as an attractive transformation.
Milstein et al. demonstrated the capability of Ru-PNP pincer complex 14 to catalyze this transformation
with high ester selectivity in 2005 [123]. After this report, several pincer complexes and related
tetradentate complexes have been developed for catalytic application in dehydrogenative ester
formation (Figure 3) [55,56,124–128].
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Milstein et al. compared the catalytic activities of a series of Ru-PNP and Ru-PNN pincer
complexes in the dehydrogenative coupling of alcohols and dehydrogenative lactonization of diols,
proving the higher catalytic activity of PNN pincer complex 12 over that of PNP pincer complex 13 [56].
Ru-PNN pincer complex 10, bearing an NH moiety and metal–ligand cooperative functionality
via interconversion of the amine/amide forms, in addition to aromatization/dearomatization-based
cooperative activity, exhibited efficient catalytic activity in the dehydrogenative alcohol coupling
under mild reaction conditions, affording esters in refluxing Et2O (bp 35 ◦C) [55]. Huang et al.
achieved the quantitative dehydrogenative coupling of ethanol leading to ethyl acetate; catalyzed
by Ru-PNN pincer complex 44, the process employed a Pd-Ag membrane reactor to liberate the
in situ generated H2 and perform the reaction at a temperature as high as 160 ◦C [125]. Ru-PNN
pincer complex 45, with an iminophosphorane moiety, also catalyzed the dehydrogenative coupling of
alcohols to esters, although the performance was not particularly high [126]. Tetradentate Ru-PNP
complex 46 was also reported to exhibit catalytic activity in the alcohol-to-ester dehydrogenative
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coupling, operating through aromatization/dearomatization-based metal–ligand cooperation [127].
Robertson et al. employed Ru catalyst 14 in dehydrogenative polyester formation from a diol under
vacuum conditions [128].

The above-mentioned ester formation reactions were oriented toward homocoupling reactions.
From the standpoint of organic synthesis, the cross-coupling of different alcohols would be a much
more versatile method to access various kinds of esters. Milstein et al. reported the cross-esterification
reaction of primary alcohols with secondary alcohols, catalyzed by bipyridine-based Ru-PNN pincer
complex 15 (Scheme 23) [129]. Various primary alcohols with different chain lengths (C4 to C6),
2-methoxyethanol, and benzyl alcohol were applicable in the coupling reaction with both cyclic and
acyclic secondary alcohols. The key to the success of this cross-coupling reaction is likely the difference
in dehydrogenation rates between primary and secondary alcohols. The dehydrogenation of primary
alcohols proceeds faster than that of secondary alcohols to give the aldehyde intermediates, leading to
selective hemiacetal formation with the secondary alcohols, which undergo a second dehydrogenation
to furnish the product esters (Scheme 24).
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Milstein et al. also reported dehydrogenative ester formation from secondary alcohols, using
symmetrical esters as acylating agents in the presence of Ru-hydride PNN pincer complex catalyst 14
(Scheme 25) [130]. The reaction is proposed to proceed first via the insertion of Ru-H 14 into
the symmetrical ester, followed by coordination of the secondary alcohol to the Ru center of
47 with concomitant deprotonation by the dearomatized pincer skeleton, giving alkoxide-ligated
intermediate 48. Subsequent intramolecular nucleophilic substitution proceeds to accomplish alkoxide
exchange. Deprotonation on the pincer side arm in 49 by the liberated alkoxide forms 50, which
undergoes β-H elimination to afford the product ester and regenerated Ru complex 14, together with
the release of the primary alcohol which undergoes a dehydrogenative homocoupling reaction to
give the parent symmetrical ester. The difference in the rates of dehydrogenation of the primary and
secondary alcohols is also a key feature in this reaction, similar to the aforementioned cross-coupling
reaction. Reactions with asymmetrical esters such as ethyl butyrate and methyl hexanoate were also
capable of producing butyrate and hexanoate esters.
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2.2.2. Amide Formation

By employing amines along with alcohols in the dehydrogenative coupling reaction, the efficient
synthesis of amides can be achieved in the presence of an appropriate catalyst under modified reaction
conditions, with the release of H2. The high catalytic performance of Ru-pincer complex 14 in the
dehydrogenative amide synthesis from alcohols and amines was first discovered by Milstein’s group
in 2007 [131]. As in the ester formation reaction, the aldehyde formed via the dehydrogenation of a
primary alcohol undergoes condensation with the amine to give a hemiaminal intermediate, from
which a second dehydrogenation proceeds to present the amide product.

Later, as an application of the dehydrogenative amide formation reaction, the use of β-amino
alcohols in the transformation was reported by Milstein et al. [132]. In refluxing toluene with Ru-PNN
pincer catalyst 14, chiral amino alcohols underwent dehydrogenative condensation reactions with
benzylamine to afford amide products without loss of enantiomeric purity (Scheme 26). Reaction
of an amino alcohol as the sole substrate in 1,4-dioxane at 135 ◦C (oil bath temperature) proceeded
to give polypeptide or dimerized cyclic dipeptide products. In the case of sterically unhindered
2-amino-1-propanol, the polypeptide was obtained, whereasβ-amino alcohols with bulkier substituents
at the 2-position were converted to cyclized dimeric dipeptides.
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The dehydrogenative synthesis of polyamides from diols and diamines was reported by
Guan et al. [133]. Ru-PNN pincer complex 14 catalyzed the polyamidation reaction with the liberation
of H2 (Scheme 27). In anisole/DMSO (6:1) solvent at 120 ◦C, a polyamide with an Mn (number-averaged
molecular weight) of 22,600 and PDI (polydispersity index) of 1.51 was achieved in the reaction
of triglyme with m-xylylenediamine, according to Guan’s work. Milstein et al. also reported a
similar polyamidation reaction utilizing 1,4-dioxane solvent under reflux conditions (135 ◦C oil bath
temperature) [134].
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Dehydrogenative amide formation from esters and amines in the presence of Ru-PNN pincer
complex catalyst 14 was reported by Milstein et al. (Scheme 28) [135]. Symmetrical esters were used as
the acylating reagents for two equivalents of the amine to give two equivalents of the amide products.
The dehydrogenative reactions of symmetrical aliphatic esters having various chain lengths (ethyl
acetate to hexyl hexanoate) with cyclic or primary amines were smoothly catalyzed by Ru complex 14.
The proposed mechanism is similar to that for the esterification reaction. A PNN pincer ligand with a
hemilabile amino moiety is crucial for efficient catalytic reaction.
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2.2.3. Imine Formation

Unsaturated nitrogen compounds other than amides can also be accessed through the
dehydrogenative coupling reaction of alcohols with amines. The first step in amide formation
is the dehydrogenation of the alcohol leading to an aldehyde intermediate, followed by hemiaminal
formation with the amine; a selective subsequent dehydration from the hemiaminal provides an
efficient route to imines. The tuning of the pincer ligand together with the reaction conditions enables
selective dehydrogenative imine formation.

Milstein et al. reported sterically hindered rigid Ru-PNP pincer complex 41 as a suitable catalyst
for dehydrogenative imine formation from alcohols and amines (Scheme 29) [136]. Benzylic alcohols
were applicable for the dehydrogenative coupling with both benzylic and aliphatic amines in refluxing
toluene, leading to imines in high yields. The reaction of aliphatic alcohols with primary alkyl
amines also proceeded to afford the imines as major products accompanied by amide (<20%) and
ester (<7%) byproducts, whereas the reaction with secondary alkyl amines exclusively gave the
corresponding imine products in high yields. The Ru-PNP pincer complex may facilitate dissociation
of the coordinated aldehyde generated after dehydrogenation of the alcohol, which would lead to the
spontaneous dehydrative condensation of the free aldehyde and amine, giving the imine product.
Other complexes exhibiting catalytic activity in the dehydrogenative coupling of amines with alcohols
leading to imines are shown in Figure 4. Milstein et al. developed similar imine formation routes
from alcohols and amines, employing an analogous catalyst, Mn-PNP complex 51 [137]. Kirchner et al.
reported the Mn-PNP pincer complex 52-catalyzed dehydrogenative coupling of alcohols and amines
leading to imine products [138]. Finally, Ozawa et al. reported that Ir-PNP pincer complex 53 bearing a
phosphaalkene moiety in the ligand scaffold also exhibited catalytic activity in this transformation [139].
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Scheme 29. Ru-pincer complex-catalyzed dehydrogenative formation of imines from alcohols and amines.

Dehydrogenative imine formation starting from two primary amine molecules can be achieved,
via dehydrogenation of a primary amine leading to an NH imine, followed by ammonia- releasing
condensation with a second amine molecule. Huang et al. reported Ru-PNP pincer complex 54-catalyzed
dehydrogenative imine formation from two amines (Scheme 30) [124]. Homocoupling reactions of
benzylic amines were performed in toluene solvent at 115 ◦C or under neat conditions at 160 ◦C in the
presence of catalyst 54 to give the corresponding imines in good-to-high yields. Reaction in aniline
solvent with an increased amount of catalyst afforded the cross-coupled imine products in high yields.
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The use of hydrazines instead of amines in the imine-forming dehydrogenation reactions can
potentially afford azine products. Milstein et al. reported dehydrogenative azine formation from two
alcohols and hydrazine catalyzed by Ru-PNP pincer complex 55 (Scheme 31) [140]. The reaction of
an alcohol with hydrazine hydrate under refluxing toluene conditions in the presence of a catalytic
amount of Ru complex 55 and KOt-Bu resulted in a 94% conversion of the alcohol giving a mixture
of 32% azine, 34% aldehyde, and 25% ester. The addition of molecular sieves (3 Å) dramatically
improved the reaction selectivity toward azine, reaching nearly quantitative formation. Hydrazine
is proposed to form a strong interaction with the molecular sieves and simultaneously coordinate to
the Ru center, which was confirmed by X-ray crystallographic analysis of the crystal obtained from
the treatment of molecular sieves in a benzene solution of complex 55 with hydrazine hydrate. This
reaction was applicable to benzylic alcohols with electron-donating substituents as well as 1-hexanol,
efficiently giving the corresponding azines. Benzylic alcohols with electron-withdrawing groups
afforded significantly diminished conversions and yields.Catalysts 2020, 10, 635 22 of 72 
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More recently, Milstein et al. reported the dehydrogenative synthesis of N-alkylhydrazones from
two molecules of an alcohol and hydrazine in the presence of a bipyridine-based Mn-PNN pincer
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complex catalyst 56 (Scheme 32) [141]. The coupling reaction of benzyl alcohol with hydrazine in
THF was catalyzed by 56 (3 mol%) with KOt-Bu (5 mol%) at 110 ◦C in a closed vessel, to afford the
corresponding N-alkylhydrazone in 92% yield. Both electron-rich and electron-poor benzylic alcohols
and aliphatic primary alcohols were suitable for the N-alkylhydrazone-forming reaction. The reaction
likely consists of two catalytic cycles. One is the acceptorless dehydrogenation of the alcohols leading
to aldehydes with the release of H2. The other is a “borrowing hydrogen” (vide infra) process that
converts an alcohol to an aldehyde, followed by dehydrative condensation with hydrazine to give
the hydrazone, which undergoes hydrogenation leading to the N-alkylhydrazine. The obtained final
product is generated via the dehydrative condensation of the aldehyde with the N-alkylhydrazine.
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2.2.4. N-Heterocycle Formation

The dehydrogenative coupling of alcohols and amines leading to nitrogen-containing unsaturated
compounds having C=N double bonds with the liberation of water can be applied to the synthesis
of N-heterocyclic compounds, which are important structural motifs abundant in many versatile
compounds used in medicinal, agrochemical, and functional materials [142]. Hence, the catalytic
dehydrogenative synthetic access to these compounds from readily available alcohols and amines has
recently attracted a great deal of attention.

