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Preface

Contemporary science is moving towards exploration of resource-economical tech-
niques, the reason being the current rate of depletion of the earth’s reservoirs and the
dire need to come up with environmentally benign strategies. A promising approach
in this direction is the utilization of the transition metal catalyzed dehydrogenation
process. This powerful method not only facilitates sustainable chemical production
but also plays a pivotal role in generating clean hydrogen gas, with applications
spanning various fields. Bringing these strategies into practice contributes signifi-
cantly towards minimizing the overall carbon footprint on a global scale. Alcohols,
being versatile raw materials for industrial processes, can be sourced either from
industrial processing or biomass, which serves as a renewable and consistently
available alternative in substantial quantities. In contrast to the traditional linear
economy, dehydrogenation reactions are integral for achieving a circular economy
with closed-loop systems. The limited supply and rapid depletion resulting from
high utilization of noble metal-based catalysts, despite their significant catalytic
activity, can restrict the practicality of the discovered protocols in the near future.
As a result, the utilization of abundant 3d metal-based catalysts in dehydrogenation
processes has gained considerable interest over the last decade. Besides, the ability to
undergo both one- and two-electron transfer and changes in spin state is a unique
characteristic of 3d metals, which might lead to new reactivities. The discovery of
earth-abundant metal catalysts and catalytic processes for dehydrogenation reactions
is a thriving research area that dwells on the excellent reactivity and selectivity
achieved by proper tuning of catalyst along rationally designed ligand systems. To
attain carbon neutrality by 2050, it is crucial to dynamically transform the current
global systems of energy and material production. Thus, knowledge of the overall
developments of 3d-metals in dehydrogenation reactions along with mechanistic
understanding of the catalytic cycle is crucial in finding new catalysts or novel
reactivity for future developments.

In this book volume, a comprehensive summary of the achievements on 3d (base)
metal-catalyzed dehydrogenation reactions are presented and discussed. The book
delves into the latest breakthroughs in catalytic applications, explicitly focusing on
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the dehydrogenative strategy for the production of heterocycles and the execution of
tandem-multicomponent reactions involving three or more components. Addition-
ally, it explores the biomass upgrading processes, such as the transformation of
ethanol into n-butanol, the synthesis of higher oxidized hydrocarbons including
acids, esters, and amides from alcohols, and the α-alkylation of amines, ketones,
and amides using alcohols. Incorporating bifunctional and redox-active ligands in 3d
metal catalysis has mechanistically opened up new avenues for more sustainable
chemical processes. Together, these chapters will give readers a clear perspective on
what lies ahead for this field's advancements, and they are appropriately targeted
toward graduate students, researchers, and synthetic chemists in both academia and
industry.

I extend my sincere gratitude to the authors for their invaluable contributions that
have shaped the developments highlighted in this volume. I also would like to extend
my thanks to Ms. Priyank Chakraborty for her help throughout this project. My
appreciation also goes to the Series Editors, including Pierre H. Dixneuf and
Matthias Beller, for their adept organization of this compelling series. Additionally,
I express thanks to Alamelu Damodharan and Charlotte Hollingworth (Springer
staff) for their constant support and unwavering patience throughout the publication
process.

Kanpur, India Basker Sundararaju
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Abbreviations

Ac Acetyl
Acac Acetylacetonate
Ar Aryl
Cp Cyclopentadienyl
Cp* Pentamethylcyclopentadienyl
DMSO Dimethyl sulfoxide
dppf Diphenylphosphinoferrocene
h Hour
iPr Isopropyl
Ph Phenyl
py Pyridine
TBE Tert-butylethylene
tBu Tert-butyl

1 Introduction

More than 100 years ago, dehydrogenation of alcohols was observed leading to the
formation of carbonyl derivatives, namely aldehydes or ketones with liberation of
dihydrogen. Initially, the reactions took place at high temperature in the gas phase in
the presence of heterogeneous catalysts based on 3d metals such as copper, nickel,
and zinc [1–3]. The harsh conditions that were used most often led to higher
transformations of the alcohols into olefins, but the equilibrium nature of the reaction
and the beneficial effect of a hydrogen acceptor to favorably displace this equilib-
rium were noted [3]. Interestingly, mechanistic studies based on experimental results
were started and the formation of metal hydride species was proposed [4, 5]. Then,
efficient transition metal catalysts became available and made possible dehydroge-
nation of alcohols at lower temperature under homogeneous catalysis conditions.
Rapidly, the interest of this reaction became obvious as both the formed carbonyl
product and dihydrogen could find useful straightforward applications in organic
synthesis and in the field of energy. In Scheme 1 are illustrated the different potential
applications of the reaction of dehydrogenation of alcohols ranging from production
of hydrogen, synthesis of aldehydes and ketones, condensation of the carbonyl
intermediate with various nucleophiles (essentially O-, C- and in minor extend S-
nucleophiles) producing unsaturated products to hydrogen borrowing processes
leading to saturated products. In this chapter, these different applications will be
examined from a chronological point of view highlighting the pioneering role of
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noble transition metal catalysts in homogeneous catalysis and the promising future
of 3d metals. There is a huge number of references dealing with dehydrogenation of
alcohols and its applications. This introductory chapter is focused on homogeneous
catalysis with transition metals operating under hydride/proton transfer mechanism.
In particular, other important emerging processes involving radical processes and
organocatalysis are not presented. Some aspects, which are not discussed in the
following chapters of this book, have been explored in more detail.

2 Production of Hydrogen from Alcohols

Considering the high potential of hydrogen as energy supplier in the future, in
particular for transportation uses, the need for easy to handle and safe liquid organic
hydrogen carrier (LOHCs) has triggered intense researches [6–12]. Besides formic
acid, saturated hydrocarbons and N-heterocycles, primary and secondary alcohols,

Scheme 1 Simplified possibilities offered by dehydrogenation of alcohols
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especially short easily available alcohols such as methanol and ethanol including
bio-derived versions, are key candidates for this purpose considering that their
acceptorless dehydrogenation provides a ketone or/and aldehyde and hydrogen
(1 mol of each per hydroxyl group) (Scheme 2). In this purpose, hydrogen produc-
tion with high turnover frequency is essential.

Following seminal results obtained with rhodium chloride where the metal
precipitated during the dehydrogenation of isopropanol [13], examples of homoge-
neous transition metal-catalyzed dehydrogenation of alcohols appeared in the 1980s
with ruthenium carboxylate catalysts such as Ru(OCOCF3)2(CO)(PPh3)2 [14, 15],
Ru(OAc)2Cl(PR3)3 [16], [Ru(μ-OCO-C2F4-OCO)(CO)(H2O)(dppf)]2.H2O
[17]. Ruthenium hydride catalysts such as RuH2(PPh3)4 [18] and RuH2(N2)
(PPh3)3 [19] were also used but in most cases the turnover numbers with short
alcohols remained moderate (less than 250 h-1 for ethanol). Then, improvement of
the productivity of hydrogen was brought with the introduction of ligands equipped
with basic sites such as diamines and aminoalcohols to ruthenium centers and
operating under basic conditions [20–22]. Further beneficial effects were obtained

Scheme 2 Generation of hydrogen by dehydrogenation of aliphatic alcohols

Scheme 3 Short selection of ruthenium catalysts for dehydrogenation of alcohols
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by using pincer ligands as exemplified by the ruthenium complexes shown in
Scheme 3 [23–28].

