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ABSTRACT: Homogeneous catalysis of organic transforma-
tions by metal complexes has been mostly based on complexes
of noble metals. In recent years, tremendous progress has
been made in the field of base-metal catalysis, mostly with
pincer-type complexes, such as iron, cobalt, nickel, and manga-
nese pincer systems. Particularly impressive is the explosive
growth in the catalysis by Mn-based pincer complexes, the first
such complexes being reported as recently as 2016. This review
covers recent progress in the field of homogeneously catalyzed
reactions using pincer-type complexes of cobalt and manganese.
Various reactions are described, including acceptorless dehy-
drogenation, hydrogenation, dehydrogenative coupling,
hydrogen borrowing, hydrogen transfer, H−X additions,
C−C coupling, alkene polymerization and N2 fixation, including
their scope and brief mechanistic comments.
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1. INTRODUCTION

Rational design and the choice of an appropriate ligand are
very important for the development and fine tuning of the
catalytic activities and stereoselectivities of metal complexes.
The steric and electronic properties imparted by the ligand
greatly influence the nature of the reactive species and thus the
outcome of a homogeneously catalyzed reaction.1

In general, pincer-based ligands provide exceptional stability
and reactivity of the metal complexes obtained toward various
transformations. As a result, the chemistry of pincer-type com-
plexes has been extensively developed in the last few decades.2

The pincer ligand can be designed in a few steps, and its elec-
tronic and steric nature can be readily tuned. Additionally, the
tridentate coordination mode forms a well-defined geometry
around the metal center and provides better flexibility and capa-
bility for adapting to the requirements of the different steps of
the catalytic cycle during catalysis. Moreover, pincer complexes
capable of cooperation between the metal center and the pincer
ligand, undergoing both bond-making and -breaking processes
with incoming substrates, provide new opportunities for catalytic
design.3 Owing to these advantages, in the past few years a
plethora of these ligands have been reported and their metal
complexes have been explored in various transformations.2

Over the past decades, metal complexes, mostly based on
noble metals, have been explored in a variety of chemical
transformations.4,5 However, the recent trend is the replace-
ment of noble-metal catalysts by more economical, environ-
mentally friendly catalysts based on earth-abundant metals.
Moreover, first-row transition metals can exhibit different

coordination geometries and multiple spin states that help in
the manipulation of the electronic structure of the resulting
complex as required during different steps of the catalysis.
In addition to this, the first-row transition metals can provide
more substitutional lability in comparison to that of second-
and third-row transition metals. However, the tendency of first-
row transition-metal complexes to react by one-electron path-
ways, rather than by the prevailing two-electron transformations
of second- and third-row metals, can make it difficult to envisage
and control catalytic reactivity. In this regard, bond activation by
metal−ligand cooperation can proceed with no change in the
metal oxidation state, which makes such processes more suitable
for adaptation by first-row metals.3a Moreover, other approaches
have also been employed for the first-row transition-metal
catalysis to enable the two-electron processes: e.g. employment
of redox-active ligands6 and metal−metal cooperativity.7 Hence,
first-row transition metals might provide different mechanisms
and different selectivities in comparison with second- and third-
row transition metals. Neutral ligand systems, such as CO,
phosphines, etc., may also promote catalysis with first-row
metals.8 As a result of this, in the past few years noteworthy
progress has been made in the area of homogeneous earth-
abundant metal catalysts in various organic transformations.
In recent years, several reviews have been published,

focusing on pincer complexes based on noble metals such as
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ruthenium, iridium, palladium, and platinum.4,5 Fewer reviews
related to earth-abundant metals, such as iron,9 cobalt,6,10 and
manganese,11 have been published. Recently, reviews focusing
on the development and application of iron pincer complexes6

have been reported, while there have been very few reviews
on well-defined cobalt and manganese pincer complexes.7,8 This
review will focus on the recent advancements in the field of homo-
geneous catalysis by cobalt and manganese pincer complexes.
Base-metal complexes can catalyze a range of organic trans-

formations, including (de)hydrogenation, C−C coupling, C−H
borylation, hydrosilylation, polymerization, etc. In section 2 we
discuss dehydrogenation reactions catalyzed by cobalt and
manganese pincer complexes. This includes acceptorless dehy-
drogenation of alcohols, followed by reaction with nucleophiles
to yield imines, amine heterocycles, esters, and amides. Next,
we discuss hydrogenation reactions using molecular hydrogen
for the synthesis of alcohols, amines, alkanes, etc. We further
cover catalytic reduction using hydrogen donors (transfer hydro-
genation) and proceed to more intricate chemistry. We then
discuss the application of cobalt and manganese pincer com-
plexes in other useful organic transformations.

2. DEHYDROGENATION REACTIONS
Significant progress has been made during the past few decades
in metal-catalyzed dehydrogenation reactions of alcohols. Alcohols
are available from lignocellulose,12 which is an abundantly available
biomass. It is indigestible and is used very rarely, and therefore
it is an attractive nonfossil carbon source.13 Alcohols can be
activated toward new reactivity modes by dehydrogenation,
while releasing as a byproduct valuable dihydrogen. During the
last two decades, several highly efficient catalytic systems have
been developed for dehydrogenation processes using com-
plexes of noble metals.5c,d In addition, significant progress has
been made in recent years regarding dehydrogenation reac-
tions catalyzed by complexes of earth-abundant metals.9−11

Herein, we discuss the dehydrogenation reactions catalyzed by
cobalt and manganese pincer complexes.
Dehydrogenation of a primary alcohol leads to an aldehyde

that can react with an alcohol or an amine, leading to the
formation of a hemiacetal or hemiaminal, respectively. These
can be dehydrogenated to form the corresponding ester or
amide, respectively. The main advantages associated with this
process in comparison with established synthetic routes are the
use of cheap starting materials (alcohols) and the generation of
H2, valuable by itself, as a byproduct.
Alternatively, a borrowing hydrogen approach can also take

place if the hydrogen (or metal hydride intermediates), formed
in a dehydrogenation step, can be transferred to an unsaturated
intermediate.
2.1. Synthesis of Imines. The catalytic synthesis of imines

by dehydrogenative coupling of alcohols with amines represents
an environmentally benign methodology, which produces only
H2 and H2O as byproducts. Mechanistically, the initially
formed aldehyde generated by the metal-catalyzed alcohol
dehydrogenation reacts with the amine to form a hemiaminal
intermediate, which loses a molecule of water instead of taking
part in another catalytic cycle. In 2010, Milstein and co-workers14

first reported the dehydrogenative coupling of amines and
alcohols to form imines, catalyzed by a PNP-ruthenium pincer
complex. Following this report, several groups have developed
imine synthesis with precious-metal catalysts.15

Zhang and Hanson reported16 the first imine synthesis
catalyzed by the PNP-pincer cobalt complex 1 (Scheme 1).

Various functional groups, including electron-donating and
electron-withdrawing substituents, were tolerated under the
catalytic conditions. Both aliphatic and aromatic alcohols and
amines were converted to the corresponding imines in good
yields (up to 99%). Interestingly, the cationic cobalt precatalyst
proved to be essential for the imine formation reaction. When
a neutral cobalt alkyl complex was used instead, the imine was
obtained in low yield (7%) even after 24 h. A deuterium
labeling experiment indicated that the imine formation
reaction proceeds by an initial reversible alcohol dehydrogen-
ation step involving a cobalt hydride intermediate.
In 2016 Milstein and co-workers17 reported the unprece-

dented manganese-catalyzed acceptorless dehydrogenative
coupling of alcohols and amines to yield imines. The manga-
nese complex 2 exhibited very good catalytic activity (Scheme 1).
Diverse aliphatic and benzylic alcohols were efficiently converted
to imines, and a broad functional group tolerance was observed
(Table 1). Moreover, mechanistic insight was also provided.

Scheme 1. Synthesis of Imines Catalyzed by Cobalt and
Manganese Complexes 1−3

Table 1. Selected Examples of Dehydrogenative Coupling of
Alcohols and Amines to Form Imines Catalyzed by 2 and
the Imine Yields
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Soon after this report, the Kirchner group18 showed that the
related PNP manganese complex 3 is also useful as a catalyst
for this reaction (Scheme 1).
2.2. Synthesis of Alkanes and Hydrazones. Milstein

and co-workers19,20 recently demonstrated that deoxygenation
of primary alcohols and subsequent reaction with hydrazine
lead to the formation of alkanes or N-substituted hydrazones,
depending upon the manganese-based catalyst. When 4 was
used as a precatalyst, the corresponding alkane was obtained
as the main product (Scheme 2).19 In the presence of 4, the
intermediate hydrazone undergoes a Wolff−Kishner reduction
under the basic conditions to form the deoxygenated hydro-
carbon. Interestingly, when complex 5 was employed in the
catalytic reaction, hydrazones were formed in good yields.20

Under the catalytic conditions, deprotonation of complex 5 by
tBuOK yielded the active catalyst 6 bearing a diaromatized
pincer ligand, which catalyzes alcohol dehydrogenation via

metal−ligand cooperation (Scheme 3, left cycle). The
aldehyde thus formed reacts with excess hydrazine to produce
hydrazone, which undergoes hydrogenation of the CN bond
to form the N-substituted hydrazine through a borrowing hydro-
gen process (Scheme 3, right cycle). The latter reacts with
an additional aldehyde molecule to form the N-substituted
hydrazine. Under the catalytic conditions, both benzylic and
aliphatic alcohols reacted smoothly.