Milstein et al. reported the dehydrogenative dimerization of 2-substituted β-amino alcohols
leading to 2,5-disubstituted pyrazines [132]. In the presence of sterically bulky Ru-PNP pincer
complex catalyst 41 in refluxing toluene solvent at 165 ◦C (oil bath temperature), β-amino alcohols
were converted to their respective pyrazines, although the yields were moderate (Scheme 33).
The reaction was postulated to proceed via dehydrogenation of an alcohol moiety followed by
dehydrative condensation with the amine moiety of a second β-amino alcohol molecule. A consecutive
double dehydrogenation/dehydration process affords a cyclic diimine, which undergoes further
dehydrogenation to furnish the aromatized pyrazine product. The bulky PNP complex might facilitate
dissociation of the aldehyde intermediate from the Ru center after the first dehydrogenation step,
allowing dehydrative condensation with an amine to afford the imine intermediate without the
formation of an amide product.

For the synthesis of other dinitrogen-containing N-heterocycles, 1,2-diamines are valuable
starting materials in combination with alcohols or diols. Kempe et al. reported the Ir-catalyzed
dehydrogenative synthesis of benzimidazoles and quinoxalines from 1,2-benzenediamine and alcohols
or 1,2-diols [143]. In the presence of Ir-PNP pincer complex catalyst 57 at 110 ◦C in THF solvent,
benzenediamine underwent dehydrogenative and dehydrative condensation with benzylic or aliphatic
alcohols to afford benzimidazole under basic (KOt-Bu) conditions (Scheme 34). Both NH and
N-substituted benzimidazoles were obtained by this catalytic dehydrogenative reaction. The reaction
of benzenediamine with 1,2-diols afforded quinoxaline products under similar reaction conditions
at 90 ◦C. Kempe et al. also reported the dehydrogenative synthesis of pyrimidines via a consecutive
four-component coupling reaction of amidines with secondary alcohols and two equivalents of primary
alcohols catalyzed by Mn-PNP pincer complex 58 [144]. Although a detailed exploration of the
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mechanism was not undertaken, a triple dehydrogenation process is likely involved during the
condensation and cyclization steps.

Catalysts 2020, 10, 635 23 of 72 

 

step, allowing dehydrative condensation with an amine to afford the imine intermediate without the 
formation of an amide product. 

 

Scheme 33. Ru-pincer complex 41-catalyzed dehydrogenative formation of pyrazine from β-amino 
alcohols. 

For the synthesis of other dinitrogen-containing N-heterocycles, 1,2-diamines are valuable 
starting materials in combination with alcohols or diols. Kempe et al. reported the Ir-catalyzed 
dehydrogenative synthesis of benzimidazoles and quinoxalines from 1,2-benzenediamine and 
alcohols or 1,2-diols [143]. In the presence of Ir-PNP pincer complex catalyst 57 at 110 °C in THF 
solvent, benzenediamine underwent dehydrogenative and dehydrative condensation with benzylic 
or aliphatic alcohols to afford benzimidazole under basic (KOt-Bu) conditions (Scheme 34). Both NH 
and N-substituted benzimidazoles were obtained by this catalytic dehydrogenative reaction. The 
reaction of benzenediamine with 1,2-diols afforded quinoxaline products under similar reaction 
conditions at 90 °C. Kempe et al. also reported the dehydrogenative synthesis of pyrimidines via a 
consecutive four-component coupling reaction of amidines with secondary alcohols and two 
equivalents of primary alcohols catalyzed by Mn-PNP pincer complex 58 [144]. Although a detailed 
exploration of the mechanism was not undertaken, a triple dehydrogenation process is likely 
involved during the condensation and cyclization steps. 

Scheme 33. Ru-pincer complex 41-catalyzed dehydrogenative formation of pyrazine from β-amino alcohols.Catalysts 2020, 10, 635 24 of 72 

 

 
Scheme 34. Ir- and Mn-pincer complex-catalyzed dehydrogenative formation of N-heterocycles. 

The application of the dehydrogenative catalytic system for the synthesis of pyrroles from 
alcohols and amines has been intensively studied, probably because the dehydrogenative conditions 
to form carbonyl intermediates have good affinity with those of the traditional Paal–Knorr pyrrole 
synthesis, in which 1,4-diones undergo dehydrative condensation with amines [145]. Recent 
developments on dehydrogenative pyrrole formation catalyzed by pincer metal complexes with 
aromatization/dearomatization-based metal–ligand cooperative activity are summarized in Scheme 
35. Kempe et al. reported the Ir-catalyzed dehydrogenative condensation of β-amino alcohols with 
various alcohols leading to pyrrole products [146]. In the presence of a stoichiometric amount of KOt-
Bu, Ir-PNP pincer catalyst 59 promoted the dehydrative condensation of secondary alcohols with β-
amino alcohols, leading to 2,5-disubstituted or 2,3,5-trisubstituted pyrroles. Dipyrroles could also be 
synthesized from 2,5-hexanediol via successive condensations with different β-amino alcohols. 
Milstein et al. also reported a similar dehydrogenative condensation reaction catalyzed by Ru-PNN 
pincer complex 60 in the presence of a half-molar amount of KOt-Bu relative to the β-amino alcohol 
and secondary alcohol [147]. Later, Kempe et al. developed the same pyrrole formation reaction 
catalyzed by Mn-PNP pincer catalyst 58 [148]. Dehydrogenative pyrrole synthesis from other starting 
materials such as 1,4-diols and amines was also performed in the presence of Co-PNN pincer catalyst 
61 [149]. A three component coupling reaction leading to pyrroles from ketones, amines, and 1,2-diols 
with the liberation of H2 was achieved under Mn-PNP pincer complex 62 catalysis, enabling facile 
access to multi-substituted pyrroles [150]. DFT calculations suggested that the reaction would 
proceed via the condensation of 1,2-dione, generated by the dehydrogenation of the diol, with the 
imine formed from dehydrative condensation of the amine with the ketone. 

Scheme 34. Ir- and Mn-pincer complex-catalyzed dehydrogenative formation of N-heterocycles.

The application of the dehydrogenative catalytic system for the synthesis of pyrroles from
alcohols and amines has been intensively studied, probably because the dehydrogenative conditions to
form carbonyl intermediates have good affinity with those of the traditional Paal–Knorr pyrrole
synthesis, in which 1,4-diones undergo dehydrative condensation with amines [145]. Recent
developments on dehydrogenative pyrrole formation catalyzed by pincer metal complexes with
aromatization/dearomatization-based metal–ligand cooperative activity are summarized in Scheme 35.
Kempe et al. reported the Ir-catalyzed dehydrogenative condensation of β-amino alcohols with
various alcohols leading to pyrrole products [146]. In the presence of a stoichiometric amount of
KOt-Bu, Ir-PNP pincer catalyst 59 promoted the dehydrative condensation of secondary alcohols with
β-amino alcohols, leading to 2,5-disubstituted or 2,3,5-trisubstituted pyrroles. Dipyrroles could also
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be synthesized from 2,5-hexanediol via successive condensations with different β-amino alcohols.
Milstein et al. also reported a similar dehydrogenative condensation reaction catalyzed by Ru-PNN
pincer complex 60 in the presence of a half-molar amount of KOt-Bu relative to the β-amino alcohol
and secondary alcohol [147]. Later, Kempe et al. developed the same pyrrole formation reaction
catalyzed by Mn-PNP pincer catalyst 58 [148]. Dehydrogenative pyrrole synthesis from other starting
materials such as 1,4-diols and amines was also performed in the presence of Co-PNN pincer catalyst
61 [149]. A three component coupling reaction leading to pyrroles from ketones, amines, and 1,2-diols
with the liberation of H2 was achieved under Mn-PNP pincer complex 62 catalysis, enabling facile
access to multi-substituted pyrroles [150]. DFT calculations suggested that the reaction would proceed
via the condensation of 1,2-dione, generated by the dehydrogenation of the diol, with the imine formed
from dehydrative condensation of the amine with the ketone.
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2.2.5. C–C Bond Formation Involving Alcohol Dehydrogenation