However, a more productive dehydrogenation sequence was accessible using
dehydrogenation of methanol in water. In that case, the overall transformation
corresponding to methanol dehydrogenation, water addition, dehydration into
formic acid followed by dehydrogenation of formic acid led to the production of
3 mol of hydrogen per mole of methanol according to Scheme 4.

This strategy was initially developed with noble metal catalysts. In 2013, Beller
reported turnover frequencies superior to 2,500 h-1 and high productivity (TON
>350,000) with a ruthenium complex equipped with a PNP pincer (Scheme 3,
R = iPr) in the presence of a base trapping the final carbon dioxide [29, 30]. The
same year Grützmacher showed that a ruthenium complex featuring a chelating bis
(olefin)diazadiene ligand was also able to achieve methanol reforming even without
the presence of a base [31]. Other PNN (bipyridine-phosphine) and PNP (phosphine-
acridine-phosphine) pincer ruthenium catalysts prepared by Milstein [32, 33] were
also efficient with or without extra base. Recently, it was shown that the olefin
metathesis catalyst RuCl2(3-bromopyridine)2(=CHPh) (IMes = (N,N-bis-(mesityl)-
imidazolinylidene) could also perform methanol reforming with a maximum TOF of
158 h-1 [34]. Methanol reforming has also been achieved with iridium as noble
metal with catalysts introduced by Yamaguchi and Fujita [35], and Beller [36]
equipped with a bipyridonate and a PNP ligand, respectively. More recently, 3d
metal complexes based on iron and manganese, all of them containing a PNP ligand
have been successfully introduced for this reaction (Scheme 5). The iron complex
developed by Beller [37] operating in the presence of KOH as a base paved the way
for the utilization of non-precious metals in this catalytic transformation.
Bernskoetter, Hazari, and Holthausen [38] showed that it was possible to improve
the TON up to 51,000 by adding LiBF4 as Lewis acid cocatalyst in the absence of
base. Finally, the first example of manganese-catalyzed dehydrogenation of metha-
nol in water was reported by Beller in 2017 [39].

Scheme 4 Production of hydrogen from methanol in water

Scheme 5 Methanol reforming catalysts based on 3d metals

Dehydrogenation of Alcohols Using Transition Metal Catalysts: History. . . 5



It can be noted that there exist some less productive catalysts that efficiently
promote the dehydrogenation of methanol but are inactive for the dehydrogenation
of formic acid, the last step of this reforming process [40–42], and that under more
drastic conditions formation of carbon monoxide together with hydrogen is highly
detrimental for the energy storage application [43].

Mechanistic studies for the dehydrogenation of methanol in water have been
proposed in several reviews [29, 33, 34, 41, 44].

3 Formation of Carbonyl Derivatives: Oxidation Without
Oxidant

From the equation presented in Scheme 2, at first glance, it is clear that dehydroge-
nation of alcohols can be exploited either for production of hydrogen or as a
synthetic route to aldehydes and ketones. Two strategies have been explored in
order to reach high efficiency in carbonyl compound preparations: one with hydro-
gen gas release, the other with chemical hydrogen trapping by a reactive reagent.

3.1 Acceptorless Dehydrogenation of Alcohols

Many noble metal complexes have been tested for the acceptorless dehydrogenation
of primary and secondary alcohols into aldehydes or ketones. Hydride complexes of
ruthenium and iridium with no extra basic ligands such as RuH2(CO)(PPh3)2 [45],
RuCl2( p-cymene)(IMes) (IMes = 1,3-bis-(mesityl)imidazol-2-ylidene) [46], and
IrH5(

iPr3P)2 [47] have shown activity in the presence or not of a base, ruthenium
catalysts usually requiring high reaction temperature. The catalytic activities of
noble metal catalysts have been improved by coordination of non-innocent ligands
able to promote beneficial metal-ligand cooperation during outer sphere processes in
the catalytic cycles. Some examples of this type of catalysts are shown in Schemes 3
and 6 [22, 23, 26, 48–52]. These ligands mainly contain basic groups able to
promote proton transfer or are designed favorably to favor aromatization-
dearomatization of a pyridine-containing moiety [53].

Recently, besides the 3d metal catalysts based on iron [37, 38] and manganese
[39] that were prepared with the objective of hydrogen production from methanol,
other groups developed iron-based catalytic systems such as FeCl(Cp)(CO)2/NaH or
Fe(Cp)(Ph)(CO)(Py) operating in refluxing toluene and produced dehydrogenation
of 2-pyridylmethanol derivatives that provided a favorable chelated metal interme-
diate [54], and Fe(acac)3/1,10-phenanthroline in refluxing toluene, which was effi-
cient for secondary benzylic alcohols [55]. Jones introduced a PNP pincer ligand in
the hydride complex FeH(H-BH3)(NH(CH2CH2P

iPr2)2)(CO), which was found to
be efficient in toluene for a variety of benzylic alcohols and selective toward

6 C. Bruneau



dehydrogenation of secondary over primary alcohols in 1,2-diols [56]. Hanson used
the cobalt complex Co(PNP)(CH2SiMe3) (PNP = NH(CH2CH2PCy2)2) in the pres-
ence of HBrArF4 at 120°C without base for the acceptorless dehydrogenation of
benzylic and aliphatic alcohols in good yields [57]. A nickel complex featuring a tris
(3,5-dimethylpyrazolyl)borate and a quinolate ligand was shown to catalyze the
acceptorless dehydrogenation of benzylic, allylic, and aliphatic alcohols in refluxing
toluene in the absence of base [58]. It is noteworthy that this type of nickel catalysts
equipped with a cooperative ligand is much more active than other nickel catalysts
based on NiCl2(diphosphine) [59]. Very recently, several authors disclosed the
acceptorless dehydrogenation of benzylic and aliphatic secondary alcohols at room
temperature with the help of a photocatalytic system working under visible light
irradiation in the presence of a nickel(II) catalyst [60, 61].

In parallel with the discoveries of new catalytic systems for acceptorless dehy-
drogenation of alcohols, experimental or computational mechanistic studies have
been conducted both with noble metals [53, 62, 63] and earth-abundant metal
catalysts [58, 64], the main discussions dealing with inner or outer sphere mecha-
nisms in close relationship with β-H elimination or metal-ligand cooperativity.