2.3. α-Olefination of Nitriles. In 2017, Milstein and
co-workers21 reported the α-olefination of nitriles by alcohols
catalyzed by the manganese complex 4 (Scheme 4). This is an
unprecedented reaction for any metal complex, including noble
metals. The reaction proceeds without any additives, such as
bases, or hydrogen acceptor. A wide range of olefinic nitriles
were obtained under the optimized reaction conditions with
very good yields (up to 91%). In this reaction complex 4
liberates H2 to form the corresponding amido complex, which

Scheme 2. Deoxygenation of Primary Alcohols Using Mn Complex

Scheme 3. Proposed Reaction Mechanism for Hydrazone Synthesis Using Mn Complex 5
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plays a dual role, as both a dehydrogenation catalyst and a
base.
2.4. Synthesis of N-heterocycles. Aromatic N-hetero-

cyclic compounds such as pyrroles, pyrimidines, pyridines, and
quinolines are important classes of compounds, as they can be
found in the building blocks of many natural products and
pharmaceuticals. Over the past few decades, several new syn-
thetic routes have been adopted for their synthesis. In partic-
ular, the acceptorless dehydrogenation of the alcohols followed
by coupling with an amine derivative and subsequent dehydro-
genation represents a sustainable synthesis of such families of
heteroaromatics. A variety of noble-metal (mainly ruthenium
and iridium)22 catalysts have been developed for the synthesis
of N-heterocycles using this strategy.
In 2016, Milstein and co-workers23 reported the catalytic

synthesis of substituted pyrroles starting from diols and amines
using the cobalt pincer complex 9 (Scheme 5). The PNN(H)-Co

complex 9 used in this study exhibited very good catalytic
activity, and yields up to 93% of the substituted pyrroles were
obtained. The reaction requires a base and hydride source in
catalytic amounts, and it likely proceeds via a CoI−H complex
formed in situ. The reaction is applicable to a wide range of
primary alkyl amines, benzylic amines, and aromatic amines
and to primary and secondary diols. The same group also
reported24 the direct synthesis of benzimidazoles by dehydro-
genative coupling of aromatic diamines and alcohols catalyzed by
a cobalt pincer system. Very recently, Balaraman and co-workers25

reported the SNS-cobalt pincer catalyzed acceptorless dehy-
drogenative coupling of unprotected amino alcohols with
secondary alcohols, leading to the formation of pyrrole and
pyridine derivatives.
Moreover, Kempe and co-workers26 reported the efficient

synthesis of pyrroles by dehydrogenative coupling of secondary
alcohols with amino alcohols using precatalyst 10 (Scheme 5).
Under the catalytic conditions, a variety of functional groups
were tolerated and low catalyst loadings were used (0.5 mol %).
Mechanistically, formation of pyrrole catalyzed by cobalt and

manganese complexes begins with dehydrogenation of the
secondary alcohols to form ketones, which undergo coupling
with amines or amino alcohols to provide hemiaminals or imines,
respectively. Further dehydration yields pyrroles (Scheme 6a).
On the other hand, the imine-alcohol intermediates initially
undergo dehydrogenation to provide imino aldehyde inter-
mediates (Scheme 6b), which upon base-catalyzed intramolec-
ular condensation and aromatization provides the pyrroles as
described in Scheme 6b.
Zhang and co-workers27 reported the synthesis of quinoline

derivatives by dehydrogenative coupling of 2-aminobenzyl
alcohols with ketones using the cobalt complex 1 (Scheme 7).
Furthermore, Kirchner28 as well as Kempe29 independently
reported in 2016 the manganese-catalyzed syntheses of
aromatic N-heterocycles (Scheme 7). Kirchner and co-workers
showed that substituted quinolines can be synthesized through
dehydrogenative coupling of 2-aminobenzyl alcohols and
various secondary alcohols. As a catalyst they tested 11, as
well as similar complexes with a triazine backbone reported by
Kempe. Interestingly, the N-methylated complex did not show
any activity, which demonstrates the importance of the N−H
group during the catalytic cycle. Under basic conditions, it is
expected that the N−H proton undergoes deprotonation and
the resulting amido complex activates the alcohol via metal−
ligand cooperation.18

Furthermore, Kirchner28 and Kempe29 developed a three-
component process for the production of substituted pyrimi-
dines using benzamidine in the presence of a primary and a
secondary alcohol (Scheme 8). Moreover, Kempe reported a
consecutive four-component reaction for the synthesis of tet-
rasubstituted pyrimidines using a similar protocol (Scheme 8).
Several manganese catalysts having a triazine pincer ligand
were additionally tested by Kempe and co-workers for the
synthesis of pyrimidines, the manganese complex 10 being the
most efficient. Similarly, Kirchner and co-workers found that
11 is an efficient catalyst for the same transformation. Both
groups showed wide applicability of their manganese catalysts
and demonstrated the synthesis of several substituted pyri-
midines with good isolated yields. While the Kirchner group
concentrated on aromatic alcohols, the Kempe group used
several aliphatic primary as well as secondary alcohols.

2.5. Borrowing Hydrogen Reactions. Borrowing hydro-
gen, also known as hydrogen autotransfer, is a process in

Scheme 4. α-Olefination of Nitriles with Alcohols Catalyzed by Mn Complex 4

Scheme 5. Synthesis of Pyrroles Catalyzed by Complexes 9
and 10
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which hydrogen or metal hydrides formed during an initial
dehydrogenation step are involved in a consecutive hydrogena-
tion of an unsaturated intermediate formed via a condensation
step. Interestingly, the dehydrogenation and the borrowing
hydrogen processes can be efficiently mediated by the same
catalyst.5c,11b The limited reactivity of alcohols toward nucle-
ophiles can be readily overcome using this synthetic route.
Nitrogen-containing compounds, ranging from primary amines
to heterocycles, were obtained using the metal-catalyzed,
alcohol-borrowing hydrogen pathway.
2.5.1. N-alkylation Reaction of Amines. Formation of

C−N bonds is a fundamentally important reaction for the

synthesis of pharmaceuticals and fine chemicals. Over the past
decades, several catalytic methods have been employed for the
construction of C−N bonds, such as classic nucleophilic sub-
stitutions,30 Buchwald−Hartwig coupling,31 Ullmann reac-
tion,32 and hydroamination reactions.33 Recently, significant
progress has been made using various borrowing-hydrogen meth-
odologies for the environmentally benign formation of C−N
bonds using different metals.
In 2015, Kempe and co-workers34 first reported the cobalt-

catalyzed N-alkylation of aromatic amines with primary alcohols
using the pincer complex 12 (Scheme 9). Various functional
groups are tolerated under relatively mild conditions (80 °C)
using 2 mol % low precatalyst loading. Both aliphatic and
aromatic alcohols exhibited very good catalytic activity with the
aromatic amines (Table 2). The reaction works well with
unsymmetrically substituted diamines as well (up to 91%).
Soon after this report Zhang and co-workers35 as well

as Kirchner and co-workers36 showed that the PNP- and
PCP-type pincer cobalt complexes 1 and 13, respectively, can
be used for the N-alkylation reaction with primary alcohols
(Scheme 9). Interestingly, the cobalt complex 1 was catalyti-
cally active with both aliphatic and aromatic amines, but 13
was active only in the case of aromatic amines.
Moreover, Zhang and co-workers37 also reported the

N-alkylation of amines with other amines (rather than alcohols)
through the hydrogen-borrowing strategy. The PNP-Co(II)
complex 1 exhibited very good catalytic activity, and a range of
amine substrates were converted to the corresponding pro-
ducts through hetero- or homocoupling between amines with
the expulsion of NH3. Furthermore, cyclic sec-amines can be
easily obtained starting from diamine precursors, making it a
convenient synthetic route. In this regard, Balaraman and
co-workers38 recently reported a phosphine-free NNN cobalt
pincer complex for the alkylation of anilines.

Scheme 6. Proposed Mechanism for the Formation of Pyrroles: (a) Dehydrogenation of Diol Followed by Coupling with
Amine Catalyzed by Complex 9 and (b) Dehydrogenation Alcohol Followed by Coupling with Amino Alcohol Catalyzed by
Complex 10

Scheme 7. Synthesis of Quinolines Catalyzed by Complexes
1 and 11
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Beller and co-workers39 reported the first manganese-
catalyzed alkylation of amines with alcohols using 14 as the
precatalyst (Scheme 9). The reaction was carried out under
mild conditions with a diverse range of products, including
heteroarenes, olefins, halides, and thioethers (Table 3).

Unsaturated primary amines were chemoselectively converted
into the corresponding secondary amines. Primary alcohols
utilized include not only (hetero)aromatic alcohols but also
aliphatic alcohols with varying chain lengths, and the reaction
tolerates diverse functional groups. Interestingly, methanol also

Scheme 8. Synthesis of Pyrimidines Catalyzed by Complexes 10 and 11

Scheme 9. N-alkylation of Amines Using Co and Mn Catalysts by Borrowing Hydrogen Method
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reacts, producing N-methylamines, although higher temper-
atures (100 °C) and 1 equiv of base were required in com-
parison to the previous reaction. In followup work, the same
group further optimized the synthesis by using the manganese
complex 15, bearing a dearomatized ligand, which permitted
milder conditions.40 Similarly, Sortais and co-workers41 showed
that the related manganese complex 3 can efficiently catalyze
the reaction as well.
In these reactions, the catalyst first dehydrogenates the

alcohol and the resulting aldehyde undergoes condensation

with the amine to form an imine. The catalyst then hydro-
genates the imine using the borrowed hydrogen to produce the
amine (Scheme 10).
Recently, Kirchner and co-workers42 reported the man-

ganese-catalyzed three-component aminomethylation of acti-
vated aromatic compounds including naphthols, phenols,
pyridines, indoles, carbazoles, and thiophenes in combination
with amines and MeOH (Scheme 11). These reactions proceed
with high atom efficiency via a sequence of dehydrogenation and
condensation steps which give rise to selective C−C and C−N
bond formations, liberating hydrogen and water. Diverse func-
tional groups are tolerated under the catalytic conditions, and a
total of 28 different aminomethylated products were syn-
thesized with isolated yields of up to 91% using precatalyst 3.

2.5.2. C-alkylation Reaction. Apart from the N-alkylation of
amines by alcohols/amines to form the C−N bonds, con-
struction of C−C bonds through C-alkylation is important for
the sustainable synthesis of various important compounds.
Upon alcohol dehydrogenation, the generated carbonyl com-
pounds can act as electrophiles and undergo coupling reactions
with nucleophiles to generate unsaturated intermediates; further

Table 2. Selected Examples of N-alkylation of Amines Catalyzed by 12

Table 3. Selected Examples of N-Alkylation of Amines Catalyzed by 14

Scheme 10. General Scheme for the N-alkylations of Amines
by Borrowing Hydrogen Methodology
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hydrogenation by using hydrogen, borrowed from the alcohols
in the first step, provides the product.
In 2016, Kempe reported43 the first cobalt-catalyzed

C-alkylation of unactivated amides and esters with alcohols
(Scheme 12). Amide alkylation products were obtained in up
to 93% isolated yields using 12 as precatalyst (2.5 mol %),
nearly the same as reported for an Ir catalyst,44 but under
milder reaction conditions and with application of less base
(100 °C and 1.2 equiv of KOtBu). Moreover, the demanding
ester alkylation reaction produced the corresponding products
in moderate to good yields (up to 82%) using precatalyst 16
(Table 4). Furthermore, the amide alkylation products were
subsequently converted into compounds with other functional
groups (ketone, aldehyde), demonstrating the value of the
alkylated products obtained by this synthetic route.