The dehydrogenation of alcohols affords the corresponding carbonyl compounds, one of the
most fundamental and important classes of electrophiles in organic synthesis for the construction of
carbon–carbon bonds, via well-known processes such as aldol condensation, Claisen condensation,
and many other reactions [151]. Thus, alcohols can be considered as the equivalent of an electrophile
for carbon–carbon bond-forming reactions in the context of dehydrogenative catalysis. This type of
transformation, which does not involve the liberation of H2, has been well-studied as the “borrowing
hydrogen methodology”, in which the initially extracted dihydrogen from the alcohol substrate is
re-introduced to the final product after the bond-forming transformation of the intermediate carbonyl
compound (Scheme 36) [152–155]. Instead of the re-introduction of H2, its liberation leads to a novel
dehydrogenative transformation. Recently, such dehydrogenative transformations utilizing alcohols
as nucleophiles in carbon–carbon bond-forming reactions have been accomplished by using pincer
complex catalysts with metal–ligand cooperative activity.
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Kempe et al. reported the Mn-PNP pincer complex-catalyzed dehydrogenative alkylation
of alkyl-substituted N-heteroarenes employing primary alcohols as the alkylating reagents [156].
The reaction of 2-methylquinoline with both benzylic and aliphatic alcohols in the presence
of Mn complex 63 and KOH in t-amyl alcohol/toluene solvent at 135 ◦C proceeded to give
2-alkenylquinolines with the release of H2 and water (Scheme 37). The reaction was also applicable
to other methyl-substituted N-heterocycles such as 2-methylisoquinoline, 2-methylbenzoxazole,
4-methylpyridine, 3-methylpyridazine, and 2-methylpyrazine. 2-Ethylpyrazine and 4-benzylpyridine
were converted to the corresponding alkenyl products in moderate yields. The reaction likely proceeds
via an initial dehydrogenation of the alcohol to an aldehyde catalyzed by the Mn complex with the
liberation of H2 through metal–ligand cooperation, followed by nucleophilic attack by the enamine-form
of the N-heterocycle to the aldehyde and subsequent dehydration to give the alkenylated product.
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Gunanathan et al. reported the dehydrogenative coupling reactions of ketones with alcohols
leading to α,β-unsaturated ketones in the presence of Mn-PNP pincer complex catalyst 63 [157].
The α-alkenylated product was obtained from the reaction of a ketone with a primary alcohol in the
presence of catalytic amounts of 63 and Cs2CO3 (Scheme 38). Tetralone-based substrates were mainly
investigated to explore the reaction scope with various benzylic and aliphatic alcohols, affording the
corresponding alkenyl ketones in good-to-high yields. A seven-membered cyclic ketone and phenyl
ethyl ketone were also applicable as starting materials. Regarding the reaction mechanism, the Mn
catalyst effects dehydrogenation of the alcohol to an aldehyde, which undergoes the aldol condensation
with the ketone to afford the alkenyl ketone product.Catalysts 2020, 10, 635 27 of 72 
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primary alcohols in water under basic conditions catalyzed by Ru-PNN pincer complex 60, achieving 
the preparation of carboxylate salts (Scheme 40) [159]. Both aliphatic and benzylic alcohols were 
successfully transformed into the corresponding carboxylate salts in refluxing water with 1.1 equiv 
NaOH. The carboxylic acids were obtained after acid treatment of the reaction mixtures. This reaction 
could be applied to the dehydrogenation of aqueous methanol with 2 equiv NaOH, affording 3 equiv 
H2 relative to methanol by using the same catalyst 60 [160]. The development of such a 
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viewpoint of hydrogen storage, due to its high gravimetric hydrogen capacity and ease of handling. 
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Gunanathan et al. also reported the Mn-catalyzed dehydrogenative β-alkylation of secondary
alcohols with primary alcohols giving ketone products [158]. 1-Arylethanol, 1-indanol, and 1,2,3,4-
tetrahydronaphthalen-1-ol were alkylated with various benzylic and aliphatic primary alcohols
under catalytic dehydrogenative coupling conditions in the presence of Mn-PNP pincer complex 58
and Cs2CO3 in t-amyl alcohol at 135 ◦C (Scheme 39). The reaction is thought to proceed via the
dehydrogenation of both the secondary and primary alcohols followed by base-catalyzed aldol
condensation leading to the α,β-unsaturated ketone, which undergoes hydrogenation to afford the
alkylated ketone product; hence, 1 equiv H2 is released through this coupling reaction.
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2.2.6. Other Dehydrogenative Transformations

As described in the preceding sections, the oxidation of alcohols to ketones or aldehydes is the
most fundamental reaction among the dehydrogenative transformations catalyzed by metal pincer
complexes with metal–ligand cooperative activity. Performing this reaction with primary alcohols
in the presence of water enables further dehydrogenation, leading to carboxylic acid derivatives via
the dehydrogenation of hemiacetal intermediates. Milstein et al. developed the dehydrogenation of
primary alcohols in water under basic conditions catalyzed by Ru-PNN pincer complex 60, achieving
the preparation of carboxylate salts (Scheme 40) [159]. Both aliphatic and benzylic alcohols were
successfully transformed into the corresponding carboxylate salts in refluxing water with 1.1 equiv
NaOH. The carboxylic acids were obtained after acid treatment of the reaction mixtures. This reaction
could be applied to the dehydrogenation of aqueous methanol with 2 equiv NaOH, affording 3 equiv H2

relative to methanol by using the same catalyst 60 [160]. The development of such a dehydrogenation
system based on methanol has recently attracted much attention from the viewpoint of hydrogen
storage, due to its high gravimetric hydrogen capacity and ease of handling.
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In an application directed toward hydrogen storage, the dehydrogenative coupling of methanol
with ethylenediamine leading to ethylene urea was achieved in the presence of Ru-PNN pincer
complex catalyst 9 [98]. Milstein et al. also investigated the catalytic activity of metal pincer complexes
other than Ru, including Re, for the development of CO2-involved hydrogenation/dehydrogenation
reactions [161]. In another dehydrogenation reaction oriented to hydrogen storage, the use of a Ru-PNN
pincer catalyst for ammonia borane dehydrogenation was recently reported [162].

A novel type of dehydrogenative coupling reaction of formamides with amines or alcohols
was recently described by Milstein et al., in which formamides acted as isocyanate surrogates [163].
The reaction of formamides with primary amines proceeded at 100 ◦C to give urea products in
the presence of Ru catalyst 41 (Scheme 41). Secondary amines were also applicable, affording the
corresponding ureas after elevating the reaction temperature to 135 ◦C. The reaction with primary and
secondary alcohols gave the corresponding carbamates at 125 or 145 ◦C, respectively. The coupling
reaction of formamides with amino alcohols enabled access to five- or six-membered heterocyclic
compounds such as hydantoin and dihydrouracil derivatives. Regarding the reaction mechanism,
after activation by Ru-PNP pincer complex 41, the formamide is dehydrogenatively converted to
an isocyanate, which reacts with nucleophiles to afford urea, carbamate, and heterocyclic products.
During the catalytic cycle, the in situ-generated isocyanate is proposed to remain coordinated with the
Ru center and undergoes metal–ligand cooperative nucleophilic coupling with the amine or alcohol.
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2.3. Transfer Hydrogenation and Borrowing Hydrogen Reactions

2.3.1. Transfer Hydrogenation of Ketones

The transfer hydrogenation reaction between alcohols and carbonyl compounds is a
well-documented process catalyzed by various transition metal complexes [31,164–167]. Since the
seminal works on metal–ligand cooperative catalysis, pioneered by Shvo [9–12,168] and later by
Noyori [6,7,169], this type of transformation has been intensively investigated. Several recent
examples of transfer hydrogenation catalysis and related transformations involving the “borrowing
hydrogen” concept utilizing pincer complexes with aromatization/dearomatization-based metal–ligand
cooperation will be featured in this section.

Huang et al. reported the synthesis of Ru-PNP or Ru-PNN pincer Ru complexes 44 and 54
for application in the transfer hydrogenation of ketones [170,171]. Aliphatic or aromatic ketones
were reduced to the corresponding alcohols in i-PrOH solvent as the hydrogen source at 40 ◦C
(for the 44-catalyzed reaction) or 82 ◦C (for the 54-catalyzed reaction) (Scheme 42). The reaction likely
proceeds in two stages: the initial dehydrogenation of i-PrOH to acetone leading to the formation
of a Ru-dihydride intermediate, followed by hydrogen transfer to the substrate ketone to afford the
product alcohol. The ligand backbone is interconverted between the dearomatized and aromatized
forms during the catalytic cycle.
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2.3.2. N-Alkylation of Amines by the Borrowing Hydrogen Mechanism

The N-alkylation of amines with alcohols as the alkylating reagents with the liberation of
water is a typical and well-known transformation involving the concept of “borrowing hydrogen”
methodology [152,153,172–174]. In this reaction, alcohols are dehydrogenatively converted to carbonyl
compounds, that undergo dehydrative condensation with amines to give imine intermediates.
The in situ-formed imines are finally hydrogenated to amines to complete the alkylation reaction.
Recently, several reports on this type of transformation utilizing metal pincer complex catalysts have
been published.

Ozawa et al. reported that Ir complexes bearing a PNP pincer phosphaalkene ligand exhibited
catalytic ability in the alkylation of amines with alcohols as alkylating reagents [139]. The reactions
of alkyl or aryl amines with primary alcohols in the presence of Ir catalyst 64 proceeded to
give alkylated secondary amines as the major products, together with imines as minor products
(Scheme 43). The reactions of benzylamine with secondary alcohols led to low conversions of the
primary amine affording only imine (alcohol = 1-phenylethanol) or a mixture of amine and imine
(alcohol = cyclohexanol).
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substrate to give an α,β-unsaturated carbonyl product, which is converted to the saturated carbonyl 
product. Huang et al. reported the Ir-PNP pincer complex 66-catalyzed alkylation of acetamides 
employing primary alcohols as the alkylating reagents (Scheme 45) [175]. The reaction was performed 
in toluene at 120 °C in the presence of 66 under basic conditions (KOt-Bu, 2 equiv). Both secondary 

Scheme 43. Ir-pincer complex 64-catalyzed N-alkylation of amines with alcohols.

Kirchner et al. reported the Fe-PNP pincer complex 65-catalyzed alkylation of primary amines
with primary alcohols to give secondary amines (Scheme 44) [138]. Both aniline derivatives and
aliphatic amines underwent alkylation with benzylic or aliphatic alcohols in toluene at 140 ◦C in
the presence of 65 and 3 Å molecular sieves. As another example, the dehydrogenative coupling of
alcohols with hydrazines to afford N-alkylated hydrazones, reported by Milstein et al., also involved
the “borrowing hydrogen” mechanism (vide supra) [141].
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2.3.3. C–C Bond-forming Alkylation by the Borrowing Hydrogen Mechanism

Alkylation at the α-position of carbonyl compounds with alcohols as the alkylating reagents is also
representative of the “borrowing hydrogen” reaction (Scheme 36) [152–155]. The aldehyde or ketone
formed in situ from an alcohol undergoes the aldol condensation with the other carbonyl substrate
to give an α,β-unsaturated carbonyl product, which is converted to the saturated carbonyl product.
Huang et al. reported the Ir-PNP pincer complex 66-catalyzed alkylation of acetamides employing
primary alcohols as the alkylating reagents (Scheme 45) [175]. The reaction was performed in toluene
at 120 ◦C in the presence of 66 under basic conditions (KOt-Bu, 2 equiv). Both secondary and tertiary
acetamide derivatives were applicable in the alkylation reaction, with benzylic or aliphatic primary
alcohols as the alkylating reagents. Gunanathan et al. reported Mn-PNP pincer complex 58-catalyzed
α-alkylations of acetophenone derivatives with various primary alcohols [158]. The reactions were
carried out with catalytic amounts of Mn complex 58 and Cs2CO3 in t-amyl alcohol solvent at 140 ◦C.
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2.4. Nitrile Activation on the Ligand Skeleton

During metal–ligand cooperative catalysis by the metal pincer complexes, the deprotonated
ligand side arm can function as a nucleophile that can receive protons during hydrogenative or
dehydrogenative transformations, as described in the former sections. The nucleophilic side arm
in the dearomatized form of the pincer complex is also able to react with an electrophile other than
proton, while the metal center can act as a Lewis acidic site to activate the electrophilic reagent.
This type of metal–ligand cooperative activation of substrate molecules allows novel types of catalytic
transformations beyond hydrogenation/dehydrogenation. Such activation modes for CO2 or aldehydes
have been reported for several metal-PNP pincer complexes, although catalytic applications were not
achieved [161,176–178]. Since nitriles have an electrophilic character at their carbon atoms together
with Lewis basic nitrogen atoms, which can coordinate to transition metal centers, their specific
activation via metal–ligand cooperative interactions might be possible by forming six-membered
metallacyclic structures with the pincer complex.