3.2 Alcohol Transfer Dehydrogenation: Oppenauer-Type
Oxidation

It has been frequently observed that the catalytic dehydrogenation of alcohols, which
is not thermodynamically favored over its reverse reaction could be facilitated by

Scheme 6 Selection of noble metal-based catalysts for acceptorless dehydrogenation of alcohols
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elimination of the formed dihydrogen by chemical trapping with a sacrificial hydro-
gen acceptor such as an olefin or a ketone (Scheme 7). As soon as 1940, ethylene was
used to improve the productivity of a heterogeneous catalyst [3]. Although it was
used in high catalyst loading (10 mol%), the lanthanide alkoxide tBuOSmI2 reported
by Kagan in 1984 was a good catalyst for the Oppenauer oxidation of a variety of
aliphatic alcohols into ketones or aldehydes in the presence of excess of a ketone or
aldehyde as hydrogen acceptor [65]. With noble metal catalysts, the importance of
hydrogen trapping was clearly demonstrated for some catalytic systems. For
instance, no dehydrogenation reaction took place at 200°C in the presence of the
dihydride complex IrH2(PCP) (PCP = C6H3-2,6-(CH2P

tBu2)2) under acceptorless
conditions whereas the addition of tert-butylethylene (TBE) allowed the production
of aldehydes and ketones in excellent yields from primary and secondary aliphatic
and aromatic alcohols [66]. TBE was also used in the dehydrogenation of
isopropanol into acetone at high temperature as a test reaction for evaluation of
iridium and rhodium catalysts [67, 68]. Acetone has been used as the simplest ketone
as hydrogen acceptor and solvent by Bäckvall in 1996 for the Oppenauer-type
oxidation of secondary alcohols to ketones under refluxing acetone with
RuCl2(PPh3)3/K2CO3 as catalyst [69]. The same type of catalytic conditions were
utilized with various ruthenium and iridium catalysts for the Oppenauer-type oxida-
tion of secondary and primary alcohols [70–73]. It is interesting to note that during
the ruthenium-catalyzed dehydrogenation of butan-1-ol the presence of a large
excess of acetone improved both the reaction rate and the selectivity toward n-
butanal disfavoring the formation of butyl butyrate resulting from alcohol dehydro-
genation coupling [74].

Oppenauer-type oxidation of secondary and primary alcohols in the presence of
acetone has been recently reported with 3d metals, first by Guan with the iron
Knölker-type complex [FeH(CO)2(hydroxycyclopentadienyl)] that operated without
base at 60°C [75], then by Beller with the iron and manganese complexes ([Fe(H)
(BH4)(CO)(HN{CH2CH2P(

iPr)2}2]) [76] (see Scheme 5) and [Mn(NNN)(CO)3]Br
(in situ generated from MnBr(CO)5 and N-methyl-di-picolylamine) [77, 78] that
were active in the presence of a catalytic amount of base at 50–90°C.

Scheme 7 Transfer
dehydrogenation of alcohols
with acetone as hydrogen
acceptor
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4 Transfer Hydrogenation

In catalytic transfer hydrogenation, dihydrogen is substituted by a hydrogen donor,
most frequently formic acid or an alcohol for the reduction of carbon–carbon or
carbon–heteroatom double bonds. It represents the reverse reaction of the alcohol
transfer dehydrogenation in the case of ketone and aldehyde hydrogenation. In the
early 1960s, the chemoselective hydrogenation of the C=C bond of conjugated
enones was reported with iridium and ruthenium catalysts [79–81]. The hydrogena-
tion of ketones has been more developed, especially the enantioselective transfer
hydrogenation with isopropanol as hydrogen donor. The Meerwein-Ponndorf-
Verley reduction of saturated ketones with isopropanol was shown with samarium
alkoxide [65] and the enantioselective version was achieved at room temperature in
high yields and selectivities with a chiral samarium(III) complex [82]. At the same
period started a great number of studies involving very efficient asymmetric transfer
hydrogenation systems based on noble metals such as ruthenium, iridium, and
rhodium, most of them bearing chiral diamine ligands, which have been reported
in many reviews and leading articles [83–91]. More recently, about 15 years ago, 3d
metal catalysts based on iron [92–100], manganese [93, 101–110], cobalt [92, 93,
111–114], and nickel [92, 93, 115–117] have been extensively investigated in
achiral and asymmetric versions. Most of these active 3d metal catalysts were
supported by chiral nitrogen- and phosphorus-based polydentate ligands (Scheme
8), some of them leading to very good enantioselectivities.

It can be noted that not only ketones were reduced by hydrogen transfer from
alcohols (mainly isopropanol) but also olefins and imine-type substrates as exem-
plified in Refs. [95, 107, 110, 114].

The catalytic cycles and mechanisms of these transfer hydrogenation reactions
have been studied extensively, first experimentally and then with the help of
computational methods looking in details into cooperative metal-ligand processes
of hydrogen transfer in the presence of bifunctional ligands with noble [118–126]
and first row transition metals [95, 97, 127].

5 Acceptorless Dehydrogenative Coupling: Formation
of Unsaturated Products

In addition to direct production of carbonyl derivatives and production and uses of
hydrogen reported in Sects. 2, 3 and 4, the dehydrogenation of alcohols has found
further applications in adding value to the produced carbonyl compounds either with
the involvement of the formed dihydrogen or without this contribution. The reac-
tions where the intermediate carbonyl products are reacted with a nucleophile with
liberation of water or another molecule of dihydrogen are usually named
acceptorless dehydrogenative coupling reactions [128]. They correspond to the
reaction sequence described in Scheme 9.
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Scheme 8 Selected chiral 3d metal catalysts used in asymmetric transfer hydrogenation of ketones

10 C. Bruneau



5.1 Formation of Imines from Primary Amines and Alcohols

Various nucleophiles can be involved in this type of reaction. Here again, the first
example was obtained with noble metals, in particular with the ruthenium complex
RuH(CO)(PNP) equipped with dearomatized 2,6-bis(di-tert-butylphosphinomethyl)
pyridine (PNP) pincer ligands developed by Milstein, which allowed the formation
of imines from primary alcohols and amines in the absence of extra base (Scheme
10a) [129]. Similar catalysts [130] and other ruthenium complexes featuring various
types of ligands such as an N-heterocyclic carbene [131], an NH(CH2CH2PPh2)2
pincer ligand [132], a dibenzobarrelene-based cooperating ligand [133], or an
assembling naphthyridine -NHC ligand [134] were also competent to achieve the
imine preparation. In 2016, Milstein introduced the first manganese complex Mn
(PNP)(CO)2 (PNP= bis(di-tert-butylphosphinomethyl)pyridine) able to catalyze the
formation of aldimines from primary amines and alcohols at 135°C without addi-
tional base [135]. Other manganese(I) catalysts with PNP pincer ligands such as
those described by Kirchner based on the 2,6-diaminopyridine scaffold [136], or by
Kempe based on a triazole core [137], tridentate NNS ligands [138], or bidentate
pyrazolylpyridine [139] have been used successfully for imine production. Madsen
showed that polydentate porphyrin and salen ligands coordinated to a manganese
(III) center could achieve the coupling of alcohols with amines to form imines in the
presence of molecular sieves or Ca3N2 playing both the role of base and water trap
[140, 141]. These manganese-based catalytic systems have been described in more
detail in reviews published in 2017 [142] and 2020 [143]. Among 3d metals, a few

Scheme 9 General scheme for acceptorless dehydrogenative coupling
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other examples have been proposed with iron catalysts [144, 145] and with cobalt
catalysts featuring PNP pincer ligands [146, 147]. It can be added here that N-hetero
(poly)aromatic compounds have been recently accessed with cobalt [148, 149],
nickel [150–152], and manganese catalysts [153–162].