Zhang and co-workers27 reported the cobalt-catalyzed
α-alkylation of ketones with primary alcohols using 1 as a catalyst
(Scheme 12). A broad range of ketone and alcohol substrates
was employed, leading to the isolation of alkylated ketones
with yields up to 98%. Subsequently, Kempe and co-workers45

reported the cobalt-catalyzed alkylation of secondary alcohols
with primary alcohols. The catalysis proceeds under relatively
mild conditions with a broad substrate scope. Interestingly,
aliphatic alcohols also undergo the coupling reaction under
basic reaction conditions.
Beller and co-workers46 reported the catalytic α-alkylation of

ketones with primary alcohols using the manganese complex
14 with catalytic amounts of base (Scheme 12). Diverse func-
tional groups were tolerated, including substituted aryl, hetero-
cyclic, and aliphatic ketones, albeit in lower yield (Table 5).

Scheme 11. Aminomethylation of Arenes Using Methanol and Amines with Mn Catalyst

Scheme 12. C-alkylation of Amides, Esters, and Ketones with Primary Alcohols Using Co and Mn Catalysts
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Additionally, the reaction of different aromatic and aliphatic
alcohols with acetophenone or 2-oxindole resulted in very high
selectivity with good to very good yields even in the presence
of secondary amines. Furthermore, functionalization of the
hormones estrone 3-methyl ether and testosterone was achieved
with different alcohols. Participation of an intramolecular
amidate-assisted alcohol-dehydrogenation process was proposed.
Similarly, Kempe reported26 the manganese- catalyzed four-

component synthesis of pyrimidines using 10 as a precatalyst.
The initial step in this synthesis involves α-alkylation of a
secondary alcohol with a primary alcohol (Scheme 12).
2.5.3. Synthesis of Biofuel. The quest for alternative energy

sources has gained significant attention in recent years due to
energy security and environmental protection issues.47 Biofuels
produced from renewable biomass are recognized as sustainable
alternatives to gasoline and cause low environmental damage.
Biofuels offer much promise in these frontiers and are being
explored as alternatives for the diminishing fossil fuels.
Currently, ethanol is being probed as a sustainable alternative
fuel to conventional gasoline. However, butanol is more attrac-
tive than ethanol, as it has an energy density closer to that of
gasoline (90%),48 is noncorrosive to the engine parts, and is
immiscible with water. Hence, upgrading ethanol into butanol
is considered to be a promising strategy for the production of
improved alcohol biofuel from renewable biomass.49 In this

regard, the Guerbet reaction can be utilized for the generation
of longer-chain alcohols from ethanol. Several late-transition-
metal catalysts have been developed over the past few years
that have exhibited very high catalytic activity and turnover
numbers (up to 18209) for this transformation reaction.50

Liu and co-workers51 reported in 2017 the first homoge-
neous manganese-catalyzed conversion of ethanol to n-butanol
using 14 as a precatalyst (Scheme 13). The activity of the
manganese complex used in this study is comparable to that of
noble-metal catalysts. The developed reaction represents a
sustainable synthesis of 1-butanol with a very high turnover
number of 114120 (at 11.2% conversion, 9.8% yield of
butanol) and high turnover frequency (>3000 h−1) at 160 °C.
Soon after this report, the Jones group52 showed that related
PNP ligand stabilized manganese complexes can also be useful
for this transformation reaction.

2.6. Dehydrogenation of Methanol. Reforming of
methanol by water to molecular hydrogen and carbon dioxide
is an important transformation with respect to the implemen-
tation of hydrogen and methanol economies. Methanol is
considered to be a promising hydrogen carrier since it contains
high hydrogen capacity, and as a liquid under ambient con-
ditions it significantly simplifies transportation and handling.
Catalytic dehydrogenation of methanol is more challenging
in comparison to that of the higher alcohols. While the

Table 4. Selected Examples of C-alkylation of Alcohols and Esters Catalyzed by 12a and 16b

aReaction conditions: alcohol (1 mmol), amide (2 mmol), t-BuOK (1.2 mmol), 12 (0.025 mmol), THF (4 mL), 100 °C, 24 h. bReaction
conditions: alcohol (1 mmol), tert-butyl acetate (4 mmol), t-BuOK (1.5 mmol), toluene (1 mL), 16 (5 mol %), 80 °C, 4 h.

Table 5. Selected Examples of C-alkylation of Ketones Catalyzed by 14a

aReaction conditions: 14 (2 mol %),Cs2CO3 (5 mol %), tert-amyl alcohol, 140 °C, 22 h.
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heterogeneous catalysts used for the same transformation
require harsh reaction conditions (high temperature or high
pressure or both), relatively mild reaction conditions and low
catalyst loading were required using homogeneous late-
transition-metal complexes.53 Apart from these precious-metal
catalysts, a handful of iron complexes are also known.54

Recently, Beller and co-workers55 reported the first manganese-
catalyzed dehydrogenation of methanol/water mixtures using
the pincer complex 14 as a precatalyst (Scheme 14). It was
postulated that, in the presence of 14, methanol initially
undergoes dehydrogenation to give formaldehyde. Subsequently,
addition of water to formaldehyde forms methanediol, which
in turn undergoes dehydrogenation to formic acid. Formic acid
undergoes dehydrogenation to CO2 and H2, as demonstrated
by Tondreau and Boncella.56 The manganese catalyst 14 demon-
strated excellent long-term stability, and a turnover number of
more than 20000 was obtained under relatively mild conditions.
Furthermore, hydrogen carriers, such as ethanol, paraformal-
dehyde, and formic acid, were also successfully dehydrogenated
under the catalytic conditions.
In this regard, Yang and co-workers57 provided a detailed

computational understanding of the cobalt catalyzed dehydro-
genation of ethanol to acetaldehyde and hydrogen.
2.7. Dehydrogenative N-formylation of Amines by

Methanol. Formamides serve as valuable intermediates in the
synthesis of pharmaceuticals, agrochemicals, dyes, and fra-
grances.58 Moreover, they are also used as industrial solvents
and are useful reagents for the Vilsmeier−Haack reaction.
Among the several methods available for their synthesis,59 the
acceptorless dehydrogenative coupling of methanol with a
suitable amine precursor is considered to be an attractive route
to convert primary and secondary amines into the correspond-
ing formamides.
Recently, Milstein and co-workers60 described the first

manganese-catalyzed acceptorless dehydrogenative coupling of
methanol and amines to form formamides. The manganese

complex 17 was synthesized in a simple two-step process starting
from the PNP pincer ligand and [Mn(CO)5Br] (Scheme 15).
The catalytic reaction tolerates diverse functional groups, and
aliphatic as well as benzylic amines were formylated in good
yields (Table 6). The reaction proceeds without any additives
using the manganese pincer catalyst under homogeneous
conditions (Scheme 16). A plausible mechanism was provided
on the basis of the rare direct observation of an intermediate
that was formed by O−H bond activation of methanol by
metal−ligand cooperation.

2.8. Synthesis of Cyclic Imides by Dehydrogenative
Coupling of Diols and Amines. Milstein and co-workers61

reported the first example of base-metal-catalyzed dehydrogen-
ative coupling of diols and amines to form cyclic imides
(Scheme 17). The reaction is catalyzed by the manganese
pincer complex 18 and forms hydrogen gas as the sole bypro-
duct, making the overall process atom-economical and sustain-
able. Diverse N-substituted cyclic imides can be obtained
efficiently using this synthetic route. A detailed mechanistic
investigation suggests the formation of a hemiaminal interme-
diate, which upon dehydrogenation is converted to the cyclic
imide.

2.9. Synthesis of Amides by Dehydrogenative
Coupling of Amines with either Alcohols or Esters.
Formation of the amide bond is one of the most fundamental
reactions with respect to chemistry and biology.62 Compounds
containing amide groups are prevalent in both synthetic and
natural products and are very important in the chemical and
pharmaceutical industries. Conventional methods for the
synthesis of amides involve the reaction of either carboxylic
acids or their activated derivatives with amines in the presence
of promoters, thus generating stoichiometric amounts of waste.63

In 2007, Milstein and co-workers64 reported the fundamentally
new synthesis of amides by dehydrogenative coupling of alcohols
and amines, catalyzed by 0.1 mol % of a dearomatized PNN
ruthenium pincer complex under neutral conditions, hydrogen

Scheme 13. Upgrade of Ethanol to 1-Butanol Using Mn Catalyst 14

Scheme 14. Dehydrogenation of Methanol/Water Mixtures to H2 and CO2 or CO3
2− Using Mn Catalyst 14
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gas being generated as the sole byproduct. This reaction
opened up a new area for the atom-economical and environ-
mentally benign synthesis of amides, and several precious-
metal-based catalysts were subsequently reported.65

In 2017, Milstein and co-workers66 demonstrated the first
base-metal-catalyzed synthesis of amides by the coupling of
primary amines with either alcohols or esters (Scheme 18).

The reaction is environmentally benign and proceeds cleanly
with liberation of H2. Using precatalyst 19, a wide variety
of either linear or branched aliphatic alcohols undergo the
amidation reaction efficiently with benzylamines bearing
various substituents (Table 7). Notably, poor reactivity was
observed when benzyl alcohols were employed (as an alcohol
part) due to the formation of imines as side products from
the condensation of alcohols and amines. Initially, dehydro-
genation of the primary alcohol leads to the formation of
the carbonyl compound, which undergoes reaction with the
amine to produce the corresponding hemiaminal intermedi-
ate, followed by dehydrogenation to form the amide
(Scheme 19).