2.4.1. Michael Additions of Aliphatic Nitriles

Milstein et al. reported the activation of nitriles with Re-PNP pincer complex 67 and a catalytic
application for the Michael addition of benzyl nitriles to α,β-unsaturated esters and ketones [179].
The reaction of dearomatized complex 67 with benzonitrile or pivalonitrile gave the nitrile adducts as
ketimido-metallacycle species (Scheme 46). On the other hand, the reaction of 67 with benzyl nitrile
derivatives afforded enamido-metallacycle complexes, which are likely tautomers of the ketimido
complexes. The enamido-Re complexes displayed nucleophilic reactivity toward α,β-unsaturated
carbonyl compounds, affording the Michael adducts. This transformation could be performed in
a catalytic manner, leading to Michael adducts of benzyl nitrile derivatives with α,β-unsaturated
esters and ketones at 25–80 ◦C in good-to-high yields (Scheme 47). Later, the same group reported a
similar Michael addition reaction catalyzed by Mn-PNP pincer complex 51 [180]. In the Mn-catalyzed
system, the scope of the nitriles was expanded to both benzyl and aliphatic types, whereas the scope
of the Michael acceptors remained limited to α,β-unsaturated esters and ketones. Similar reaction
mechanisms were proposed for the Mn- and Re-catalyzed processes.
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2.4.2. Michael Addition to α,β-Unsaturated Nitriles

α,β-Unsaturated nitriles are well-known as Michael acceptors for carbon nucleophiles, although
their reactions with heteroatom nucleophiles have been less explored, probably due to low
nucleophilicity, especially for alcohols [181,182]. However, the activation of α,β-unsaturated nitriles
by dearomatized metal pincer complexes through metal–ligand cooperation might help accelerate
these transformations. The group of de Vries and Otten reported the catalytic oxa-Michael addition of
alcohols to unsaturated nitriles mediated by Ru-PNN pincer complex 14 (Scheme 48) [183]. The reaction
of α,β-unsaturated nitriles with primary and secondary alcohols was smoothly catalyzed by 14 at rt
in THF. β,γ-Unsaturated nitriles afforded the same β-alkoxylated adducts, probably via the catalytic
isomerization of the alkenyl moiety from the β,γ-position to the α,β-position followed by oxa-Michael
addition. Thiol addition also proceeded quantitatively, whereas the reaction with amines required
higher temperature and resulted in modest yields. According to the proposed reaction mechanism,
the addition of alcohol to activated ketimido complex 68 might proceed via a six-membered transition
state with concerted proton transfer from oxygen to nitrogen, leading to alcohol adduct complex 69.
Isomerization of 69 to 70, followed by dissociation of the nitrile, completes the catalytic cycle.
This reaction was applied to the synthesis of γ-amino alcohols via the oxa-Michael addition of benzyl
alcohol to α,β-unsaturated nitriles followed by consecutive hydrogenative cleavage of the benzyl ether
and hydrogenation of the cyano group [184].
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Recently, Milstein et al. developed Mn-PNN pincer complex 40-catalyzed oxa- and aza-Michael
addition reactions to unsaturated nitriles (Scheme 49) [185]. The reactions of α,β-unsaturated nitriles
with alcohols and amines (>5 equiv) were performed at rt under neat conditions. In sharp contrast to the
Ru-catalyzed reactions, aza-Michael addition was favored over oxa-Michael addition. In this catalytic
system, the higher nucleophilicity of the amine versus the alcohol may influence the reaction selectivity.
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2.4.3. Nitrile Hydration

The catalytic addition of water to an activated nitrile leads to its hydration affording an amide.
In the case of nitrile hydration, over-hydrolysis leading to the carboxylic acid is often a competing
reaction. Hence, the development of selective hydration catalysts for nitrile-to-amide conversions under
mild conditions is of great interest. Otten et al. reported the Ru-PNN pincer complex 41-catalyzed
hydration of nitriles to amides under mild conditions (Scheme 50) [186]. Various aromatic and aliphatic
nitriles were quantitatively converted to the corresponding amides in t-BuOH solvent with 5 equiv
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water in the presence of 41 at rt. The reaction was suggested to proceed via metal–ligand cooperative
activation of the nitrile to form a ketimido complex intermediate, which undergoes nucleophilic attack
by water through a six-membered transition state involving two molecules of water for proton shuttling.
Then, the amide product is liberated, restoring catalytically active dearomatized complex 41.
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2.5. Miscellaneous

The metal–ligand cooperative activation of other compounds in the catalytic transformations has
also been reported.

Milstein et al. reported the activation of the B–H bond and B–B bonds of HBpin (pinacolatoborane)
and B2pin2 (bispinacolatodiboron) [187]. The incorporation of a boryl group on the side arm of the
pincer ligand in the dearomatized complexes 14 or 41 was observed by the stoichiometric reaction
of 14 or 41 with HBpin. To explore possible catalytic applications, the reaction of benzene or toluene
with B2pin2 in the presence of Ru complex 14 (1 mol%) was examined, resulting in the formation of
borylated benzene or toluene in modest yield (Scheme 51).
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Interestingly, the reactivity of Pd-PNF pincer complex 71 in the catalytic Sonogashira coupling
reaction was reported by Vigalok et al. (Scheme 52) [188]. This complex catalyzed the Sonogashira
reaction of aryl bromides or aryl iodides with phenylacetylene or (triisopropylsilyl)acetylene in the
presence of NaOt-Bu in benzene solvent, but without the addition of a Cu salt typically required
under the standard reaction conditions. According to the proposed mechanism, complex 71 undergoes
deprotonation on the side arm of the pincer ligand by NaOt-Bu to afford dearomatized complex 72,
from which direct carbon–carbon bond formation with the terminal alkyne occurs to give the coupling
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product concomitant with protonation of the ligand side arm to restore aromaticity, giving Pd(0)
intermediate 73. Then, the catalytic cycle is finished by oxidative addition of the aryl halide with 73 to
regenerate aryl Pd species 71.

Catalysts 2020, 10, 635 35 of 72 

 

Interestingly, the reactivity of Pd-PNF pincer complex 71 in the catalytic Sonogashira coupling 
reaction was reported by Vigalok et al. (Scheme 52) [188]. This complex catalyzed the Sonogashira 
reaction of aryl bromides or aryl iodides with phenylacetylene or (triisopropylsilyl)acetylene in the 
presence of NaOt-Bu in benzene solvent, but without the addition of a Cu salt typically required 
under the standard reaction conditions. According to the proposed mechanism, complex 71 
undergoes deprotonation on the side arm of the pincer ligand by NaOt-Bu to afford dearomatized 
complex 72, from which direct carbon–carbon bond formation with the terminal alkyne occurs to give 
the coupling product concomitant with protonation of the ligand side arm to restore aromaticity, 
giving Pd(0) intermediate 73. Then, the catalytic cycle is finished by oxidative addition of the aryl 
halide with 73 to regenerate aryl Pd species 71. 

 
Scheme 52. Pd-PNF pincer complex-catalyzed Sonogashira coupling reaction. 

3. Hydroxypyridine-based Ligands 

2-Hydroxypyridine is readily interconverted to 2-pyridone along with proton-transferring 
aromatization/dearomatization (Scheme 53) [189,190]. Transition-metal complexes of 2-
hydroxypyridine also possess this character, which allows metal–ligand cooperative proton transfer 
to a substrate coordinated to the metal center. The reverse reaction of the metal pyridonate complex 

Scheme 52. Pd-PNF pincer complex-catalyzed Sonogashira coupling reaction.

3. Hydroxypyridine-Based Ligands

2-Hydroxypyridine is readily interconverted to 2-pyridone along with proton-transferring
aromatization/dearomatization (Scheme 53) [189,190]. Transition-metal complexes of 2-hydroxypyridine
also possess this character, which allows metal–ligand cooperative proton transfer to a substrate
coordinated to the metal center. The reverse reaction of the metal pyridonate complex with a reactant
is also possible, to promote metal–ligand cooperative bond cleavage. For example, Ir-pyridonate
complexes can cleave the H–H bond in H2 to generate metal-hydride species having a proton on the
oxygen atom of the ligand as a form of hydroxypyridine [191]. The activated H2 in the form of a proton
and a hydride can be transferred to various unsaturated organic compounds in a concerted manner
or by stepwise proton/hydride addition, resulting in a catalytic hydrogenation reaction. The reverse
dehydrogenation can also be achieved with the assistance of the metal–ligand cooperative effect. It is
noteworthy that this structural motif of metal-hydroxypyridine and related complexes is found in the
active sites of enzymes, such as hydrogenases [192–194].
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pentamethylcyclopentadienyl) in the hydrogenation of ketones was demonstrated by our group in 
2012 [195]. The hydrogenation of acetone proceeded in the presence of 74 under mild reaction 
conditions, affording isopropyl alcohol in nearly quantitative yield at 40 °C under 1 atm H2 (Scheme 
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In this section, recent applications (post-2010) of transition metal complexes bearing
hydroxypyridine-based ligands in catalytic transformations including hydrogenation, dehydrogenation,
and hydrogen-transfer reactions will be featured.