5.2 Formation of Alkenes from Alcohols
and Carbonucleophiles

Carbon–carbon double bonds have been generated by dehydrogenation of alcohols
followed by condensation with carbonucleophiles generated by deprotonation under
basic conditions of carbopronucleophiles (Scheme 10). The first attempts were
carried out in the presence of simple ruthenium catalysts such as RuCl2(DMSO)4
[163, 164] with enolizable ketones and nitriles [165] (Scheme 10b, d). Then,
manganese catalysts equipped with pincer ligands, usually prepared from MnBr
(CO)5 found efficient applications in the α-olefination of ketones [166], methylated
heteroaromatics [167], and nitriles [128, 168–170] (Scheme 10b–d). The
alkenylation of methyldiphenylphosphine oxide by a variety of benzylic alcohols
was recently achieved with a MnBr(CO)2(PNNNP) catalyst (Scheme 10e) [171]. A
chemoselective one-pot ruthenium-catalyzed synthesis of α,β-unsaturated aldehydes

Scheme 10 Examples of acceptorless dehydrogenative coupling of primary alcohols with amines
and carbonucleophiles with elimination of hydrogen and water
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from two alcohol substrates based on dehydrogenation of a benzylic alcohol,
condensation with an NH2 group grafted on silica to form a supported imine
followed by a Mannich-type reaction with another aldehyde generated upon dehy-
drogenation of a primary alcohol has been proposed by Williams, but this sequence
required the presence of crotononitrile as hydrogen scavenger [172].

5.3 Formation of Acetals from Alcohols

Primary alcohols have also been involved in acceptorless dehydrogenative self-
coupling. In this case, the reaction involved 3 molecules of alcohol and the overall
reaction led to the formation of dihydrogen and water according to Scheme 11. There
are very few examples and all of them result from noble metal catalysis. In 1987,
Murahashi reported that at 180°C RuCl2(PPh3)3 catalyzed the selective transforma-
tions of the aliphatic hexan-1-ol into the corresponding acetal but with modest
conversion [173]. Later, Milstein demonstrated that using the ligand-metal
cooperativity effect with the acridine-based ruthenium RuHCl(CO)(PNP) pincer
complex, the dehydrogenative formation of acetal form hexan-1-ol took place
under neutral conditions [174]. Phosphinepyridonate ligands associated with the
[IrCl2Cp*]2 generated a catalytic system that provides acetals from purely aliphatic
and benzylic alcohols in THF at 130–170°C [175].

5.4 Formation of Carboxylic Esters and Acids

In this section again, the first results were obtained with noble metal catalysts
generating hydride species under relatively harsh temperature conditions. Indeed,
in 1981 Shvo reported the formation of esters in the presence of tolane as hydrogen
acceptor with Ru3(CO)12 as catalyst (Scheme 12a) [176].

Ruthenium hydrides RuH2(PR3)4 were also efficient for the acceptorless forma-
tion of esters without a base at high temperature and also for the selective formation
of lactones starting from diols [18, 173, 177]. More recently, ruthenium catalysts
equipped with electron-rich PNP, PNN, and PCP ligands putting in action the
ligand-metal cooperative concept catalyzed the acceptorless dehydrogenative cou-
pling of alcohols to esters and diols to lactones usually in the presence of a base such

Scheme 11 Acceptorless dehydrogenative formation of acetals from primary alcohols
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as tBuOK [120, 133, 178–180]. Very interestingly, the coupling of a primary alcohol
with a secondary alcohol to produce mixed esters has been achieved under neutral
conditions in refluxing toluene with the RuH(CO)(NNP) catalyst featuring an NNP
ligand based on a dearomatized bipyridine-phosphine structure [181]. The same type
of NNP ligand coordinated to a manganese(I) dicarbonyl core led to the efficient
formation of mixed esters from two different primary alcohols, preferentially a
benzylic alcohol with an aliphatic alcohol forming benzoate derivatives in the
presence of tBuOK at 120°C [182]. Similarly, aliphatic PNP pincer-supported
manganese(I) dicarbonyl complexes were found as effective catalysts for the
acceptorless dehydrogenative coupling of a wide range of alcohols to homo-esters
under base-free conditions [183].

Iron catalysis with PNP pincer and cyclopentadienone have also found applica-
tions in esters and lactones synthesis [56, 184]. Recently, a catalytic system based on
a cobalt complex with an NPPP pincer ligand has shown high efficiency to produce
homo-esters from a wide range of benzylic and aliphatic alcohols in the presence of
tBuOK [185].

As far as carboxylic acid formation via dehydrogenation of alcohols is concerned,
a similar historical development has been observed. Initially noble metal catalysts
were used to perform the condensation with water under basic conditions (Scheme
12b). An example of dehydrogenative condensation in the presence of olefin as
hydrogen acceptor involving a domino rhodium/palladium-catalyzed dehydrogena-
tion was reported [186], and diverse ruthenium catalysts were evaluated successfully
in the formation of carboxylic acids under acceptorless dehydrogenation conditions
[187, 188]. The use of 3d metal catalysts, essentially iron and manganese appeared in
2015. With the help of a PNP pincer borohydride iron complex, the conversion of
glycerol to lactic acid was achieved by Haziri and Crabtree with high activity and
selectivity [189]. Bio-sourced alcohols including fatty alcohols and terpenols were

Scheme 12 Examples of acceptorless dehydrogenative coupling reactions
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transformed by Gauvin into the corresponding acids in the presence of iron and
manganese catalysts featuring PNP pincer ligands using KOH in the absence of
water. The manganese complex were more robust under the catalytic conditions and
thus more efficient for the formation of carboxylic acids [190]. The same type of
manganese catalyst ([HN(C2H4PPh2)2]Mn(CO)2Br) was utilized by Maji for the
direct formation of α-hydroxy acids from 1,2-diols [191]. The same author proposed
a straightforward preparation of α-hydroxy carboxylic acids from ethylene glycol
and primary alcohol, based on a sequence of dehydrogenation of the two alcohol
substrates followed by aldol condensation under basic conditions, conducted in the
presence of a manganese catalyst featuring a PNP ligand constructed from a
triazine [192].

5.5 Formation of Amides via Acceptorless Dehydrogenative
Coupling

This chemistry also started with noble metal catalysts, especially ruthenium (Scheme
12c), and has been reviewed by Verpoort andWu in 2016 [193] and Milstein in 2023
[194]. After the initial discovery by Milstein that alcohols and amines could be
selectively coupled into amides with release of dihydrogen [195] (later including
ammonia [196]), a huge number of ruthenium complexes with a variety of ligands
were evaluated in this reaction [193]. Only recently, in 2017 the formation of amides
and imides from monoalcohols and diols was described with 3d metals, with
manganese and iron pincer catalysts [197–199]. Advantage was taken of the special
reactivities of methanol and ammonia to form ureas from methanol and two mole-
cules of amine [200], and secondary amides from two molecules of benzylic alcohol
and one of ammonia with stoichiometric amount of base [201], with iron and
manganese catalysts, respectively.

6 Reactions Proceeding with H-Auto-Transfer
(or Borrowing) Processes

All the reactions described in Sect. 5 release at least one molecule of dihydrogen
corresponding to the first step, which is the alcohol dehydrogenation. A more atom
economical strategy would be to use the generated hydrogen in a catalytic sequence
dehydrogenation/condensation/hydrogenation allowing the direct transformation of
intermediates into hydrogenated products. From a mechanistic point of view, the last
step could be envisioned as a classical homolytic metal-catalyzed hydrogenation or
as a sequence involving hydride (originating from transient metal hydride) and
proton transfer. This strategy has been developed at the beginning of the 2000s
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with noble metals and ruthenium as the main actor, and named hydrogen borrowing
[202], hydrogen auto-transfer [203], or hydrogen shuttling [204].