Table 6. Selected Examples of N-formylation of Amines with Methanol Catalyzed by 17a

aReaction conditions: amine (0.5 mmol), MeOH (1 mL), 17 (0.01 mmol), 110 °C, 12−24 h.

Scheme 16. Dehydrogenative Formylation of Amines Using
Methanol with Mn Catalyst 17

Scheme 15. Synthesis of Mn(I) Complex 17

Scheme 17. Synthesis of Cyclic Imides Catalyzed by Mn Catalyst 18
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Furthermore, treatment of symmetrical esters with 2 equiv
of amines also results in the formation of amides with the
elimination of hydrogen (Scheme 19). Both aliphatic and
aromatic esters undergo this reaction in good to excellent
yields (50−95%). The ester amidation reaction was suggested
to proceed via initial coupling of the ester and amine to form
amide and alcohol, followed by reaction of the generated
alcohol with the remaining amine to produce the amide, as
suggested previously.
2.10. Ester Synthesis by Dehydrogenative Coupling

of Alcohols. Gauvin and co-workers67 recently showed that
the manganese complex 20 catalyzes the dehydrogenative
coupling of alcohols to form the corresponding esters with
H2 evolution (Scheme 20). Various aliphatic and aromatic
alcohols undergo this reaction under relatively low catalyst

loading. A detailed mechanistic pathway of this reaction was
proposed.

2.11. Synthesis of N-heteroaromatics by Dehydro-
genation of Amines. Jones and co-workers reported68

the PNP pincer cobalt catalyzed acceptorless dehydrogenation
of the six-membered tetrahydroquinoline to the quinolone
(Scheme 21). The reaction proceeds at relatively high tem-
perature (150 °C) with 10 mol % catalyst (1) loading. Inter-
estingly, hydrogen was produced as the sole byproduct and
good to excellent yields of the corresponding aromatic products
(up to 98%) were obtained. Additionally, five-membered
2-methylindoline, 2,6-dimethylpiperidine, and 1,2,3,4-tetrahy-
droquinoxaline were also dehydrogenated to the corresponding
aromatic products using 1 as catalyst.

3. HYDROGENATION REACTIONS
Catalytic hydrogenation using molecular hydrogen is one of
the most important methodologies in the field of homoge-
neous catalysis. It allows atom-efficient and clean functional
group transformations, enabling isolation of intermediates for
the pharmaceutical and chemical industries. Since the pioneering
work of Noyori69 on the catalytic hydrogenation of carbonyl
compounds, much progress in catalytic hydrogenations has been
made, mostly using homogeneous noble-metal complexes.5c,d

Scheme 18. Synthesis of Amides by Dehydrogenative
Coupling of Amines with Either Alcohols or Esters
Catalyzed by Mn Catalyst 19

Table 7. Selected Examples of Amidation by Dehydrogenative Coupling of Alcohols and Amines Catalyzed by 19a

aReaction conditions: alcohol (0.5 mmol), amine (0.5 mmol), 19 (5 mol %), KOtBu (10 mol %), 110 °C, 48 h.

Scheme 19. General Pathway for the Dehydrogenative Amidation Reaction Catalyzed by Metal Complexes

Scheme 20. Synthesis of Esters via Dehydrogenative
Coupling of Alcohols Catalyzed by 20
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Significant progress in the hydrogenation of a variety of classes
of unsaturated compounds catalyzed by complexes of earth-
abundant metals has been made in recent years, including
seminal reports on iron-based hydrogenation catalysts for various
types of multiple bonds (C−heteroatom).6 In this review, the
recent developments in hydrogenation chemistry using cobalt and
manganese pincer complexes are discussed.
3.1. Hydrogenation of Aldehydes and Ketones. The

homogeneously catalyzed hydrogenation of carbonyl compounds
using dihydrogen, accomplished predominantly by complexes
of noble metals, such as ruthenium, rhodium, and iridium,
constitutes an important transformation in industrial organic
processes.70 In contrast, homogeneous hydrogenation catalysis
by earth-abundant-metal complexes is much less developed.
In the past few years, a number of iron complexes were developed
for the catalytic hydrogenation of carbonyl compounds to the
corresponding alcohols,9a while reports of homogeneous
hydrogenation catalysts based on cobalt and manganese are
still limited.
In 2012, Hanson and co-workers71 reported the first cobalt

pincer catalyzed hydrogenation of carbonyl compounds
(Scheme 22). Catalyst 1 functions under mild conditions

(25−60 °C) under 1 atm of H2. Both aliphatic and aromatic
carbonyl compounds were hydrogenated with low precatalyst
loading (2 mol %) (Table 8). Later, Wolf, von Wangelin, and
co-workers72 reported the hydrogenation of carbonyl com-
pounds catalyzed by arene cobalt complexes.
Furthermore, in 2015 Kempe and co-workers73 reported the

triazine ligand based Co(II) precatalyst 21 for the hydro-
genation of carbonyl compounds (Scheme 22). The reaction
took place using low loading (0.25 mol %) of the cobalt
dichlorido precatalysts in addition to a catalytic amount of base
(0.5 mol %). Both aldehydes and ketones of different kinds
(dialkyl, aryl alkyl, diaryl) were hydrogenated quantitatively
under mild conditions (Table 8). Interestingly, the catalyst
demonstrated high chemoselectivity and preferentially cata-
lyzed the hydrogenation of CO bonds in the presence of
CC bonds. This selectivity is inverse to that of existing
cobalt catalysts and surprising because of the potential directing
influence of a hydroxyl group in CC bond hydrogenation.
In addition to this, recently Beller and co-workers as well

as Kempe and co-workers independently reported the manga-
nese pincer catalyzed hydrogenation of carbonyl compounds
(Scheme 22). Beller74 showed that the manganese complex 14

Scheme 21. Acceptorless Dehydrogenation of N-heterocycles Catalyzed by 1

Scheme 22. Hydrogenation of Ketones Catalyzed by Co and Mn Complexes
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in conjunction with NaOtBu catalyzes the hydrogenation of a
number of aldehydes and ketones to the corresponding primary
and secondary alcohols (Table 9). The reaction resulted in good
to excellent yields of the alcohols under relatively mild
conditions. A variety of reducible functional groups, such as
ester groups, CC double bonds, and lactams, were tolerated
under the catalytic conditions. Apart from aromatic and
aliphatic aldehydes, α,β-unsaturated substrates including some
natural products such as citronellal and 5-(hydroxymethyl)-
furfural were also successfully reduced under the catalytic
conditions.
Furthermore, Kempe75 developed the triazine-based man-

ganese complex 22, which was used as a precatalyst for the
reduction of aldehydes and ketones (Scheme 22). The activity
of complex 22 was found to be superior to that reported by
Beller using complex 14. The manganese complex 22 catalyzes
the hydrogenation of acetophenone under relatively mild
conditions (80 °C, 20 bar of H2, 4 h) using low catalyst loading
(0.1 mol %). Moreover, a broad substrate scope was observed,

including differently substituted aromatic ketones and alde-
hydes, using catalyst loadings up to 1 mol % (Table 9). Linear
as well as cyclic aliphatic ketones were hydrogenated under the
optimized conditions. As a consequence of the milder condi-
tions, improved reactivity and selectivity using unsaturated
ketones were achieved, where terminal as well as internal alkenes
remained intact. Recently, Kirchner and co-workers76 reported
the manganese-catalyzed hydrogenation of aldehydes at room
temperature under base-free conditions using low catalyst
loadings (0.1 to 0.05 mol %) under 50 bar of hydrogen pres-
sure (TONs of up to 2000).
In 2016, Gao and co-workers77 showed that cobalt

complexes based on a tetradentate PNNP ligand can be used
for the asymmetric hydrogenation of ketones (Scheme 23).
The hydrogenation reaction required 60 bar of H2 pressure,
and the corresponding chiral alcohols were obtained with up
to 99% yield and 95% ee using complex 23. Furthermore,
Clarke and co-workers78 demonstrated the first asymmetric hydro-
genations of ketones catalyzed by chiral, ferrocene- substituted

Table 8. Selected Examples of Hydrogenation Products of Aldehydes and Ketones Catalyzed by 1a and 21b

aReaction conditions: carbonyl compound (0.5 mmol), 1 (2 mol %), H2 (1 atm), 25 °C, 24 h. bReaction conditions: carbonyl compound
(3 mmol), 21 (0.25 mol %), NaOtBu (0.5 mol %), H2 (20 bar), 20 °C, 24 h.

Table 9. Selected Examples of Hydrogenation Products of Aldehydes and Ketones Catalyzed by 14a and 22b

aReaction conditions: carbonyl compound (1 mmol), 14 (1 mol %), NaOtBu (3 mol %)H2 (10−30 bar), 60−100 °C, 24 h. bReaction conditions:
carbonyl compound (3 mmol), 22 (0.1−1 mol %), NaOtBu (1 mol %), H2 (20 bar), 80 °C, 4 h.
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PNN manganese complex 24. Complex 24 exhibited high
catalytic activity and enantioselectivity (up to 97%) for the
hydrogenations of a large variety of ketones under 50 bar of H2
pressure (Scheme 23). Both electron-donating and electron-
withdrawing substituents on the aromatic ring as well as
double bonds were tolerated under the catalytic conditions
(Table 10). Moreover, sterically challenging substrates were
hydrogenated in very high enantioselectivities. In the case of
diketones, the corresponding dialcohols were obtained with
high ee values (up to 97%), albeit in moderate diastereose-
lectivities. Interestingly, it was found that, with an increase in
steric bulk at the alkyl chain of the aryl alkyl ketones, the enan-
tioselectivities of the resulting alcohols increased significantly.
Soon after this report, Beller and co-workers79 reported a

similar transformation using the chiral manganese complex 25

under mild conditions (30−40 °C and 4 h) using 30 bar of H2
pressure (Scheme 23). Aliphatic ketones are hydrogenated
with high enantioselectivity, higher than that for aromatic
ketones. The authors proposed71 that the reaction proceeds via
an outer-sphere hydrogenation80 mechanism. Under the cata-
lytic conditions enantiomerically enriched alcohols were obtained
in up to 84% ee.