3.1. Hydrogenation

3.1.1. Ketone and Ester Hydrogenation

The catalytic activity of Cp*Ir bipyridonate complex 74 (Cp* = 1,2,3,4,5-pentamethylcyclo
pentadienyl) in the hydrogenation of ketones was demonstrated by our group in 2012 [195].
The hydrogenation of acetone proceeded in the presence of 74 under mild reaction conditions,
affording isopropyl alcohol in nearly quantitative yield at 40 ◦C under 1 atm H2 (Scheme 54). The Ir
complex could also promote the reverse dehydrogenation reaction, giving acetone from isopropyl
alcohol under reflux conditions. The dehydrogenation/hydrogenation process could be repeated over
eight cycles without loss of catalytic activity.
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Recently, we reported the catalytic hydrogenation of a lactone to a diol, also mediated by Ir catalyst
74 [196]. γ-Butyrolactone was successfully converted to 1,4-butanediol in the presence of Ir catalyst 74
and additional free 6,6′-dihydroxy-2,2′-bipyridine ligand under 8 atm H2 in solvent-free conditions at
130 ◦C (Scheme 55). The reaction efficiency was improved by adding triethylamine affording the diol
in 99% yield. The reverse dehydrogenation of the 1,4-diol to γ-butyrolactone was also quantitatively
promoted in the presence of the same Ir catalyst. Consecutive hydrogenation/dehydrogenation was
achieved with this catalytic system, which may enable future application for γ-butyrolactone-based
reversible hydrogen storage.
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3.1.2. CO2 Hydrogenation

Highly active metal complex catalysts bearing hydroxypyridine or related ligands for the
hydrogenation of CO2 to formate salts have been developed. Hull et al. reported 4,4′,6,6′-tetrahydroxy-
2,2′-bipyrimidine-based Ir-dimer complex 75 for the catalytic hydrogenation of CO2 to formate under
aqueous conditions [197]. A 1:1 mixture of H2:CO2 (4 MPa) was converted to the formate salt in 2 M
KHCO3 aqueous solution at 50 ◦C in the presence of Ir catalyst 75, achieving a TON of 153,000 (Table 1,
entries 1 and 2). This catalyst could also promote the reverse dehydrogenation of formic acid to CO2;
hence, the storage of H2 by the interconversion between H2+CO2/formic acid was possible. The same
group also reported the hydrogenation of CO2 in the presence of related Ir complexes 76 and 77,
bearing dihydroxybipyridine or dihydroxybipyrimidine ligands, respectively, achieving a TON as high
as 38,400 (Table 1, entries 3–5) [198]. More recently, 6-(2′-imidazolinyl)-2,4-dihydroxypyridine-ligated
Ir complex 78 for the catalytic hydrogenation/dehydrogenation of CO2/formic acid under ambient
conditions was also reported [199].

Table 1. Hydrogenation of CO2 to formate salt under aqueous conditions catalyzed by Ir complexes
75–78 bearing hydroxypyridine- or hydroxypyrimidine-based ligands.
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Positional effects of the hydroxyl groups of the bipyridine ligand on the catalytic hydrogenation of
CO2 were investigated by Himeda et al. [200,201]. Among a series of Ir complexes 76 and 79–81 bearing
dihydroxy-2,2′-bipyridine ligands with the hydroxyl groups at the 6,6′-, 5,5′-, 4,4′-, and 3,3′-positions,
respectively, 6,6′-dihydroxy-2,2′-bipyridine-Ir complex 76 exhibited the highest catalytic activity in the
hydrogenation of CO2, which implies that metal–ligand cooperation is important for high catalytic
activity (Scheme 56). They also performed DFT calculations for the CO2 hydrogenation mechanism,
demonstrating a significant decrease of activation energy in H2 activation leading to the Ir-hydride
intermediate in the 76-catalyzed reaction. In this step, the participation of a water molecule as a proton
shuttle was proposed to lower the activation energy (Scheme 57). Then, the attack of hydride on CO2

occurs to give formate and regenerate the active Ir species.
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Metal catalysts other than Ir that bear hydroxypyridine-derived ligands for CO2 hydrogenation
are shown in Figure 5. The catalytic activity of Ru-6,6′-dihydroxy-2,2′-bipyridine complex 82 in CO2

hydrogenation was examined by Grotjahn, Webster, and Papish’s group, achieving a TON of 2270 [202].
A Ru-P,N-chelate complex 83 bearing hydroxypyridine moieties, synthesized by Achard et al.,
demonstrated catalytic activity in CO2 hydrogenation under base-free conditions, leading to formic
acid with a TON as high as 370 [203].
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For the base-metal catalyst having a hydroxypyridine ligand, Dubey et al. reported the
Mn-catalyzed hydrogenation of CO2 to formate with good catalytic performance [204]. The reaction
of a 1:1 mixture of CO2:H2 (6 MPa) in acetonitrile solvent in the presence of DBU as base at
65 ◦C was catalyzed by Mn-6,6′-dihydroxy-2,2′-bipyridine complex 84, affording the formate salt
in 98% yield with a TON of 6250. Analogous Mn complexes with 4,4′-dihydroxy-2,2-bipyridine
or 6,6′-dimethoxy-2,2′-bipyridine ligands exhibited quite low catalytic activity, which implies that
metal–ligand cooperation is essential for good catalytic performance in this hydrogenation reaction.

3.1.3. N-Heterocycle Hydrogenation

The hydrogenation of aromatic N-heterocyclic compounds is a synthetically important
transformation which facilitates access to various nitrogen-containing cyclic compounds including
alkaloids, pharmaceuticals, and agrochemicals, which exhibit significant biological activities [142].
Furthermore, this transformation has recently garnered significant attention from the standpoint
of hydrogen storage based on organic hydrides [205,206]. Metal–ligand cooperative catalysis can
provide an efficient reaction pathway with a lower activation energy for this type of reaction. In 2009,
we demonstrated the good catalytic performance of a Cp*-Ir pyridonate complex in the hydrogenation
of quinoline derivatives leading to 1,2,3,4-tetrahydroquinolines [207]. Subsequent to that report,
we developed a bipyridonate-based Ir complex-catalyzed hydrogenation/dehydrogenation system for
N-heterocyclic compounds.

In 2014, we reported the perhydrogenation of 2,6-dimethyl-1,5-naphthyridine, as a potential
organic hydrogen carrier, catalyzed by Ir-bipyridonate complex 74 or Ir-1,10-phenanthroline-2,9-dionate
complex 85 [208]. Complex 74 promoted the perhydrogenation of 2,6-dimethyl-1,5-naphthyridine under
70 atm H2 in p-xylene at 130 ◦C to afford 2,6-dimethyldecahydro-1,5-naphthyridine as a diastereomixture
in 85% total yield (Scheme 58). The slight decomposition of complex 74 under the hydrogenation
conditions might have inhibited the quantitative perhydrogenation of 2,6-dimethyl-1,5-naphthyridine.
Modification of the ligand scaffold from bipyridine to phenanthroline, a more rigid structure effective
for the formation of a more stable complex, resulted in an improvement in catalytic performance.
Ir complex 85 allowed full conversion of 2,6-dimethyl-1,5-naphthyridine to 2,6-dimethyldecahydro-1,5-
naphthyridine under the same catalytic hydrogenation conditions. Complex 85 also catalyzed the
perdehydrogenation of 2,6-dimethyldecahydro-1,5-naphthyridine to 2,6-dimethyl-1,5-naphthyridine
(see also Section 3.2.3). A successive hydrogenation/dehydrogenation sequence was also successfully
achieved, leading to the possible future application of this naphthyridine-based reversible hydrogen
storage process.
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More recently, we reported the interconversion of 2,5-dimethylpyrazine/2,5-dimethylpiperazine
via a hydrogenation/dehydrogenation process catalyzed by Ir-bipyridonate complex 74 [209].
2,5-Dimethylpyrazine underwent hydrogenation quantitatively under 15 atm H2 in p-xylene/H2O
solvent at 110 ◦C in the presence of 74 and additional free bipyridine ligand, leading to
2,5-dimethylpiperazine (Scheme 59). The reverse dehydrogenation of 2,5-dimethylpiperazine was
catalyzed by the same catalyst under refluxing conditions, achieving quantitative conversion to
2,5-dimethylpyrazine. Repetitive hydrogenation/dehydrogenation cycles could be performed over five
iterations without loss of catalytic activity. The reversible hydrogenation/dehydrogenation cycle was
also possible under solvent-free conditions, although the hydrogenation yield was slightly decreased.Catalysts 2020, 10, 635 41 of 72 
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Scheme 59. Ir-bipyridonate-catalyzed hydrogenation of 2,5-dimethylpyrazine and dehydrogenation of
2,5-dimethylpiperazine.

The hydrogenation of quinoxalines to 1,2,3,4-tetrahydroquinoxalines catalyzed by Ir complexes
84 and 85 bearing uracil-based ligands was recently reported by Choudhury et al. (Scheme 60) [210].
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Catalyst 86 or 87 promoted the hydrogenation of quinoxalines in trifluoroethanol/H2O solvent at 50 ◦C
under H2 balloon conditions to afford tetrahydroquinoxalines in high yields. Interestingly, the catalytic
activity was diminished by the addition of base (K2CO3); however, the consequent addition of acid
(HCl) led to the restoration of catalytic activity. Hence, the catalytic activity was switchable by the
addition of base or acid. Deprotonation at the hydroxyl group might cause deactivation of the catalyst.Catalysts 2020, 10, 635 42 of 72 
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3.2. Dehydrogenation

3.2.1. Alcohol Dehydrogenative Oxidation

After the first report on the catalytic acceptorless dehydrogenative oxidation of alcohols promoted
by an Ir-hydroxypyridine complex in 2007 [122], much effort has been devoted to the development of
highly active catalysts bearing hydroxypyridine-based ligands for the alcohol dehydrogenation reaction.
The incorporation of the hydroxypyridine moiety into various bidentate or tridentate ligand scaffolds
has been intensively investigated and resulted in better catalytic performance and reaction selectivity.

Ketone and Aldehyde Formation

Our group developed an improved Ir catalyst for the dehydrogenation of alcohols to carbonyl
compounds by employing a hydroxypyridine-based bidentate ligand which forms a stable chelate
complex [195,211–216]. Use of the symmetrical 6,6′-dihydroxy-2,2′-bipyridine ligand greatly enhanced
catalytic activity and synthetic utility, allowing the reaction in aqueous conditions and the reuse of
the catalyst with simple operation [213]. Dicationic Ir complex 88 was sufficiently soluble in water to
afford good catalytic activity in the dehydrogenation of benzyl alcohol to benzaldehyde at reflux with
the evolution of H2 (Table 2, entries 1 and 2). Cationic Ir complexes 89 and 90 bearing 2,2′-bipyridine or
4,4′-dihydroxy-2,2′-bipyridine ligands exhibited inferior catalytic performance in this dehydrogenation
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reaction, indicating the importance of the hydroxyl groups at the 6,6′-positions for smooth catalysis
(Table 2, entries 3 and 4). Benzylic alcohols with both electron-donating and electron-withdrawing
substituents were successfully converted to the corresponding benzaldehydes in high yields (Scheme 61).
This reaction system was also applied to the dehydrogenation of secondary alcohols with aromatic and
alkyl substituents in refluxing water to afford the corresponding ketone products, although in the case
of aliphatic alcohols, t-butyl alcohol was required as a co-solvent. It is noteworthy that water-soluble
Ir catalyst 88 was readily separated from the products, the water-insoluble carbonyl compounds,
by extracting the crude mixture with hexane. Catalyst 88 was retained in the aqueous phase and could
be reused for alcohol dehydrogenation by simply adding the alcohol starting material into the solution
followed by heating of the reaction mixture at reflux. Ten reuse cycles could be performed without
significant loss of catalytic activity. The successive dehydrogenation of three different secondary and
primary alcohols was also possible by reusing water-soluble Ir catalyst 88 in the aqueous phase.