Several types of transformations with creation of C–C and C–N bonds have thus
been investigated (Scheme 13). Typical examples are the N-alkylation of amines and
the formation of N-heterocycles (Scheme 13a) and C–C bond formation in aldol
condensation (Scheme 13b) as well as with more limited examples such as Wittig-
type reactions (Scheme 13c) and condensation with soft carbonucleophiles such as
1,3-keto-esters, keto-nitrile, diesters (Scheme 13d). The applications with noble
metal catalysts in these various reactions have been reviewed regularly [202–
210]. For alkylation of amines, the use of 3d metal homogeneous catalysts started
in the mid-2010s with the preparation of a variety of catalysts featuring cooperative
metal-ligand effects and showing very good properties for simple alkylation of
amines including methylation from methanol, and for the preparation of N-hetero-
cycles from amino alcohols. The main base metal catalysts used for this purpose
were based on manganese [211–213], iron [214–216], cobalt [217, 218], and even
copper [219]. Some comparisons of 3d metal and noble catalyst activities have been
carried out by Kempe [220] and Hultzsch [221].

Concerning the C-alkylation reactions based on aldol condensation from ketones,
esters, amides, phosphine oxides, and secondary alcohols, they have also known a
huge development with 3d metal catalysts equipped with the appropriate cooperative
ligands. During the last 10 years they have been developed with manganese [222–
228], iron [229–236], cobalt [237–241], nickel [128, 242–244], and copper
[245, 246] with synthetic objectives and for the homologation of alcohols to produce
fuels [223, 247].

Scheme 13 Selected examples of hydrogen borrowing processes
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7 Conclusion

Transition metal-catalyzed dehydrogenation of alcohols represents a useful transfor-
mation with various applications in energy and chemical synthesis. Initially
performed with noble metal catalysts under high temperature conditions and with
a hydrogen scavenger, the discovery of cooperative metal-ligand catalysts able to
facilitate proton and hydride transfers in the coordination sphere of the metal has led
to improved experimental conditions and to the applications in modern synthetic
methodologies such as enantioselective transfer hydrogenation, acceptorless
dehydrogenative condensation, and hydrogen borrowing processes. During the last
two decades, the presence of 3d metal catalysts in this field has increased a lot due to
intense researches on manganese, iron, cobalt, nickel, and copper catalysts motivated
by the abundance and low cost of these metals and positive impact on green and
sustainable catalysis. Despite the increasing number of examples reported in recent
reviews on base metal-catalyzed reactions [248–253], some applications of noble
metal catalysis could not be achieved with 3d metals at the moment. High catalyst
loading and high temperature in some reactions still represent disadvantages of 3d
over noble metal catalysts but considering that dehydrogenation of alcohols and its
applications with 3d metal catalysis is a very recent topic, there is an avenue for new
discoveries in the near future. With this respect, improvements regarding the reaction
temperature have been made possible using light-mediated conditions (UV or visi-
ble), which have allowed α-alkylation of ketones with an iron catalyst [235], and the
formation of carbonyl compounds and amides with manganese [254] at room
temperature. Researches have already started in this direction with the development
of multi-component transformations including at least one alcohol dehydrogenation
step, which facilitate the elaboration of complex molecules [227, 255–259].

Also very promising is a distinct mechanism paradigm that has been recently
applied for the dehydrogenation process. Whereas it was established that noble
metals operated according to inner or outer sphere proton/hydride mechanisms, it
has been demonstrated that 3d metals could involve radical processes in dehydro-
genation of alcohols [260–265]. In particular, Adhikari took profit of the redox
properties of the non-innocent azo-phenolate ligand coordinated to nickel to achieve
various C- and N-alkylations [262–270]. With the introduction of photocatalysis and
dual hybrid catalysis in alcohol dehydrogenation, reactions are now possible at room
temperature under radical conditions with 3d metals [271–275], opening new pos-
sibilities for dehydrogenation and borrowing reactions.
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Abstract The formation of C–C bonds is at the very heart of synthetic chemistry for
building the carbon skeleton of molecules. This chapter gives an overview of the
catalytic systems developed in recent years based on 3d metals for the α-alkylation
of ketones with primary and secondary alcohols by hydrogen auto-transfer.

Keywords 3d metals · Alcohol · Alpha-alkylation · C–C bond formation · Ketone

1 Introduction

The formation of C–C bonds is at the very heart of synthetic chemistry for building
the carbon skeleton of molecules. Among the range of methods developed, alkyl-
ation of enolates with electrophiles, mainly alkyl (pseudo) halides, is a method of
choice [1]. However, this route relies on potentially toxic, carcinogenic electrophiles
such as iodomethane, and produces a stoichiometric amount of waste. The genera-
tion of enolate from ketones also requires a stoichiometric quantity of base. These
aspects are not in line with the development of a more sustainable chemistry that is at
the heart of current concerns. On the other hand, the aldolization reaction, using
aldehydes as electrophiles, is also a convenient method for forming C–C bonds.
Aldolization reaction combined with a crotonization step leading to the
corresponding enone, followed by a reduction step of the conjugated C=C double
bond, leads to the same type of product as those obtained by alkylation with
halogenated electrophiles. The major disadvantage lies in the fact that the aldehydes
are not quite stable and the reduction step requires either a reducing agent in a
stoichiometric quantity or hydrogen pressure.

Since the pioneer contributions of Grigg et al. [2, 3], hydrogen borrowing
reactions, based on dehydrogenation/hydrogenation shuttle processes, have emerged
as a powerful method for coupling alcohols with many nucleophiles through oxida-
tion of alcohols to carbonyl compounds [4]. It is a gentle method that meets the
criteria of green chemistry. Alcohols are stable compounds, readily available and
generally of low toxicity. The only side product is one molecule of water, and no
excess hydrogen pressure is generated.

Alkylation of ketones with alcohols, by hydrogen auto-transfer, is an ideal
solution to all the limitations mentioned below. The key steps of the α-alkylation
of ketones with alcohols are (i) the dehydrogenation of the alcohol to the
corresponding aldehydes, (ii) the aldol condensation followed by the crotonization
and finally, (iii) the chemo-selective reduction of the α-β-unsaturated enones to the
final alkylated ketones (Scheme 1).

The overall reaction seems quite straightforward, but several issues need to be
overcome in order to develop an efficient process. First, as the catalysts used need to
be efficient in both dehydrogenation of alcohols and hydrogenation of enones, often,
undesired transfer hydrogenation of the substrate does occur leading to a mixture of
alcohols. The selective reduction of the enone can also be an issue leading to allylic
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alcohol. Then the transient α,β, unsaturated enone is also a Michael acceptor, with
which the enolate, or other nucleophiles, can react, affording in the former case
1,5-diketones. Therefore, the role of the catalyst, as well as the experimental
conditions, is crucial in directing the successive reactions towards the selective
formation of the desired product.

The α-alkylation of ketones was initially developed with precious transition
metals, mainly ruthenium and iridium [5, 6]. One of the challenges at the beginning
of the twenty-first century is to replace those rare and expensive transition metals by
more abundant 3d metals [7]. Great progress has been accomplished in the last
decade [8–14]. In this chapter, the development of α-alkylation of ketones with iron,
manganese, cobalt, nickel, and copper is discussed in details.