3.2. Transfer Hydrogenation of Ketones. Transfer
hydrogenation, the formal addition of hydrogen to an unsatu-
rated molecule from a source other than gaseous H2, is a safe
and operationally simple alternative to the classical hydro-
genation route.
Zhang and Hanson81 reported a cobalt-based catalyst for

achiral transfer hydrogenation of ketones catalyzed by 1
(Scheme 24). The reaction works well for a number of carbonyl

Scheme 23. Asymmetric Hydrogenation of Ketones Catalyzed by Chiral Co and Mn Complexes

Table 10. Selected Examples of Asymmetric Hydrogenation of Ketones Catalyzed by 24a

aReaction conditions: 24 (1 mol %), KOtBu (10 mol %), H2 (50 bar), 50 °C, 16 h.
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compounds and produces the corresponding alcohols in up to
99% yield. Lemaire and co-workers82 also reported the asymmet-
ric transfer hydrogenation of ketones using cobalt complexes.
Furthermore, Beller and co-workers83 reported the easily

accessible manganese NNN pincer complex 26 for the transfer
hydrogenation of a broad range of ketones with good to
excellent yields (Scheme 24). The reaction proceeded under
mild reaction conditions and with low catalyst loading, and
various functional groups were tolerated under the catalytic
conditions. Soon after this, the Kirchner group84 reported an
asymmetric variant of the transfer hydrogenation using the
chiral PNP-based manganese complex 27, which demonstrated
good catalytic activity and enantioselectivity (up to 86%).
3.3. Hydrogenation of Esters. Hydrogenation of esters to

alcohols is an important, industrially significant transformation
in organic synthesis. Many alcohols, such as fatty alcohols, are
commercially produced by the hydrogenation of fatty esters.
In industry, this process is carried out using heterogeneous
conditions with catalysts such as copper chromite under harsh
conditions (200−300 atm of pressure, 200−300 °C temper-
ature).85 Using stoichiometric reduction reactions with hydride
reagents, copious waste is generated. To overcome these draw-
backs, in addition to low functional group tolerance, catalytic
methods are receiving much attention. In 2006, Milstein
reported86 the first example of ester hydrogenation under low
pressure (5 atm) using a dearomatized PNN Ru catalyst, and
ester hydrogenation based on complexes of late transition
metals have received much attention since then.5c,d In recent
years the main focus has been diverted to the use of earth-
abundant metals for similar transformations. Along this line,
the Beller87 and Milstein9a groups have demonstrated that iron
pincer complexes can be used for ester hydrogenation with
high catalytic activity.
The Milstein group88 reported in 2015 the efficient hydro-

genation of esters to the corresponding alcohols catalyzed by

the cobalt precatalyst 9 (Scheme 25). Interestingly, the
reaction requires enolizable esters and actually proceeds via
CC hydrogenation. The reaction works well in the presence
of excess base (25 mol %), which helps to establish an ester−
enolate equilibrium (Scheme 26). The enolate intermediate
then undergoes hydrogenation to generate the salt of a hemi-
acetal intermediate which rearranges to generate an aldehyde
and alkoxide, followed by the hydrogenation of the aldehyde to
the corresponding alcohol and regeneration of the catalytic
base.
After this report, Jones and co-workers89 reported the cobalt

catalyst 1, which hydrogenates both aromatic and aliphatic
esters with good to excellent yields (up to 98%). Under the
catalytic conditions the cyclic ester γ-valerolactone was hydro-
genated to the corresponding diol in 91.6% isolated yield
(Scheme 25). Very recently, Beller and co-workers90 reported
the cobalt complex 28, which hydrogenates a wide range of
aromatic, aliphatic, and cyclic esters very efficiently. In addition
to this, in 2015 Elsevier, de Bruin, and co-workers91 demon-
strated that the cobalt catalyst generated in situ from triphos
(tridentate phosphine, CH3C(CH2PPh2)3) and Co(BF4)2·6H2O
catalyzes the reduction of esters and carboxylates.
In addition to this, in 2016 Beller and co-workers92 reported

the first manganese-catalyzed hydrogenation of esters to alcohols
by well-defined PNP manganese complex 29 (Scheme 25).
Various esters, including electron-donating and -withdrawing
substituents, as well as heterocyclic esters undergo the reduc-
tion process smoothly with good isolated yields of the alcohols
(up to 98%) (Table 11). Interestingly, isolated double bonds
survived under these reaction conditions, whereas conjugated
examples were reduced. Similar to ketone hydrogenations cata-
lyzed by the manganese complex 14, an outer-sphere mech-
anism for the ester hydrogenations was proposed in this case.
Initially, the deprotonation of 29 generates the similar cata-
lytically active amido complex 29a, which undergoes reversible

Scheme 24. Transfer Hydrogenation of Ketones Catalyzed by Co and Mn Complexes
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H2 addition to form 29b (Scheme 27). As shown in Scheme 27,
the ester is reduced to an alcohol in two cycles: first to an
aldehyde via a hemiacetal and then to the alcohol. Notably, it
was observed that an increase in the bulk of the ligand resulted
in a decrease in the catalytic activity of the resulting manganese
complex.
Recently, Milstein and co-workers93 have demonstrated

independently that the PNN(H)-pincer-ligated manganese com-
plex 18 (Scheme 25) can be applied to the hydrogenations of
esters (Scheme 25). The reaction proceeded with the generation
of the corresponding amido complex [Mn(PNN)(CO)2] upon
treatment with the base. The resulting amido complex reversibly
activates H2 to form the corresponding monohydride complex
[Mn(PNNH)(CO)2(H)]. Subsequently, the monohydride com-
plex transforms the ester to the corresponding alcohol. This envi-
ronmentally benign reaction proceeded under mild conditions
(100 °C, 20 bar) with a broad substrate scope (Table 11).

The chiral PNN manganese complex 24 (Scheme 25)
reported by Clarke and co-workers, used for the asymmetric
hydrogenations of ketones, was also a highly active catalyst for
the hydrogenations of esters under relatively mild conditions
(1 mol % 24, 50 bar H2, 75 °C).78 Both aryl and alkyl carboxylic
esters were hydrogenated in high yields (up to 99%). Furthermore,
Pidko and co-workers94 very recently reported the catalytic
hydrogenation of esters by using a new non-pincer-type manga-
nese complex based on bidentate aminophosphine ligands.

3.4. Hydrogenation of Nitriles. The catalytic hydro-
genation of nitriles to primary amines represents an atom-
efficient and environmentally benign methodology in organic
chemistry. However, this reaction is challenging, as it often
displays crucial selectivity problems, forming imines and a
mixture of primary, secondary, and tertiary amines.95

In 2015, Milstein and co-workers96 reported the first homo-
geneous cobalt catalyzed hydrogenation of nitriles to primary

Scheme 25. Hydrogenation of Esters Catalyzed by Co and Mn Complexes

Scheme 26. Plausible Mechanism of Ester Hydrogenation Catalyzed by Co Complex 9
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amines (Scheme 28). The precatalyst 9 exhibited a broad sub-
strate scope, hydrogenating a number of (hetero)aromatic and
aliphatic nitriles to the corresponding primary amines. Both
electron-donating and electron-withdrawing functional groups
survived under the relatively mild catalytic conditions (30 bar
H2 pressure). Soon after this report, Zhou, Liu, and co-workers

97

reported the transfer hydrogenation of nitriles to the corre-
sponding primary, secondary, and tertiary amines in the pres-
ence of cobalt pincer complex using ammonia borane as a hydro-
gen source. Under the catalytic conditions, the catalyst
demonstrated >2000 TONs (turnover numbers) for the
transfer hydrogenation of nitriles.
Recently, Beller and co-workers98 reported the first manganese-

catalyzed hydrogenation of nitriles to amines (Scheme 28).

The reaction proceeds under 50 bar of H2 pressure with 3 mol
% of precatalyst (14) loading (Table 12). Under the optimized
condition, nitriles bearing electron-donating and electron-
withdrawing groups, as well as heterocyclic aromatic and
aliphatic nitriles, were converted to the primary amine in high
yields (up to 99%).

3.5. Hydrogenation of Amides. In 2017, Beller and co-
workers99 demonstrated the reduction of amides to alcohols
and amines by using the imidazole-based precatalyst 30
(Scheme 29). The air-stable complex 30 was synthesized by
the reaction of the corresponding ligand with [MnBr(CO)5] in
EtOH at 90 °C. The manganese complex 30 exhibited high
catalytic activity under 30 bar of H2 at 100 °C, in the presence
of base, resulting in hydrogenation of a wide range of amides to
the corresponding alcohols and amines. Under the optimized
catalytic conditions, activated and nonactivated secondary and
tertiary amides and the more challenging primary amides were
hydrogenated in high yields. Interestingly, it was observed that,
in the absence of the external base, the activity of the manga-
nese catalyst was completely shut down, suggesting the forma-
tion of an amido complex as an active catalyst. This mechanism
of the amide hydrogenation is similar to that proposed earlier
for ester hydrogenation (Scheme 27). Moreover, formamides
and more challenging primary amides were also hydrogenated
and the catalyst showed very high selectivity for the amide
reduction over carbamates and ureas.
Soon after this report, Prakash and co-workers100 reported

the manganese-catalyzed hydrogenation of formamides,
synthesized in situ from CO2, H2, and amine, using com-
plex 14.

Table 11. Selected Examples of Hydrogenation Products of Esters Catalyzed by 29a and 18b

aReaction conditions: substrate (1 mmol), 29 (2 mol %), KOtBu (10 mol %), H2 (30 bar), 110 °C, 24 h. bReaction conditions: substrate
(1 mmol), 18 (1 mol %), KH (2 mol %), H2 (20 bar), 100 °C, 21−60 h.