Table 2. Dehydrogenative oxidation of benzyl alcohol to benzaldehyde in water catalyzed by
Ir complexes.
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More recently, we developed dicationic Cp*Ir complex 91 bearing a linked N-heterocyclic carbene
(NHC)–2-hydroxypyridine ligand, which exhibited higher catalytic ability for the catalytic dehydrogenative
oxidation of secondary alcohols to ketones in aqueous media [215]. The comparison of catalytic activities
in the dehydrogenation of 1-phenylethanol at a short reaction time (1 h) revealed the obvious superiority
of NHC-containing complex 91 against dihydroxypyridine complex 88, which afforded acetophenone in
46% and 15% yields, respectively (Scheme 62). Ir complex 91 promoted the dehydrogenation of various
secondary alcohols, including 1-arylethanols with both electron-donating and electron-withdrawing
substituents, cyclic aliphatic alcohols, and acyclic aliphatic alcohols. The reuse of catalyst 91 over three
cycles while maintaining high catalytic activity was also demonstrated.
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Ir complex 74 also catalyzed the dehydrogenative oxidation of isopropyl alcohol (bp 82 °C) to acetone 
in solvent-free refluxing conditions. The mechanism of the dehydrogenative oxidation was 
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Scheme 62. Ir complex 91-catalyzed dehydrogenative oxidation of secondary alcohols to ketones under
aqueous conditions.

We also disclosed the high catalytic performance of neutral Cp*Ir bipyridonate complex 74 in
the dehydrogenative oxidation of alcohols under milder conditions [195]. Complex 74 promoted the
dehydrogenation of 1-phenylethanol to acetophenone, even in refluxing pentane (bp 36 ◦C), reaching
TONs up to 9500 after 48 h (Scheme 63). In refluxing p-xylene (bp 138 ◦C), the dehydrogenation
proceeded efficiently in the presence of a quite low loading of the catalyst (0.0002 mol%) to afford
the ketone product in 55% yield with a TON of 275,000 after 48 h. The dehydrogenative oxidation of
primary alcohols catalyzed by Ir complex 74 could be carried out under modified reaction conditions.
In refluxing t-BuOH (bp 82 ◦C), the dehydrogenation of benzyl alcohol was catalyzed by 74 (1.5 mol%)
to afford benzaldehyde in 92% yield. With a lower catalyst loading (0.01 mol%), a TON of 3100
was achieved after 48 h. The reaction in refluxing toluene (bp 110 ◦C) with decreased catalyst
loading (0.002 mol%) led to a TON of 47,500 giving benzaldehyde in 95% yield. As described in
Section 3.1.1., Ir complex 74 also catalyzed the dehydrogenative oxidation of isopropyl alcohol (bp 82 ◦C)
to acetone in solvent-free refluxing conditions. The mechanism of the dehydrogenative oxidation was
theoretically investigated (Scheme 64) [217]. The dehydrogenation of benzyl alcohol proceeds in a
concerted manner from coordinatively unsaturated Ir complex 92, leading to Ir-hydride intermediate
93. Alcohol-mediated proton-shuttling occurs to give dihydrogen complex 94. Finally, the liberation of
H2 regenerates catalytically active Ir complex 92.
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Carboxylic Acid Formation

A few catalytic systems for the dehydrogenative oxidation of primary alcohols to carboxylic acid
employing Ir or Ru complexes bearing hydroxypyridine-based ligands have been reported.

Our group reported the dehydrogenation of benzylic alcohols to benzoic acid under aqueous
conditions in the presence of dicationic Cp*Ir complex 91 bearing a linked NHC–2-hydroxypyridine
chelate ligand [215]. The dehydrogenative oxidation reaction of benzyl alcohol in refluxing water was
smoothly catalyzed by complex 91 to afford benzoic acid in 80% yield (Scheme 65). This result is in
stark contrast to the catalytic dehydrogenation of primary alcohols in the presence of Ir catalyst 88,
in which aldehydes were obtained exclusively. It is worth noting that this dehydrogenative oxidation of
benzyl alcohol directly afforded benzoic acid, rather than the benzoate salts that are usually obtained as
the main products in other catalytic dehydrogenative oxidation reactions. In the case of other reported
dehydrogenation reactions, the use of a stoichiometric amount of base is essential to complete the
sequential double dehydrogenation of primary alcohols leading to the carboxylic acid, which results
in the inevitable formation of the carboxylate salt; hence an acidic work up is required to isolate the
carboxylic acid. In contrast, our catalytic system works well under base-free conditions, which allows
direct formation of the carboxylic acid.
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Scheme 65. Ir-catalyzed dehydrogenative oxidations of aromatic primary alcohols leading to
carboxylic acids.

We also reported the dehydrogenative oxidation of primary alcohols to carboxylic acids in the
presence of a Cp*Ir catalyst bearing a functionalized bipyridonate ligand [218]. In addition to benzylic
alcohols, aliphatic alcohols could be efficiently converted to the corresponding carboxylate salts
in the presence of Ir catalyst 95 with a stoichiometric amount of NaOH under aqueous conditions
(Scheme 66). Carboxylic acids were obtained after acidic work up. This catalytic system could also
be applied to the dehydrogenative oxidation of aqueous ethanol to acetic acid, which is industrially
one of the most fundamental and important carboxylic acids, produced and consumed on a very
large scale. The present industrial production of acetic acid employs mainly the Monsanto or Cativa
processes, utilizing methanol and carbon monoxide as starting materials, which are mostly derived
from fossil fuels. Our catalytic ethanol dehydrogenation reaction provides a novel synthetic route
to acetic acid from ethanol, which can be obtained from renewable plant resources. In the ethanol
dehydrogenation reaction, the incorporation of dimethylamino groups in the bipyridonate ligand
was crucial for achieving excellent catalytic activity. The reaction yields were greatly decreased when
unsubstituted bipyridonate complex 74 or trifluoromethyl-substituted bipyridonate complex 96 was
used as the catalyst.
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Among other metal complexes bearing ligands based on hydroxypyridine or related structural
motifs, Szymczak et al. reported Ru-pincer complexes for the catalytic dehydrogenative oxidation
of primary alcohols to carboxylic acids [219]. A 6,6”-di(mesitylamino)terpyridine ligand was newly
designed and applied to the Ru complex 97-catalyzed dehydrogenation of primary alcohols in toluene
solvent with KOH (3 equiv) at 120 ◦C (Scheme 67). After acidic work up, carboxylic acids were
obtained in high yields for benzoic acid derivatives and in good yield for an aliphatic carboxylic acid.
A comparison of the catalytic activities of terpyridine-based Ru complexes with NHMes (97), OH (98),
or H (99) moieties at their 6,6”-positions demonstrated the superior catalytic activity of the NHMes
and OH containing ligands and indicates a metal–ligand cooperative effect on catalytic performance.
NHMes-substituted complex 97 also exhibited better reusability than the others for three cycles of
catalytic dehydrogenative oxidation of primary alcohols.
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CO2 Formation from Aqueous Methanol

The dehydrogenation of simple primary alcohols under aqueous conditions evolves two molecules
of H2 together with the carboxylic acid. In the case of methanol with water, up to three molecules of H2

can be generated concomitant with CO2 formation. Hence, aqueous methanol can be considered as a
promising organic hydrogen carrier and has attracted much attention from the viewpoint of hydrogen
storage [92,100].

We developed the dehydrogenation reaction of aqueous methanol to H2 and CO2 catalyzed by
anionic Cp*Ir pyridonate complex 100 [220]. Complex 100 well promoted the dehydrogenation of
methanol/water (20/80 mmol/mmol) mixtures under mildly basic conditions at reflux, producing an
84% yield of H2 (Scheme 68). The continuous addition of a mixed solution of methanol/water (1:1)
containing NaOH via syringe pump during dehydrogenative catalysis led to the long-term evolution
of H2, producing 4950 mL H2 (64% yield) with a TON of 10,510 after 150 h.

Ester Formation

The catalytic activity of Ru-PNN pincer complex 101 containing a hydroxypyridyl moiety in
the dehydrogenative coupling of benzyl alcohol was examined by Vlugt et al. [221]. Although 90%
conversion to benzyl benzoate was achieved with 101 (1 mol%) and KOt-Bu (1 mol%) in toluene at 117 ◦C,
the O-methylated analogue Ru complex 102 showed only 52% conversion (Scheme 69). Therefore,
metal–ligand cooperative activity by the hydroxypyridine moiety was implied by these results.
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Scheme 69. Dehydrogenative coupling of benzyl alcohol to benzyl benzoate catalyzed by 96 and 97.

Achard et al. reported fac-tridentate NPN-Ru complex 103 having two hydroxypyridyl moieties for
catalytic application to the dehydrogenative homocoupling of primary alcohols leading to esters [203].
The reaction of benzyl alcohol in the presence of 103 (1 mol%) and NaOH (10 mol%) in toluene
at 150 ◦C afforded benzyl benzoate quantitatively (Scheme 70). Other benzylic alcohols were also
successfully converted to the corresponding esters in high yields, and aliphatic alcohols were similarly
tolerated giving aliphatic esters in high yields. 3-Methylpentane-1,5-diol underwent dehydrogenative
lactonization in quantitative yield under the same catalytic conditions.
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We reported the dehydrogenative lactonization of diols under aqueous conditions catalyzed
by cationic Cp*Ir dihydroxybipyridine complex 88 [222]. The reaction of 1,2-benzenedimethanol
in refluxing water was smoothly catalyzed by Ir catalyst 88 (1.0 mol%), leading to the quantitative
formation of phthalide with the evolution of H2 gas (Scheme 71). The lactonization reaction was
applicable to several 1,2-benzenedimethanol derivatives with various substituents. 4-Substituted
1,2-benzenedimethanol was converted to a mixture of the corresponding 5- and 6-substituted phthalides
with low selectivity. 3-Substituted 1,2-benzenedimethanol underwent lactonization with better
selectivity, giving the 4-substituted phthalide as the major product. Other arylene-linked diols were
successfully converted to the corresponding lactones. Aliphatic diols were also applicable in this
lactonization reaction. Reuse of the catalyst was examined for the reaction of a biphenyl-based diol,
achieving five cycles of reuse without loss of the high catalytic activity. The reaction likely proceeds
via an initial dehydrogenation of one alcohol moiety, giving a hydroxyaldehyde, which undergoes
spontaneous cyclization to the lactol, followed by a second dehydrogenation that affords the lactone
product. More recently, we reported the Ir complex 74-catalyzed dehydrogenation of 1,4-butanediol to
γ-butyrolactone (see Section 3.1.1) [196].Catalysts 2020, 10, 635 50 of 72 
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N-Heterocycle Formation

The dehydrogenative formation of N-heterocycles from alcohols and amines catalyzed by metal
complexes having hydroxypyridine-based ligands has been reported by several groups. The synthesis of
quinolines from 2-hydroxymethyl aniline derivatives and ketones was achieved with Ir and Mn catalysts.
Although the detailed mechanism for this reaction remains unclear, the dehydrogenative oxidation of
2-hydroxymethyl aniline is probably involved as a key step. Li et al. reported a Cp*Ir-dihydroxybipyridine
complex 88-catalyzed reaction in the presence of a stoichiometric amount of KOH (1 equiv) in water
solvent at 100 ◦C (Scheme 72) [223]. 2-Hydroxypyridyl and naphthyridyl-chelated-Mn complex 104
prepared by Chen et al., also exhibited catalytic activity for this quinoline synthesis in toluene solvent
with KOt-Bu (1 equiv) [224].Catalysts 2020, 10, 635 51 of 72 
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the dehydrogenative coupling of o-aminobenzamides with methanol in the presence of Cp*Ir 
bipyridonate complex catalyst 74 (Scheme 74) [226]. In methanol solvent with Cs2CO3 (0.3 equiv), Ir 
catalyst 74 promoted the conversion of o-aminobenzamide to the quinazolinone at 150 °C. The yield 
was increased to 88% by performing the reaction under microwave irradiation, reaching 130 °C. The 
reaction is thought to proceed via the dehydrogenation of methanol to formaldehyde, which 
undergoes condensation with the o-aminobenzamide followed by further dehydrogenation leading 
to the quinazolinone. 