2 α-C-Alkylation of Ketones Catalyzed by Bases

Before going any further in the chapter, we thought important to mention known
reactions catalyzed only by bases in the absence of metal complexes, as a
non-negligible amount of base is often used in ketone alkylation reactions [15]. In

Scheme 1 General mechanism of α-alkylation of ketones with alcohols via hydrogen auto-transfer
reaction
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2010, Crabtree et al. described the β-alkylation of secondary alcohols with benzyl
alcohols in the presence of alkali metal bases (Scheme 2) [16]. More specifically, in
the presence of a stoichiometric amount of potash (KOH), sodium hydroxide
(NaOH) or potassium tertbutylate (tBuOK), in toluene, at reflux under an air
atmosphere, one equivalent of 1-phenylethanol reacts with one equivalent of benzyl
alcohol to form the corresponding β-alkylated product in yields of over 70%, with a
marked preference for the alcohol at short times (from 78:21 to 99:1), then for
ketones at longer times, probably due to aerobic oxidation of the product. Under a
nitrogen atmosphere, conversion and yield dropped significantly (18% and 15%,
respectively) with the formation of alcohol exclusively. The authors propose a
mechanism based on an Oppenauer oxidation and a Merwein-Pondorff-Verley
type reduction promoted by alkali metal bases [17, 18]. It is important to note that
weak bases such as Cs2CO3, K2CO3, and K3PO4 did not promote such reaction. The
same reaction was recently reinvestigated by Johnson et al. who found that
performing the alkylation of secondary alcohols with benzylic alcohols in a sealed
pressure tube under air allowed to decreased the amount of KOH to 25 mol%
(toluene, 120°C, 18 h) while keeping high conversions and yields [19].

In the same vein, Xu et al. described the α-alkylation of ketones with primary
alcohols in the presence of bases (Scheme 3) [20]. Under an inert atmosphere at 130°
C over 24 h, in the presence of one equivalent of sodium hydroxide (NaOH) and an
excess of primary alcohol (3 equivalents), reduced alkylation products were obtained
with good selectivity. The absence of O2 prevents the oxidation of alcohols and the
excess of reactants favored the reduction of the alkylated product via MPV reaction.
The alkylated ketones, on the other side, were obtained in the presence of one
equivalent of KOH, at 110°C in toluene under aerobic conditions over 24 h. It is

Scheme 2 β-Alkylation of secondary alcohols with primary alcohols catalyzed by bases

Scheme 3 α-Alkylation of ketones with primary alcohols catalyzed by bases
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interesting to note that this “metal-free” reaction, as the one of Crabtree, is limited to
benzyl alcohols, as with hexan-1-ol, only 40% yields were obtained after 3 days at
160°C in the presence of one equivalent of KOH.

The alkylation of ketones with secondary alcohols was also described under
metal-free conditions by Morrill et al. (Scheme 4) [21]. 1-(2,3,4,5,6-
pentamethylphenyl) ethenone, as model substrate, was alkylated in good yield by
a variety of secondary alcohols (6 equiv.) at 150°C in xylene in the presence of
tBuOK (1 or 2 equiv.). Under these conditions, tBuONa and tAmONa bases also
promoted the reaction, while KOH and K2CO3 were found to be inactive.

3 α-C-Alkylation of Ketones Catalyzed by Iron

3.1 Activation of Primary Alcohols

The first example of α-C-alkylation of ketones with 3d transition metals catalysts
was accomplished with iron-based catalysts, namely Knölker-type complexes
[22]. Knölker-hydride complex was first described in 1999 by Knölker et al. as an
intermediate in the demetalation of tricarbonyl(cyclopentadienone) iron for the
synthesis of five membered ring by [2 + 2 + 1] cycloaddition of two alkynes and
one CO [23]. In 2007, a breakthrough was accomplished, when Casey et al. dem-
onstrated that Knölker-hydride complex, the iron structural analogue of the ruthe-
nium Shvo complex, was an efficient catalyst for hydrogenation and transfer
hydrogenation of carbonyl derivatives [24, 25]. Soon after, cyclopentadienone iron
tricarbonyl analogues were used as air stable precatalysts and Oppenauer oxidation
were developed, opening the way to its use in hydrogen borrowing [26, 27]. Quintard
et al. developed a cooperative iron-catalyzed borrowing-hydrogen/iminium-activa-
tion strategy for the transformation of allylic alcohols into β-chiral-alcohols
[28]. Barta et al. pioneered the first direct N-alkylation of amines with alcohols
[29]. A year later, Sortais et al. applied Knölker-type iron complexes for α-C-
alkylation of ketones [30].

Using tricarbonyl cyclopentadienone iron complex Fe1 (2 mol%) in combination
with PPh3 (2 mol%), in the presence of Cs2CO3 (10 mol%) in toluene, at 140°C, the
alkylation of a variety of ketones was achieved in moderate to good yield with both
benzylic and aliphatic alcohols (Scheme 5). A slight excess of alcohols (1.3 equiv.)
was used to improve the overall yield, but in all the cases, a small amount of alcohols

Scheme 4 α-Alkylation of ketones with secondary alcohols catalyzed by bases
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arising from the reduction of the keto-group of both starting materials or products
was detected. The same catalytic system was also proven to be efficient in
Friedländer annulation to yield quinolines.

The overall efficiency of the α-alkylation of ketones was remarkably improved by
Renaud et al. with modified Knölker complexes (Scheme 5). Considering the
ambiphilic character of the active 16 electrons complex, namely dicarbonyl
cyclopentadienone iron complex, that can be regarded as a “transition metal frus-
trated Lewis pair,” Renaud et al. prepared an electron enriched N,N′-dimethyl
3,4-ethylenediamino-substituted cyclopentadienone as ligand [31–33]. Combining
a thorough theoretical and experimental study, Renaud et al. showed that both iron
complexes Fe2 and Fe3 bearing electron rich ligand were highly active in the
α-alkylation of ketones [34]. The typical conditions were 90°C for 16 h in toluene
in the presence of Cs2CO3 (10 mol%), Fe2 (2 mol%), one equivalent of ketones and
1.3 equivalent of alcohol. With complex Fe2 bearing a thermally labile PPh3,
thermal activation was sufficient whereas for Fe3 with three carbonyl ligands, a
preactivation step, i.e., irradiation by UV-A light, in order to decoordinate one CO
was necessary. The main advantage over previous system, in addition to the lower
temperature, was that no overreduction was detected, even in the presence of excess
of alcohols.

Lately, the activity of diaminocyclopentadienone iron tricarbonyl complex was
reinvestigated by the same authors under blue-light irradiation in order to develop a
photoinduced process based on a single catalyst able to harvest the visible light and
promote the chemical reaction [35]. Complex Fe3 was able to play both role by
promoting the α-alkylation of a variety of aromatic and aliphatic ketones with

 

Scheme 5 Knölker type iron complexes for α-alkylation of ketones
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aliphatic or benzylic alcohols in tBuOH (or toluene) at room temperature in 16–72 h.
The key of this success was the irradiation with 40 W Kessil blue LED lamp, lower
power led to lower conversion. It should also be noticed that, unlike the thermal
conditions described above, at least 40 mol% of NaOH were requested and that 2.5
equivalents of primary alcohols were used. Nonetheless, the process is quite efficient
as even 1-butanol, a model aliphatic alcohol, can be used as electrophile, although it
requires a stoichiometric amount of base (1 equivalent of NaOH, 72 h, 45% yield).