Scheme 27. Mechanism of Ester Hydrogenation Catalyzed by Manganese Complex 29

Scheme 28. Hydrogenation of Nitriles Catalyzed by Co and
Mn Complexes
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3.6. Hydrogenation of Olefins. Budzelaar and
co-workers101 showed that bis(imino)pyridine cobalt dichlor-
ide (activated with excess AliBu3), or the corresponding alkyl
complexes, is effective for the hydrogenation of 1- and 2-alkenes.
Detailed spectroscopic and computational studies supported
the formation of a Co−H bond followed by olefin insertion
and σ-bond metathesis of the metal alkyl with H2. However,
the substrate scope in this report is quite limited. In 2012 and
2013, Hanson and co-workers reported the PNP cobalt alkyl
complexes 1 and 31, which efficiently catalyze the hydro-
genation of a number of alkenes (Scheme 30).71,102 The reac-
tions proceed under very mild conditions (25 °C) with 1 atm
of H2 pressure in both cases. A number of internal and terminal
alkenes were hydrogenated to the corresponding alkanes in
quantitative yield. In addition to these reports, the Fout group103

reported the CoI−N2 precursor 32, supported by a monoanionic
pincer bis(carbene) ligand, for the hydrogenation of alkenes.
A detailed experimental study suggests that a Co(I)/Co(III)
redox process is involved in the olefin hydrogenation process
(Scheme 30).
Furthermore, Chirik and co-workers104 reported the asym-

metric hydrogenation of substituted styrenes using a bis-
(imino)pyridine cobalt alkyl complex (Scheme 31). The
reaction proceeds under 4 atm of H2 pressure with 5 mol %
of catalyst loading at 22 °C. Hydrogenation of phenylated
alkenes resulted in enantiomeric excesses of 80−98% (Table 13).
Notably, more sterically crowded olefins produced higher
selectivity, albeit with reduced activity. The same group also
reported a detailed mechanistic study of the cobalt-catalyzed

asymmetric hydrogenation of alkenes.105 Moreover, analysis of
the stereochemical outcome of the hydrogenated products,
coupled with isotopic labeling, stoichiometric, and kinetic stud-
ies, established that 1,2-alkene insertion was both a turnover-
limiting and enantio-determining step. Moreover, no evidence
for erosion of the cobalt alkyl stereochemistry by competing
β-hydrogen elimination processes was observed under the
catalytic conditions.
In addition to this, Chirik and co-workers106 also reported

cobalt precursors for high-throughput discovery of asymmetric
alkene hydrogenation using a bisphosphine ligand at room
temperature.
Furthermore, Zhang and co-workers107 reported the cobalt-

catalyzed transfer hydrogenation of alkenes. A range of olefins
including aromatic and aliphatic alkenes as well as internal and
cyclic alkenes were transfer-hydrogenated in good to excellent
yields (up to 99%). The catalyst also exhibited good functional
group and water tolerance in olefin transfer hydrogenation
reactions.

3.7. Hydrogenation of Imines. Hanson and co-workers71

reported a cobalt(II) alkyl precatalyst for hydrogenation of
imines to the corresponding secondary amines in good yield.
The hydrogenation reaction was carried out under 4 atm of H2
pressure at 60 °C using 2 mol % of precatalyst loading.

3.8. Hydrogenation of Carbon Dioxide. Transformation
of CO2 to value-added products is a subject of much current
research interest, since it provides an abundant and inexpensive
carbon source. Among the various possible transformations,
the catalytic hydrogenation of CO2 to methanol and to formic

Table 12. Selected Examples of Hydrogenation of Nitriles Catalyzed by 14a

aReaction conditions: substrate (1 mmol), 14 (3 mol %), NaOtBu (10 mol %), H2 (50 bar), 120 °C, 24−60 h.

Scheme 29. Hydrogenation of Amides Catalyzed by Mn Complexes
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acid (FA) and its derivatives is a subject of increasing interest.
FA is a widely employed commodity chemical and can be used
as a hydrogen storage material.

Beller and co-workers108 reported a highly efficient cobalt
catalyst system, generated in situ from Tetraphos (PP3:P-
(CH2CH2PPh2)3) and Co(BF4)2·6H2O, for the reduction of
CO2 to formate and formamides. Similarly, Muckerman,
Himeda, Fujita, and co-workers109 developed a cobalt complex
based on proton-responsive ligands for the reduction of CO2 in
aqueous media. Linehan and co-workers110 demonstrated a
highly active cobalt complex based on the bis(dimethyl-
phosphino)ethane ligand, which operates under mild conditions
in the presence of Verkade’s base. Moreover, Bernskoetter and
co-workers111 showed that the cobalt complex 34, based on
the pincer ligand MeN[CH2CH2(P

iPr2)]2, exhibited CO2

hydrogenation catalysis (Scheme 32). Interestingly, better
TONs were achieved when 34 was used in combination with
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as base and LiOTf
as Lewis acid.

Scheme 30. Hydrogenation of Alkenes Catalyzed by Co Complexes

Scheme 31. Asymmetric Hydrogenation of Alkenes
Catalyzed by Co Complex 33

Table 13. Selected Examples of Asymmetric Hydrogenation of gem-Disubstituted Alkenes Catalyzed by 33a

aReaction conditions: 33 (5 mol %), KOtBu (10 mol %), H2 (4 atm), 22 °C, 24 h.

ACS Catalysis Review

DOI: 10.1021/acscatal.8b02869
ACS Catal. 2018, 8, 11435−11469

11454

http://dx.doi.org/10.1021/acscatal.8b02869


Furthermore, Milstein and co-workers112 recently reported a
well-defined cobalt complex 35 for the hydrogenation of CO2

with amines (Scheme 32). Under the optimized conditions,
the reaction works well for both primary (aliphatic and
aromatic) and secondary amines, providing good to excellent
yields of formamides (up to 99%) under relatively mild CO2

and H2 pressures (30 bar each). Mechanistically, treatment of
PPN(H)-CoIICl2 (35) with 1 equiv of NaEt3BH resulted in
PPN(H)-CoICl (35a). It is proposed that reaction of 35a with
KOtBu results in the formation of the coordinatively
unsaturated intermediate 35b (Scheme 33). This intermediate
generates under H2 pressure the Co(I) hydride intermediate
35c. Reaction of CO2 with 35c results in formation of
the η1-formato intermediate 35d, with insertion of CO2 into
the Co−H bond. The intermediate 35d reacts further with
excess amine present in the reaction mixture to form the
formate salt. Subsequently, the formate salt liberates water and
regenerates the active catalyst 35b. Recently, Yang and co-
workers113 provided a computational understanding of the
cobalt-catalyzed hydrogenation of CO2 to formic acid.

In 2017 Kirchner, Gonsalvi, and co-workers114 reported
the first Mn(I)-catalyzed hydrogenation of CO2 to FA
(Scheme 32). The manganese hydride catalyst 3 exhibited
high stability and reactivity. A turnover number (TON) of
10000 was achieved after 24 h using 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) as the base at 80 °C and under 80 bar of
CO2 and H2 pressure. Interestingly, addition of a Lewis acid
(LiOTf) as a cocatalyst resulted in a drastic catalytic activity
increase and very high TONs, greater than 30000, were
achieved with very low catalyst loading (0.002%).
Furthermore, Prakash and co-workers100 reported that the

manganese complex 14 catalyzes the reduction of CO2 with H2
to methanol in the presence of amines via a formamide inter-
mediate. Very recently, Nervi, Khusnutdinova, and co-workers115

demonstrated that a manganese complex bearing a bidentate
6,6′-dihydroxy-2,2′-bipyridine ligand acts as an efficient cata-
lyst for CO2 hydrogenation to formate and formamide.

3.9. Hydrogenation of Unsaturated N-heterocycles.
Jones and co-workers68 reported the hydrogenation of unsat-
urated N-heterocycles catalyzed by the cobalt pincer complex 1
(Scheme 34). Under the optimized conditions, hydrogenation

Scheme 32. Hydrogenation of CO2 to Formates or Formamides Using Co and Mn Catalystsa

aAbbreviations: TOF = turnover frequency, TON = turnover number, OTf = trifluoromethanesulfonate; DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene.

Scheme 33. Proposed Mechanism for the N-formylation of Amines using CO2 and H2 Catalyzed by 35
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of quinoline derivatives resulted in quantitative conversions
to produce the respective hydrogenated products in 2 days.
Notably, with all of these quinoline substrates, the aromatic
phenyl ring remained intact after the reaction. Hydrogenation
of 2,6-lutidine and 1,5-naphthyridine did not yield the corre-
sponding hydrogenated product.
3.10. Transfer Semihydrogenation of Alkynes. Luo,

Liu, and co-workers116 reported in 2016 the first example of
cobalt-catalyzed transfer semihydrogenation of alkynes to form
both (Z)-and (E)-alkenes (Scheme 35). A series of well-defined
cobalt catalysts were used in the presence of ammonia−borane
(AB) as the hydrogen source. The reaction proceeds under
relatively mild conditions (25−50 °C) with low catalyst
loading (1−2 mol %). Interestingly, when complex 36 was
used as precatalyst, the (Z)-alkene was obtained selectively,
while the (E)-alkene was formed when complex 37 was used.
A number of internal and terminal alkynes having electron-
donating and -withdrawing groups underwent the semihydro-
genation reaction with good yields and selectivity in the absence
of any additives. Notably, this cobalt-catalyzed reaction proceeds
with high efficiency, and up to 460 turnovers were obtained.
The mechanistic details for the semihydrogenation were

probed experimentally, including deuterium labeling experi-
ments (Scheme 36). It is proposed that, initially, the cobalt
dichloride complexes 36 and 37 are reduced by AB to generate
the catalytically active cobalt hydride complex A. Coordination
of the alkyne to complex A, followed by the insertion of the
alkyne into the Co−H bond, leads to formation of the alkenyl
cobalt complex C. Subsequently, protonation of the Co−C
bond by methanol affords the (Z)-alkene intermediate and the

methoxy cobalt complex D. Intermediate D further reacts with
AB to regenerate complex A along with the production of
B(OMe)3. The Z/E alkene isomerization process would then
be accomplished by the next catalytic cycle (cycle 2). The
insertion of the (Z)-alkene intermediate into the Co−H bond,
followed by a β-hydride elimination, finally leads to the
generation of the thermodynamically more stable (E)-alkene
product. The isomerization process is promoted by the less
steric hindered cobalt complexes 37 and leads to the formation
of (E)-alkene products. In contrast, the bulky cobalt catalyst 36
effectively prevents this isomerization process and affords the
(Z)-alkene products.
Very recently, Madhu, Balaraman, and co-workers117

reported the NNN-based cobalt pincer precatalyst 38 for the
semihydrogenation of alkynes to selectively produce (Z)-alkenes
(Scheme 35). AB was used in this study as a bench-stable
hydrogen source.