Scheme 72. Catalytic dehydrogenative condensation of 2-hydroxymethyl aniline with ketones leading
to quinolines.

Kundu et al. employed Ir catalyst 105 bearing a benzimidazole-hydroxypyridine-linked chelate
ligand for the synthesis of quinolines from 2-hydroxymethyl aniline derivatives and secondary alcohols
(Scheme 73) [225]. The reaction was performed with KOH (1.5 equiv) in water solvent at 120 ◦C.
2-Hydroxymethylnitrobenzene derivatives were also converted to the same quinoline product by using
3 equiv of secondary alcohol in this Ir-catalyzed reaction. The reaction using the nitrobenzene might
proceed via a hydrogen transfer process from the alcohol to the nitro functionality.
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The dehydrogenative synthesis of dinitrogen-containing heterocycles employing hydroxypyridine-
based ligand complexes was also reported. Quinazolinones were synthesized via the dehydrogenative
coupling of o-aminobenzamides with methanol in the presence of Cp*Ir bipyridonate complex catalyst
74 (Scheme 74) [226]. In methanol solvent with Cs2CO3 (0.3 equiv), Ir catalyst 74 promoted the
conversion of o-aminobenzamide to the quinazolinone at 150 ◦C. The yield was increased to 88% by
performing the reaction under microwave irradiation, reaching 130 ◦C. The reaction is thought to
proceed via the dehydrogenation of methanol to formaldehyde, which undergoes condensation with
the o-aminobenzamide followed by further dehydrogenation leading to the quinazolinone.Catalysts 2020, 10, 635 52 of 72 
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Kundu et al. reported the dehydrogenative synthesis of quinoxalines, benzimidazoles,
and quinazolines under aqueous conditions from 1,2-benzenediamine or 2-aminobenzyl amine with
1,2-diols or monoalcohols (Scheme 75) [227]. The reaction of 1,2-benzenediamine with propane-1,2-diol
in refluxing water with KOH (1.5 equiv) was catalyzed by imidazolinyl-hydroxypyridine-ligated
monocationic Cp*Ir complex 106 to afford 2-methylquinoxaline. The reaction of 1,2-benzenediamine
with benzyl alcohol catalyzed by dicationic Cp*Ir complex 107 afforded benzimidazole under
neutral conditions in refluxing water. Using the catalytic conditions with dicationic Ir complex 107,
the condensation of 2-aminobenzyl amine with benzyl alcohol successfully proceeded to give the
quinazoline in high yield.
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Kundu et al. also reported a dehydrogenative three-component coupling reaction leading
to pyrimidines catalyzed by Ru complex 108 bearing a benzimidazolyl-2-hydroxypyridine chelate
ligand [228]. Amidines, primary alcohols, and secondary alcohols were used as starting materials,
which underwent condensation to the pyrimidine product in the presence of Ru catalyst 108 and KOt-Bu
(1 equiv) in dioxane solvent at 120 ◦C (Scheme 76). The reaction may proceed via the Ru-catalyzed
dehydrogenation of the primary and secondary alcohols, leading to aldehydes and ketones, which
undergo the aldol condensation to give the α,β-unsaturated ketones. Dehydrative condensation
of the α,β-unsaturated ketones with the amidines generates dihydropyrimidines, which undergo
Ru-catalyzed dehydrogenation to give the final pyrimidine products.Catalysts 2020, 10, 635 53 of 72 
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3.2.2. Formic Acid Dehydrogenation

Directed toward the development of formic acid-based hydrogen storage systems, hydroxypyridine-
based metal catalysts that promote both formic acid dehydrogenation and CO2 hydrogenation have
been studied. We briefly summarize the hydrogenation of CO2 to formic acid in Section 3.1.2.

Selected examples of hydroxypyridine-based Ir complex catalysts applicable in the
dehydrogenation of formic acid are summarized in Table 3. A highly active catalyst for formic
acid dehydrogenation was reported by Himeda et al. [197]. Catalyst 75, effective for the hydrogenation
of CO2, exhibited high catalytic performance in the dehydrogenation of formic acid in 1 M formic
acid/sodium formate (1:1, pH 3.5) at 80 ◦C, reaching a TON of 308,000 after 12 h (Table 3, entry 1).
Later, Himeda et al. reported Ir complex 109, which exhibited higher catalytic activity in formic acid
dehydrogenation with a TON of 400,000 in highly concentrated formic acid (8 M) at 100 ◦C (Table 3,
entry 2) [229]. With longer reaction times in 6 M formic acid, Ir catalyst 109 achieved TONs as high
as 2,050,000 in the dehydrogenation of formic acid at 60 ◦C (Table 3, entry 3). From the mechanistic
study, the rate-determining step of formic acid dehydrogenation was proposed to switch according
to the pH of the reaction system. In the pH region over 2.8, the rate-determining step is likely the
protonation of an Ir-hydride intermediate to release H2. This step can be accelerated by metal–ligand
cooperative interaction. In contrast, in the pH region from 1.7–2.8, the rate-determining step is thought
to be a formal β-hydride elimination from an Ir-formate intermediate, leading to an Ir-hydride with
the liberation of CO2. This process does not seem to be involved metal–ligand cooperation. In fact, Ir
complexes 76 and 80 exhibited similar catalytic activities in the dehydrogenation of formic acid in 1.0 M
(pH 1.8) conditions at 60 ◦C (Table 3, entries 4 and 5) [201]. Two Ir complexes 110 and 111, also showed
similar catalytic performance in the dehydrogenation of 1.02 M formic acid at 60 ◦C [202]. In the case of
the dehydrogenation of formic acid, the ligand design for an effective catalyst is not necessarily limited
to 2-hydroxypyridine-based structures according to the reaction conditions and plausible mechanism.
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Table 3. Selected Ir catalysts bearing hydroxypyridine-based ligands for the dehydrogenation of
formic acid.
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Entry Catalyst Conditions T (◦C) Time (h) TON Initial TOF
(h−1)

1 75 1 M HCO2H/HCO2Na
(1:1, pH 3.5) 80 12 308,000 158,000

2 109 8 M HCO2H 100 4 400,000 173,000
3 109 6 M HCO2H 60 580 2,050,000 N.A.
4 76 1.0 M HCO2H (pH 1.8) 60 3 5000 2200
5 80 1.0 M HCO2H (pH 1.8) 60 4 5000 2400
6 110 1.02 M HCO2H 60 3 >3500 1200
7 111 1.02 M HCO2H 60 3 >3500 1200

TON = turnover number; TOF = turnover frequency; N.A. = not available.

3.2.3. N-Heterocycle Dehydrogenation

As mentioned in Section 3.1.3., the dehydrogenation of N-heterocycles coupled with the reverse
hydrogenation process has recently attracted much attention for application in reversible hydrogen
storage. For example, we found high catalytic activity of Ir-bipyridonate complex 74 (1.0 mol%) in
the dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline [208], which proceeded in refluxing
p-xylene resulting in quantitative conversion to 2-methylquinoline (Scheme 77). Perdehydrogenation
of 2,6-dimethyldecahydro-1,5-naphthyridine was also accomplished by catalyst 74 (5.0 mol%),
leading to nearly quantitative formation of 2,6-dimethyl-1,5-naphthyridine. We also found that
a 1,10-phenanthroline-2,9-dione ligand enhanced the stability of the Ir complex during catalysis,
and its Ir complex 85 also catalyzed perdehydrogenation in excellent yield. Combined with the high
catalytic performance of 85 in the reverse perhydrogenation reaction, successive hydrogenation and
dehydrogenation processes were possible (see Section 3.1.3, Scheme 57).
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3.3.1. Transfer Hydrogenation of Ketones and Aldehydes 

Various hydroxypyridine-based multidentate ligands have been developed for application to 
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Scheme 77. Catalytic dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline and 2,6-dimethyldecahydro
-1,5-naphthyridine by Ir complexes 74 and 85.

Ir-bipyridonate complex 74 also exhibited high catalytic performance in the dehydrogenation of
2,5-dimethylpiperazine to 2,5-dimethylpyrazine (Scheme 78) [209]. The dehydrogenation reaction
of 2,5-dimethylpiperazine in refluxing p-xylene was catalyzed by 74 (2.0 mol%), leading to 100%
formation of 2,5-dimethylpyrazine. Under solvent-free conditions, the reaction could be performed
with a reduced catalyst loading, while maintaining enough reaction efficiency. This reaction was
applied to a repetitive dehydrogenation/hydrogenation sequence directed toward reversible hydrogen
storage (see Section 3.1.2).
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Considering the high catalytic ability of these Ir complexes in both the dehydrogenation/

hydrogenation reactions of N-heterocyclic compounds, future advances in the development of
N-heterocycle-based hydrogen storage media should be expected.