Preliminary insights were collected on the mechanism. It was shown that the
visible light irradiation induced both the chemoselective reduction of enone to
ketones and the dehydrogenation step at r.t, but did not promote the decoordination
of one CO. The catalytic activity was rationalized by an initial Hieber-type activation
in the presence of NaOH, followed by the release of H2 by reaction with tBuOH to
generate the active di-carbonyl 16 electrons iron species.

Double α, α-alkylation of ketones with 1,n-diols is more challenging than
mono-α-alkylation of substituted methylketones as the 1,n-diols under hydrogen
borrowing conditions can undergo various type of self-condensation, oligomeriza-
tion, or polymerization. Inspired by the seminal contribution of Donohoe et al. with
iridium catalysts [36], Renaud et al. succeeded in synthesizing cycloalkanes from
terminal diols and 1-mesitylethan-1-one via hydrogen borrowing strategy [37]. The
key parameters were: diaminocyclopentadienone iron tricarbonyl complex Fe3
(2 mol%), a temperature of 130°C, NaOH (4 equivalents) as the base, an excess of
diol (2 equivalents) and a concentrated reaction mixture (5 M) in toluene for 40 h
(Scheme 6). Under such conditions, 5, 6, and, 7 membered cycloalkanes were
constructed, including substituted diols.

Apart from catalytic systems based on Knölker-type complexes, few examples
have been described in the literature. Banerjee et al. reported the alkylation of
substituted methylketones with primary alcohols (1.25 equiv. excess) in toluene, at
140°C under N2 atmosphere in the presence of Fe2(CO)9 (2.5 mol%) as catalyst and

Scheme 6 Synthesis of cycloalkanes via hydrogen borrowing reaction promoted by iron
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tBuOK (1 equiv.) (Scheme 7) [38]. A selectivity of 18:1 towards the α-substituted
ketone vs the corresponding alcohol was recorded for the α-alkylation of
propiophenone with benzyl alcohol. Blank experiments carried out in the absence
of iron catalyst revealed the formation the product in low yield (24% in ketone, but
40% hydrogenated product). This transformation is not limited to benzylic alcohol as
cyclopropyl methanol, cyclohexyl methanol or 1-butanol were amenable for this
transformation.

The scope of the transformation was extended first to the cross-coupling reaction
of secondary alcohols with primary alcohols and then to a one-pot sequential double
alkylation of acetophenone derivatives with two different alcohols affording dis-
symmetric α,α-disubstituted ketones from methylketones (Scheme 8).

Yang et al. used FeCl2 (1 mol%) in toluene at 150°C in the presence of tBuOK
(10–50 mol%) under an argon atmosphere to achieve the alkylation of
acetophenones derivatives with aliphatic and benzylic alcohols in moderate to
good yield (60–90% in most cases) [39].

It also worth mentioning that an example of a heterogeneous system was reported
by Namitharan et al. based on iron oxide nano-Fe2O3 (30 mol% catalyst, 30 mol%
tBuOK, 135°C, toluene, argon, 24 h) [40].

Scheme 7 Non-Knölker
type iron complex for
α-alkylation of ketones

Scheme 8 Synthesis of dissymmetric α,α-disubstituted ketones from methylketones promoted by
iron catalyst
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3.2 Activation of Secondary Alcohols

The alkylation of ketones with secondary alcohols is more complex than with
primary alcohols. In addition to the difficulty of dehydrogenating secondary alcohols
and reducing enones with triple-substituted C=C double bonds, the starting ketones
and those generated by oxidation can self-condense, giving rise to a multitude of
secondary products. Inspired by the pioneering work of Donohoe et al. [41], using
aryl ketones bearing a 2,3,4,5,6-pentamethylphenyl (Ph*) group, Renaud et al., with
the aid of the Fe3 (diamino) complex, extended the alkylation of ketones to
secondary alcohols (Scheme 9) [42]. The use of di-ortho-substituted ketones is a
key element in obtaining products from cross-alkylations. In addition to
1-mesitylethan-1-one, 2,3,4,5,6-pentamethylphenyl ethan-1-one and 2,4,6-
triisopropylphenyl ethan-1-one were also successfully submitted to the alkylation
reaction. In toluene at reflux, in the presence of Me3NO as decarbonylating agent
(4 mol%), Fe3 (2 mol%) and one equivalent of NaOtBu as base, the hindered
di-orthosubstituted aryl ketones were alkylated with a series of benzyl secondary
alcohols as well as cyclic or acyclic aliphatic alcohols affording β-disubstituted
carbonyl compounds (yields ranging from 60 to 80% in most cases). The synthetic
utility of the Ph* group is that it can be substituted by various nucleophiles, via a
retro-Friedel-Crafts acylation reaction with dibromine followed by a nucleophilic
addition on the acyl bromide intermediate [43]. Renaud et al. demonstrated that the
same strategy could be applied to trimethylarylketones leading to the formation of
esters, amides and even a ketone, by performing a retro-Friedel Craft/Friedel Craft
sequence promoted by triflic acid in anisole.

Scheme 9 Iron catalyzed α-alkylation of ketones with secondary alcohols
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3.3 Activation of Methanol

Methanol is the simplest aliphatic alcohol from a structural point of view, but also
the most difficult to activate by hydrogen auto-transfer, as the energy barrier of the
dehydrogenation step is the highest among all the alcohols. Although methylation
reactions are the subject of a specific chapter in this book, this chapter would not be
complete without at least mentioning the systems that have been able to activate
methanol.

Morrill et al. used Knölker type catalyst to promote the α-methylation of a large
variety of ketones, under mild conditions (80°C in MeOH, 2 equiv. of K2CO3, Fe1
2 mol% and Me3NO (4 mol%)) (Scheme 10) [44]. Sundararaju et al. succeeded in
decreasing the temperature to 40°C, performing the reaction under continuous
irradiation with LED bulbs (4 x 7 W) in the presence of catalyst Fe1 (4 mol%)
and tBuOK as a base (2 equiv.) (Scheme 10) [45].

Finally, Renaud et al. has developed a tandem three-component alkylation reac-
tion combining the α-alkylation of methylketones followed by the α-methylation of
the resulting ketones yielding α-methyl-α-alkyl ketones (Scheme 11) [46]. (Hetero)-
aromatic and alkyl ketones proved amenable to this reaction.

 

Scheme 10 Catalysts used
to promote α-methylation of
ketones

Scheme 11 Tandem three-component alkylation reaction yielding α-methyl-α-alkyl ketones
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4 α-C-Alkylation of Ketones Catalyzed by Manganese

4.1 Activation of Primary Alcohols

After iron and titanium, manganese is the third most abundant transition metal in the
earth’s crust, making it an excellent candidate for developing sustainable chemistry.
It is an affordable metal and it exists in many oxidation states in complexes, offering
numerous possibilities in catalysis. Its use in hydrogenation reactions and hydrogen
transfer for the reduction of polar unsaturated derivatives is relatively recent, as are
the first examples in hydrogen borrowing [47].

In 2016, just after highlighting the potential of manganese (I) carbonyl complexes
in the hydrogenation of ketones, nitriles and aldehydes [48] and N-alkylation
of amines [49], Beller et al. described the first example of the alkylation of ketones
with alcohols using [(PN(H)P)Mn(CO)3Br] complex [50]. In the presence of
only 2 mol% of complex Mn1 stabilized by the iPr2P(CH2)2N(H)(CH2)2P

iPr2
ligand (also known as the MACHO-IPr ligand), 5 mol% of Cs2CO3 and tert-amyl
alcohol at 140°C, a variety of acetophenone derivatives were alkylated with benzyl
and aliphatic alcohols (Scheme 12). It should be noted that no by-products were
detected under these conditions. The robustness of the system was demonstrated by
applying it to the late-stage functionalization of hormones such as estrone and
testosterone.