4. FORMATION OF AMMONIA FROM DINITROGEN

In 1983, Yamamoto and co-workers118 reported the first
example of a cobalt dinitrogen complex, [Co(H)(N2)(PPh3)3],
synthesized directly using dinitrogen gas. Treatment of this
complex with MgEt2, nBuLi, or metallic sodium in THF led to
the formation of the bimetallic/trimetallic dinitrogen-bridged
species [Co(N2)(PPh3)3]2Mg(THF)4, [Co(N2)(PPh3)3]Li-
(THF)3, and [Co(N2)(PPh3)3]Na(THF)3. Subsequently, pro-
tonation with HCl or H2SO4 led to the formation of hydrazine
and ammonia. After this report, several detailed studies on
the stoichiometric reactivity of a variety of cobalt dinitrogen

Scheme 35. Semihydrogenation of Alkynes Catalyzed by the Co Complexes

Scheme 34. Hydrogenation of Unsaturated Heterocycles Catalyzed by 1
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complexes and the formation ammonia were carried out by
several research groups.119

Yoshizawa, Nishibayashi, and co-workers120 reported the
direct formation of ammonia from molecular dinitrogen under
mild reaction conditions using a cobalt dinitrogen complex
bearing an anionic PNP-type pincer ligand (Scheme 37). Inter-
estingly, it was observed that when complex 39 was employed
as the catalyst in combination with excess of KC8 as reductant
and [H(OEt2)2]BAr

F
4 as proton source, the yield of nitro-

genous products dramatically increased. The use of 200 equiv
of KC8 and 184 equiv of [H(OEt2)2]BAr

F
4 gave the largest

amounts of ammonia and hydrazine (15.9 and 1.0 equiv,
respectively, based on the catalyst). These results indicate that
the cobalt dinitrogen complex bearing an anionic PNP-type
pincer ligand can catalyze the conversion of molecular dini-
trogen into ammonia and hydrazine, and up to 17.9 equiv of
nitrogen atoms was fixed on the basis of the amount of catalyst
used. Recently, the same group further extended121 the nitro-
gen fixation reaction using iron and cobalt dinitrogen com-
plexes with PSiP-type pincer ligands.

5. C−H BORYLATION REACTION

The selective functionalization of carbon−hydrogen bonds
using homogeneous catalysts is a field of great interest.122

Among the several methods developed for this transformation,
metal-catalyzed borylation of arene C(sp2)−H bonds is one
of the most powerful tools due to orthogonal selectivity to

traditional electrophilic aromatic substitution and the synthetic
versatility of the resulting arylboronate products.123

Chirik and co-workers124 reported the cobalt-catalyzed C−H
borylation reaction of heterocycles and arenes (Scheme 38).
A number of cobalt(I) complexes based on NNN and PNP
pincer ligands were tested for this study, and their catalytic
activity was evaluated. The cobalt catalyst 40 operated under
mild conditions (23−80 °C) with high activity and low catalyst
loading (0.02−3 mol %). Notably, excess borane reagents were
not required and up to 5000 turnovers of methyl furan-2-
carboxylate were observed at ambient temperature using 0.02
mol % catalyst loadings.
A catalytic cycle that relies on a cobalt(I)−cobalt(III) redox

couple was proposed for this reaction (Scheme 39). Initially,
treatment of the cobalt complex 40 with 2 equiv of pinacol-
borane (HBPin) results in loss of 1 equiv of Me3SiCH2BPin
with concomitant formation of the new cobalt species
(PNP)CoH2(BPin) (40a,b). The identity of this Co(III)
oxidative addition product was confirmed by X-ray diffraction
analysis and NMR spectroscopy. Subsequently, 40b (cis isomer)
undergoes reductive elimination of H2 either by isomerization to
the cis isomer or by dissociation of a phosphine ligand, thus
generating the CoI-BPin complex. Following H2 elimination, the
resulting cobalt(I) boryl complex, (PNP)CoBPin (40c), under-
goes oxidative addition of a C−H bond of the substrate.
Reductive elimination of the B−C bond furnishes the C−H
borylated product, and oxidative addition of HBPin regener-
ates cis-(PNP)CoH2(BPin) (40b). The same group extended

Scheme 37. Catalytic Reduction of Dinitrogen by Co Complex 39

Scheme 36. Plausible Mechanism for the Transfer Hydrogenation of Alkynes
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the C−H borylation reaction to substituted arenes using air-
stable cobalt pincer systems.125 Recently, Cui and co-workers
reported the cobalt-catalyzed regioselective borylation of
arenes bearing a bis(N-heterocyclic silylene)pyridine pincer
ligand.126

6. CARBON−CARBON BOND FORMATION
REACTIONS

Chirik and co-workers127 reported the cobalt-pincer catalyzed
Suzuki−Miyaura cross coupling between aryl triflates and
heteroaryl boron nucleophiles. The reaction proceeds under
relatively mild conditions (60 °C) in a basic medium with
5 mol % of precatalyst (41) (Scheme 40). A mechanistic study
established that the reaction involves formation of tetrahedral,

high-spin bis(phosphino)pyridine cobalt(I) alkoxide and
aryloxide complexes. Notably, under the catalytic conditions
cobalt compounds bearing small alkoxide substituents under-
went swift transmetalation at 23 °C and proved to be kinetically
unstable toward β-H elimination. For secondary alkoxides,
balanced stability and reactivity was observed under the
optimized conditions. Moreover, transmetalation reactivity was
proposed for the coupling reaction using 41. Similarly, Bhat
and co-workers128 also reported the Suzuki−Miyaura cross-
coupling reaction using a cobalt pincer complex.
Sun and co-workers129 reported a N-heterocyclic-based

PSiP pincer cobalt complex for Kumada coupling reactions
(Scheme 40). The catalytically active cobalt(III)-hydride complex
42 was synthesized by treatment of HSiMe(NCH2PPh2)2C6H4

Scheme 38. C−H Borylation of (Hetero)arenes Catalyzed by Co Complex

Scheme 39. Mechanism of C−H Borylation Reaction Catalyzed by Cobalt Complex 40
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with CoCl(PMe3)3 or the combination of complex Co(PMe3)2-
(SiMe(NCH2PPh2)2C6H4) with HCl. With a catalyst loading
of 5 mol %, complex 42 displayed efficient catalytic activity for
Kumada cross-coupling reactions of aryl chlorides and aryl
bromides with Grignard reagents. The same group also
reported130 the Kumada cross-coupling using a N-heterocyclic
silylene (NHSi) cobalt hydride complex.
In 1996, van Koten and co-workers131 demonstrated the

manganese-catalyzed C−C bond-formation reaction. The
Mn(II) complex 43 was synthesized by a single step upon
treatment with the Li salt of the NCN pincer ligand with
MnCl2 (Scheme 41). Complex 43 exhibited catalytic activity in
coupling reactions of Grignard reagents and organic bromides,
as well as 1,4-addition reactions of Grignard reagents to
α,β-unsaturated ketones in the presence of catalytic amounts of
CuCl (Scheme 40). Apart from 43, the diorganomanganese
complexes 44a−c were also isolated. These complexes as well
as complex 43, prepared in situ, exhibited similar reactivity.
The authors suggested formation of a manganese−copper
intermediate in the catalytic cycle. High chemoselectivity was
achieved for the cross-coupled products, and excellent
reactivity toward normally unreactive β,β-disubstituted ketones
was observed in the 1,4-addition reaction.

7. MICHAEL ADDITION REACTION
Milstein and co-workers132 have recently reported the Michael
addition of nonactivated aliphatic nitriles catalyzed by the
PNP-pincer manganese complex 2. The preparation of this
complex is shown in Scheme 42. Treatment of the cationic

tricarbonyl complex with KOtBu at room temperature yielded
a mixture of the tricarbonyl complex 45 and the dicarbonyl
complex 2 having a dearomatized ligand as backbone. Upon
reflux in THF under argon, the mixture yielded the dicarbonyl
complex 2, which could be easily converted to 45 by treatment
with CO. Complex 2 was characterized, isolated in 60% yield,
and used for catalytic studies.

Scheme 40. C−C Bond Formation Reaction Catalyzed by Cobalt and Manganese Complexes

Scheme 41. Synthesis of the Mn Complexes 43 and 44
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Quite uniquely, the catalytic reactions between ethyl acrylate
and a variety of unactivated aliphatic nitriles, which normally
require high temperature and strong base, proceed smoothly at
room temperature and in the absence of added base, using only
0.5 mol % of the manganese complex 2 (Table 14).132 Addi-
tionally, various α,β-unsaturated carbonyl compounds reacted
smoothly with propionitrile (Table 14). It was observed that
the terminal substitution of the double bond had a strong
influence on the conversion in the latter case. On the basis of
intermediate isolation and DFT studies, it was shown that the
reaction proceeds by a unique mechanism, which is based on
generation of an enamido intermediate reversibly C−C bound
to the ligand. Thus, the catalysis is mostly ligand based and is
termed “template catalysis”.

8. CYCLOADDITIONS OF ALKENES

Chirik and co-workers133 reported the pincer cobalt catalyzed
[2π + 2π] cycloadditions of alkenes under mild conditions.
In this study, the aryl-substituted bis(imino)pyridine cobalt
dinitrogen complex 46 was found to be an effective catalyst for
the intramolecular [2π + 2π] cycloaddition of α,ω-dienes to
yield the corresponding bicyclic [3.2.0]heptane derivatives
(Scheme 43). The reactions proceeded under mild conditions

(23 °C) with unactivated alkenes, tolerating both amine and
ether functional groups using 5 mol % catalyst loading.
Gade and co-workers134 reported the chiral bis(pyridylimino)-

isoindole based cobalt pincer complex 47 for asymmetric
cyclopropanation (Scheme 43). The reaction works under mild
reaction conditions (23 °C) with 2 mol % of catalyst loading.
Both inter- and intramolecular asymmetric cyclopropanations
result in high ee values of the resulting products (up to 93% ee).