3.3. Transfer Hydrogenation and Borrowing Hydrogen Reactions

3.3.1. Transfer Hydrogenation of Ketones and Aldehydes

Various hydroxypyridine-based multidentate ligands have been developed for application to the
transfer hydrogenation of carbonyl compounds such as ketones and aldehydes. The structures of these
catalysts for transfer hydrogenation are summarized in Figure 6.
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ligand [231]. The reaction was performed in i-PrOH solvent at 80 °C in the presence of 113 (0.5 mol%) 
and KOt-Bu (10 mol%) for 12–24 h. Acetophenone derivatives, di-primary-alkyl ketones were 
successfully converted to the corresponding alcohols. Alkenyl moieties remained intact during the 
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was reported by Chen et al.; this complex exhibited higher catalytic ability, completing transfer 
hydrogenation in a shorter time (8–150 min) with a TOF as high as 1190 h−1 under similar reaction 
conditions [232]. Yang and Chen also reported CO-ligated Ru complexes 115 and 116, which 
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exclusive carbonyl reduction while preserving the alkene moiety [233]. Chen et al. also prepared 
pyrazolyl moiety-containing analogue Ru complex 117 for the transfer hydrogenation of ketones 
[234]. A 2-(2-pyridyl-2-ol)-1,10-phenanthroline-ligated Ru complex 118 developed by Kundu et al. 
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Figure 6. Reported catalysts bearing hydroxypyridine-based ligands for the transfer hydrogenation of
carbonyl compounds.

Ru-p-cymene complex 112 with a 6,6′-dihydroxy-2,2′-bipyridine ligand was reported by
Papish et al. [230]. Complex 112 catalyzed the transfer hydrogenation of acetophenone in methanol/water
(10/90) solution in the presence of NaO2CH leading to a 95% conversion at 85–90 ◦C after 18 h.
Several tridentate 2-hydroxypyridine moiety-containing ligands have been developed by different
groups for application to Ru-catalyzed transfer hydrogenation. Szymczak et al. reported the transfer
hydrogenation of ketones catalyzed by cationic Ru complex 113 bearing a 6,6′-dihydroxyterpyridine
ligand [231]. The reaction was performed in i-PrOH solvent at 80 ◦C in the presence of 113 (0.5 mol%)
and KOt-Bu (10 mol%) for 12–24 h. Acetophenone derivatives, di-primary-alkyl ketones were
successfully converted to the corresponding alcohols. Alkenyl moieties remained intact during
the reaction. A similar Ru complex 114 having a tridentate 2-hydroxypyridyl moiety-containing
ligand was reported by Chen et al.; this complex exhibited higher catalytic ability, completing
transfer hydrogenation in a shorter time (8–150 min) with a TOF as high as 1190 h−1 under similar
reaction conditions [232]. Yang and Chen also reported CO-ligated Ru complexes 115 and 116, which
exhibited better chemoselectivity in the transfer hydrogenation of alkene-tethered ketones leading
to exclusive carbonyl reduction while preserving the alkene moiety [233]. Chen et al. also prepared
pyrazolyl moiety-containing analogue Ru complex 117 for the transfer hydrogenation of ketones [234].
A 2-(2-pyridyl-2-ol)-1,10-phenanthroline-ligated Ru complex 118 developed by Kundu et al. also
exhibited higher catalytic performance in the transfer hydrogenation of acetophenone in i-PrOH,
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achieving a TOF of 2400 h−1 [235]. Complex 118 also promoted the transfer hydrogenation of nitriles
in i-PrOH, leading to imine products.

Li et al. reported the transfer hydrogenation of aldehydes and ketones catalyzed by Cp*Ir
bipyridonate complex 74 [236]. This reaction could be performed in i-PrOH solvent under neutral
conditions at 82 ◦C. Both aromatic and aliphatic aldehydes or ketones were applicable to the transfer
hydrogenation reaction. We also reported the transfer hydrogenation of ketones and aldehydes
catalyzed by Cp*-Ir bipyridonate complex 74, employing glucose as a hydrogen donor in water or
dimethylacetamide solvent [237]. Recently, Li et al. reported the transfer hydrogenation of ketones
and imines in methanol solvent, mediated by anionic Cp*Ir bipyridonate complex catalyst 100 [238].
The use of novel hydrogen donors other than the conventional i-PrOH will be further explored in
future studies of transfer hydrogenation catalysis.

The use of base-metal complexes with hydroxypyridine-based ligands in transfer hydrogenation
catalysis was recently reported by Chen et al. [224]. 2-Hydroxypyridyl and naphthyridyl-chelated Mn
complex 104 was prepared for the catalytic transfer hydrogenation of ketones and aldehydes in i-PrOH.

3.3.2. Transfer Dehydrogenation of Alcohols

The transfer dehydrogenation of alcohols as the reverse reaction of the transfer hydrogenation of
aldehydes or ketones, known as the Oppenauer-type oxidation, is of course possible through the use of
hydroxypyridine-based metal catalysts. Typically, a large excess of the hydrogen acceptor is required
for completion of this reaction when a ketone such as acetone is used, because the reaction essentially
affords an equilibrium mixture. In this context, we found that a stoichiometric amount of isopropenyl
acetate worked well as a hydrogen acceptor [239]. Hydrogen transfer oxidation of aliphatic primary
alcohols proceeded to afford aldehyde products in the presence of Ir catalyst 119 (3.0 mol%) and 1.0
equiv of isopropenyl acetate in refluxing toluene (Scheme 79). The reaction of benzylic alcohols could
be performed at 80 ◦C with reduced catalyst loading (2.0 mol%). A secondary alcohol (1-phenylethanol)
was also applicable in this catalytic system leading to the ketone product. The key feature of this
reaction is the irreversible hydrogenolysis of isopropenyl acetate leading to propene and acetic acid,
which allows the hydrogen transfer reaction to occur in a stoichiometric manner.
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hydrogen acceptor.

3.3.3. C–C Bond-Forming Alkylation Based on Borrowing Hydrogen Methodology

“Borrowing hydrogen” type transformations such as alkylation at the α-positions of ketones
or β-positions of secondary alcohols using primary alcohols as alkylating reagents are good target
reactions for catalysis by hydroxypyridine-based metal complexes [152–155]. The α-alkylation of
a ketone by the “borrowing hydrogen” mechanism proceeds via an initial dehydrogenation of the



Catalysts 2020, 10, 635 54 of 68

primary alcohol, leading to the aldehyde, which undergoes aldol condensation with the ketone to give
an α,β-unsaturated ketone; subsequent hydrogenation furnishes the alkylated product (Scheme 36).
Alkylation of the β-position of alcohols proceeds initially via the dehydrogenation of both the secondary
and primary alcohols followed by the aldol condensation of the resulting ketone and aldehyde to give
an α,β-unsaturated ketone; this is subsequently doubly hydrogenated to produce the alkylated alcohol
product. Considering the good catalytic performance of such complexes in the dehydrogenation
of alcohols, an efficient catalytic system based on the “borrowing hydrogen” methodology can be
developed. Li et al. reported that the α-alkylation of ketones with primary alcohols as alkylating
reagents could be catalyzed by Cp*-Ir bipyridonate complex 74 [240]. The alkylation of acetophenone
with various primary alcohols was performed in refluxing t-amyl alcohol solvent in the presence of 74
and Cs2CO3 in air (Scheme 80). Both benzylic and aliphatic alcohols were applicable as alkylating
reagents. In addition to aromatic ketones, cyclopropyl methyl ketone and t-butyl methyl ketone were
tolerated. It is noteworthy that methanol could also be utilized as a methylating reagent. Chen et al.
also reported this type of transformation catalyzed by Ru complex 120 bearing a pyridonate-containing
bidentate ligand (Figure 7) [241].
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Kundu et al. reported the alkylation of secondary alcohols using primary alcohols as
alkylating reagents in the presence of 6,6′-dihydroxy-2,2′-bipyridine-ligated Ru complex catalyst
121 (Scheme 81) [242]. The reaction proceeded in refluxing toluene in the presence of 121 and KOt-Bu,
affording β-alkylated alcohol product A together with alkylated ketone product B as a minor byproduct.



Catalysts 2020, 10, 635 55 of 68

As secondary alcohols, 1-aryl- and 1-alkyl ethanols were applicable, while benzylic and aliphatic
alcohols were suitable as primary alcohols. Kundu et al. also reported the same reaction catalyzed
by 2-(2-pyridyl-2-ol)-1,10-phenanthroline-ligated Ru complex 118 [243]. In that report, the double
alkylation of cyclopentanol at the 2- and 5-positions was demonstrated. Similar β-alkylation reactions
of secondary alcohols catalyzed by Ru complexes 122 and 123 bearing tridentate hydroxypyridyl
moiety-containing ligands were reported by Chen et al. (Figure 7) [241,244].
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3.4. Miscellaneous

The use of the hydroxypyridine ligand in a Pd-catalyzed biaryl formation reaction involving C–H
activation was reported by Albeńiz et al. [245]. For the Pd-catalyzed direct arylation of pyridine with
p-iodotoluene affording 3-p-tolylpyridine, 6-hydroxy-2,2′-bipyridine and related bipyridine ligands
such as 2,2′-bipyridine, 6-methoxy-2,2′-bipyridine, and 4-hydroxy-2,2′-bipyridine were employed
(Table 4). The reaction of p-iodotoluene in pyridine solvent with 3 equiv Cs2CO3 in the presence
of Pd(OAc)2 (5 mol%) and 2,2′-bipyridine (15 mol%) did not proceed smoothly, giving only 6%
of the arylation product (Table 4, entry 1). The use of a 6-hydroxy-2,2′-bipyridine ligand greatly
improved the product yield to 90%, whereas 6-methoxy-2,2′-bipyridine or 4-hydroxy-2,2′-bipyridine
was not as effective (Table 4, entries 2–4). The amounts of ligand and base could be lowered to
6 mol% and 1 equiv, respectively, without loss of catalytic performance (Table 4, entry 5). Pre-formed
Pd-6-hydroxy-2,2′-bipyridine complex 124 exhibited high catalytic activity, achieving complete reaction
within 6 h (Table 4, entry 6). According to the experimental results and DFT calculations, an in
situ-formed pyridonate ligand is proposed to serve as an internal basic site which renders C–H
activation much easier (Scheme 82).

As shown in the last example, the potential utility of the hydroxypyridine ligand in catalytic
transformations other than hydrogenation and dehydrogenation remains relatively unexplored and
should be developed in future work.
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Table 4. Effect of hydroxypyridine ligand on Pd-catalyzed direct arylation of pyridine.
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4. Conclusions

Research on the activation of substrates and reactants based on cooperative effects between
a metal and the ligands has begun to attract considerable attention; thus, many researchers have
endeavored to develop new ligands and design catalysts for highly difficult molecular activation
processes. Their findings, indicating the importance of the ligand design in the fabrication of new
metal-complex catalysts, are now observed in a new light. Until now, the application of metal–ligand
cooperation-based molecular activation has been limited to relatively simple reactions, such as
hydrogenation, dehydrogenation, and reactions involving hydrogen transfer. However, in the future,
it can be expected that numerous catalytic reactions involving cleavage of carbon–heteroatom bonds
and even carbon–carbon bonds will be reported. It is our hope that new complex catalysts will be
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created using innovative and precise ligand design to develop truly useful and environmentally benign
transformations of organic molecules.
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