9. HYDROSILYLATION REACTION

Hydrosilylation of alkenes is an industrially significant reaction.
In 2014, Chirik and co-workers135 reported the dehydrogen-
ative silylation of alkenes, catalyzed by the 2,6-iminopyridine-
cobalt complex 48. The reaction of HSi(OSiMe3)2Me with
1-octyne (2 equiv) resulted in allylsilanes in more than 98%
yield as a 3:1 E/Z mixture along with 1 equiv of n-octane.
A detailed substrate scope study using 0.5 mol % of 48 as
catalyst indicated the applicability of the catalytic system to a
broad range of hydrosilanes (HSi(OSiMe3)2Me, HSi(OEt)3,
HSiEt3, H2SiPh2, H3SiPh) and linear terminal alkenes.
Notably, the outcome of the cobalt-catalyzed dehydrogenative
silylation reaction is substrate dependent, as the majority of the
alkenes used in the study were converted to allylsilanes, whereas
the reactions of 3,3-dimethylbutene and isobutene generated

Scheme 42. Synthesis of Manganese Pincer Complexes 2 and 45

Table 14. Selected Examples of Michael Addition of Aliphatic Nitriles to α,β-Unsaturated Carbonyl Compounds Catalyzed by 2a

aReaction conditions: substrate (2.5 mmol), 2 (0.5 mol %), 25 °C, 6−40 h.
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vinylsilanes as the major products. The same group also reported
the cobalt-catalyzed hydrosilylation of carbon dioxide using
primary silanes and alkene hydrosilylation136 with tertiary
silanes.137 Very recently, Huang and co-workers138 demonstrated
the cobalt-catalyzed (49) regio- and stereoselective hydro-
silylation of terminal alkynes with Ph2SiH2 to generate (Z)-β-
vinylsilanes with high functional group tolerance (Scheme 44).
On the other hand, Li and co-workers139 reported the
hydrosilylation of carbonyl compounds catalyzed by a Co(III)
hydride complex based on a CNC pincer ligand.
In addition, Gade and co-workers140 reported the chiral

tridentate monoanionic NNN-pincer cobalt alkyl complex
(50) for the asymmetric hydrosilylation reaction of aryl alkyl
ketones with a tertiary silane (Scheme 44). Moreover, recently
Lu and co-workers141 have reported highly enantioselective
cobalt-catalyzed hydrosilylation of alkenes and alkynes to the
corresponding silanes.
Trovitch and co-workers142 reported the first manganese-

based pincer catalyst that displays high activity in the hydro-
silylation of ketones and esters (Scheme 44). The Mn(II)
complex was prepared by starting from a bis(imino)pyridine
pincer ligand and MnCl2, followed by reduction with an excess
of Na/Hg to give the formally zerovalent pentadentate manga-
nese complex 51. Complex 51 was a highly active precatalyst
for the hydrosilylation of ketones, exhibiting TOFs of up
to 76800 h−1 in the absence of solvent. Even with low catalyst
loading (0.01 mol %), quaternary silane products were obtained
efficiently. Under the catalytic conditions, Ph2SiH2 showed
26% conversion of the ketone, whereas no reaction was
observed with Ph3SiH or Et3SiH. Additionally, acetophenone
was completely and rapidly converted in the presence of 1 mol
% of 51 using PhSiH3, yielding a mixture of the corresponding
di- and trisubstituted silyl ethers PhSiH[OCH(Me)(Ph)]2 and

PhSi[OCH(Me)(Ph)]3. Moreover, it was observed that using
various substituents at the para position of acetophenone also
resulted in high yields, although extended reaction time was
required, irrespective of the nature of the substituents (Table 15).
Furthermore, complex 51 was also investigated in the

hydrosilylation of esters. The reaction proceeds under mild
conditions with modest TOFs. In the case of ethyl acetate,
PhSi(OEt)3 and PhSiH(OEt)2 were obtained in a 9:1 ratio
after 5.5 h at room temperature using PhSiH3. A much longer
reaction time and/or heating to 80 °C were required for the
hydrosilylation and tBuOAc.

10. HYDROBORATION REACTION
Catalytic hydroboration, the addition of B−H bonds across
unsaturated bonds (C−C, C−N, and C−O), is a synthetically
very useful reaction. The organoborane compounds formed
can react with a variety of reagents to produce useful com-
pounds, such as alcohols, amines, and alkyl halides. The most
widely known reaction of the organoboranes is oxidation to
produce alcohols, typically by hydrogen peroxide.
Chirik and co-workers143 reported the catalytic hydro-

boration of substituted alkenes or alkynes with pinacolborane
(HBPin) using cobalt methyl complexes (Scheme 45). The most
active cobalt catalyst, 52, was obtained by introducing a pyr-
rolidinyl substituent into the 4-position of the bis(imino)pyridine

Scheme 43. Cycloaddition Reaction Catalyzed by Cobalt
Complexes

Scheme 44. Dehydrogenative Silylation Reaction Catalyzed
by Cobalt and Manganese Complexes

ACS Catalysis Review

DOI: 10.1021/acscatal.8b02869
ACS Catal. 2018, 8, 11435−11469

11461

http://dx.doi.org/10.1021/acscatal.8b02869


ligand. Complex 52 exhibited the facile hydroboration of
sterically hindered substrates such as 1-methylcyclohexene,
α-pinene, and 2,3-dimethyl-2-butene. All of the catalytic
hydroboration reactions proceed with high activity and anti-
Markovnikov selectivity under ambient conditions (23 °C).
Isomerization of internal olefins to the terminal position of the
alkyl chain was observed under the catalytic conditions, pro-
viding a convenient method for the selective functionalization
of the terminal position. Similarly, Huang and co-workers144

showed that the cobalt complex 53 based on a PNN pincer
ligand was a useful catalyst for the hydroboration reaction of
alkenes with pinacolborane. Both aliphatic and aromatic alkenes
undergo the hydroboration reaction to yield the corresponding
products in excellent yield. Recently, Lu and co-workers
reported the regioselctive hydroboration/cyclization of 1,6-
enynes145 and the asymmetric sequential hydroboration/
hydrogenation of internal alkynes146 catalyzed by cobalt pincer
complexes.
Manganese-catalyzed hydroboration of alkenes, ketones. and

aldehydes was reported by the groups of Zhang and Zheng
(Scheme 45).147 The Mn(II) complex 54, based on the terp-
yridine ligand, is a precatalyst for the hydroboration of styrenes,
exhibiting high Markovnikov regioselectivity. Excellent chemo-
selective hydroboration of ketones over alkenes was achieved in
this case. Various functional groups were tolerated, and good
catalytic activity for both alkenes (up to 93%) and ketones
(up to 99%) was obtained with 1 mol % catalyst loading.
Very recently, Gade and co-workers148 reported the chiral

manganese alkyl complex 55 as a precatalyst for the enantio-
selective hydroboration of ketones (Scheme 45). Useful chiral
alcohols were obtained in excellent yields and high enan-
tiomeric excess (up to >99% ee). The hydroboration reaction
works with both aryl alkyl and dialkyl ketone reduction under
mild conditions (TOF > 450 h−1 at −40 °C), with low catalyst
loadings (as low as 0.1 mol %).

11. OLEFIN OLIGO-/POLYMERIZATION
In 1998, Brookhart and co-workers149 and Gibson and
co-workers150 independently reported bis(arylimino)pyridine
iron and cobalt pincer complexes as catalysts for ethylene
oligo-/polymerization (Scheme 46). The ethylene polymer-
ization using 56 proceeds in the presence of methylalumoxane
(MAO) or modified methylaluminoxane (MMAO) as an
activator. High activity of the ethylene polymerization reaction
(up to 17.0 × 106 g of PE mol−1 h−1) was obtained using
cobalt complexes.

Moreover, in 2003 Bianchini and co-workers151 reported the
NNN pincer Co(II) dichloro complex 57 for the oligomeriza-
tion reaction of ethylene (Scheme 46). In the presence of
methylaluminoxane (MAO), the catalytic reaction proceeds
with complete selectivity to linear α-olefins. Furthermore,
Lavoie and co-workers152 reported a bis(imino)pyrimidin-2-
ylidene-based cobalt(II) chroride complex (58) for ethylene
polymerization reaction in the presence of MAO cocatalyst
(Scheme 46). Recently, Huang and co-workers153 reported the
PNN pincer ligand based cobalt complex 59 for regio- and

Table 15. Selected Examples of Hydrosilylation of Ketones and Esters Catalyzed by Manganese Complex 51a

aReaction conditions: substrate (0.33 mmol), PhSiH3 (0.33 mmol), 51 (0.01−1 mol %), 25 °C.

Scheme 45. Hydroboration Reaction Catalyzed by Cobalt
and Manganese Complexes
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stereoselective polymerization of 1,3-butadiene in the presence
of the activator.

12. CONCLUSIONS AND FUTURE PERSPECTIVE
As described, significant achievements have been made in
homogeneous catalysis by cobalt and manganese pincer com-
plexes in the past few years. Particularly remarkable is the surge
in catalytic systems using manganese pincer complexes that
were disclosed within the last couple of years, in comparison to
the case for iron and cobalt pincer catalysts. Pincer complexes
derived from the abundant and less toxic cobalt and manga-
nese proved to be effective catalysts for hydrogenation, dehy-
drogenation, C−C bond formation, hydrosilylation, hydro-
boration, cycloaddition, and other related reactions. Several of
the reported catalytic applications are environmentally benign
and atom efficient and could potentially be industrially useful.
These catalysts can exhibit high catalytic activities and high turn-
over numbers, in some cases comparable with those of noble-
metal congeners. Moreover, in a few cases they can be effective
in reactions not reported for noble metals. It is worth noting that
mechanistic investigations of cobalt and manganese metal
catalyzed reactions have played a significant role in establishing
the field at the current level. For further progress in this field, a
detailed understanding of the origins of the reactivity and
unusual selectivity patterns that distinguish base-metal catalysts
from their noble-metal counterparts can play a pivotal role.
Although significant progress has been made with cobalt and

manganese pincer catalysis, the potential of these complexes
has yet to be explored. In terms of further development, milder
reaction conditions, greater functional group tolerance, and
higher TONs and TOFs need to be targeted. Moreover, chiral

cobalt and manganese pincer complexes for enantioselective
catalysis are still in their infancy and further studies are
envisioned.
We hope that this review will foster more research in this

exciting field of chemistry and will lead to new and interesting
discoveries.
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