Scheme 12 Well-defined manganese catalysts for the α-alkylation of ketones
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For their part, Milstein et al., after carrying out the first manganocatalyzed
dehydrogenative coupling of amines and alcohols [51], used an asymmetric PN
(H)P complex Mn2 to couple ketones, as well as non-activated amides and esters,
with alcohols [52]. It should be noted that the dearomatized Mn-PNPtBu Mn3 and
deprotonated Mn-PNN Mn4 complexes were also active for this transformation
(acetophenone (1 equiv.), benzyl alcohol (1 equiv.), 97%, 92%, and 90% yield,
respectively, in 20 h at 125°C and toluene, tBuOK (3 mol%), [Mn] (1 mol%))
(Scheme 12).

With the aim of developing a simple, effective, and globally affordable catalytic
system, Maji et al. have developed an in-situ system based on non-phosphorus
ligands that are stable in air (Scheme 13) [53]. The combination of the precursor
Mn(CO)5Br (2 mol%) and the hydrazone-type pincer ligand derived from
2-hydrazinyl pyridine (2 mol%), tBuOK (10 mol%) in tert-amyl alcohol at 140°C
led to the alkylation of a variety of aryl and alkyl ketones with aliphatic and benzylic
primary alcohols in good yields.

Another practical phosphorus-free system generated in-situ was proposed by
Banerjee et al. (Scheme 13) [54]. It is based on a manganese (II) precursor, Mn
(acac)2 (2.5 mol%) in the presence of 1,10-phenanthroline (3 mol%) (as for the
nickel catalytic system [55, 56], vide infra). The use of manganese (II) precursor is
unusual and original. However, a stoichiometric quantity of tBuOK is required to
obtain the branched ketones in good yields at 140°C in toluene. This system allowed
to perform a sequential one pot double alkylation using the same catalyst, by adding
a second alcohol to the reaction mixture once the first alkylation was finished. More
recently, the same group developed a heterogeneous catalyst, by immobilization of
homogeneous [Mn(phen)Cl2] into MOF pores [57].

Scheme 13 In situ phosphorus-free manganese based catalytic system for α-alkylation of ketones
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An original system based not only on a bidentate ligand, instead of the tridentate
ligands that are largely dominant with manganese, but also on a non-bifunctional
ligand, was proposed by the group of Liu and Ke (Scheme 14) [58]. Several
manganese complexes incorporating bidentate ligands (pyridine-NHC, bipyridine,
NHC-NHC) were tested and the complex bearing a di-carbon bis-NHCMe ligand
Mn5 [59, 60] was found to be the most active. The reaction was carried out rapidly
(2 h) at 110°C in toluene with 0.5 equivalent of sodium hydroxide. The theoretical
mechanistic study concluded that the catalytic system proceeds according to an
outer-sphere mechanism without decoordination of any of the three CO ligands.

Following a different strategy, Bera et al. prepared a manganese (I) complex
displaying a 1,8-naphthyridine-N-oxide backbone ligand, bearing a proton respon-
sive hydroxy unit capable of promoting the alkylation of ketones in 45 min (Mn6
(2 mol%), KOH (20 mol%), toluene, 130°C) (Scheme 14) [61]. The equilibrium
between the protonated lactim and deprotonated lactam forms, was established by
NMR and UV spectroscopy and favors proton/hydride transfers during the catalytic
cycle. This catalytic system was applied to the derivatization of pregnenolone and
progesterone.

The synthesis of substituted cycloalkanes (C5, C6, and C7) through the coupling
of ketones, or secondary alcohols, with α-ω diols, was achieved by Leitner et al.
under the catalysis of Mn-MACHO-iPr. In the presence of 4 equivalents of diols and
tBuOK, Mn1 (2 mol%) at 150°C for 32 h in toluene, 1-(methylpolysubstituted-
phenyl)-ethanones were alkylated without over reduction. The seven membered ring
derivatives were produced in higher yields compared to six and five ones (Scheme
15) [62].

Maji et al. carried out the same reaction with an air-stable catalystMn7 based on a
tridendate phosphine-free NNS ligand, an aminomethylpyridine with a thiophene
arm (Scheme 15) [63]. This system can be used not only to alkylate ketones with a

Scheme 14 Manganese catalysts with bidendate ligands
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high degree of steric hindrance on the phenyl group, but also slightly hindered
acetophenone derivatives. In the latter case, the corresponding alcohols were
obtained. In addition to the bifunctional character of the picolylamine moiety, the
role of the sulphur sidearm is essential in obtaining high yields, compared with its
furan analogue. The hemilabile nature of the thiophenyl fragment has been demon-
strated by theoretical studies, particularly in the key step of dehydrogenation by β-H
elimination of the manganese-coordinated alkoxides to form the aldehydes.

Finally, three heterogeneous catalyst-based systems were also described for this
transformation, based on Mn-N-graphene [64], Mn-MgO/Al2O3 [65], and δ-MnO2

nanoparticles [66], respectively.

4.2 Activation of Secondary Alcohols

Following on from his study on the synthesis of substituted cycloalkanes, Maji et al.
developed the only known manganese system for the synthesis of β-branched
carbonyl compounds via the α-alkylation of ketones with secondary alcohols
[67]. Using the same catalyst Mn7 (Scheme 15) with the thiophene arm and the
picolylamine moiety (2 mol%), hindered ketones, such as 2,3,4,5,6-pentamethyl
acetophenone for example, were alkylated with a wide variety of secondary alcohols
(various cyclic, acyclic, symmetrical, and unsymmetrical alcohols) at 140°C over
24 h in the presence of one equivalent of tBuOK.

Scheme 15 Synthesis of cycloalkanes promoted by manganese catalysts
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4.3 Activation of Methanol

The α-alkylation of ketones was reported in 2019 with two different PNP-manganese
catalysts. El-Sepelgy et al. found that cationic diphenylphosphine-based complex
featuring a pyridine core Mn8 promoted efficiently the methylation of
propiophenone, while aliphatic MACHO analogue led to moderate yield (Scheme
16) [68]. In the presence of 2 equivalent of Cs2CO3, at 85°C, with a catalytic charge
of 2.5 mol%, propiophenone derivatives as well as heteroaryl, cyclic and alkyl
ketones were mono-methylated and acetophenone derivatives were di–αmethylated
in good yields. Particular attention was paid to the trideuteromethylation of ketones
with deuterated methanol for the biological properties conferred by the CD3 frag-
ment [69]. A non-classical carbonylic carbon-centered mechanism was proposed by
Schaefer for this transformation [70].

A similar cationic tricarbonyl PN3P Mn catalyst Mn9 (Scheme 16) [71], also
active for the selective mono-N-methylation of anilines [72], was used by Sortais
et al. for the methylation of a series of aromatic ketones (Mn catalyst 3 mol%;
NaOtBu 50 mol%, MeOH/toluene, 0.08 M, 120°C) [73]. This system was particu-
larly suitable for dihydrochalcone derivatives. It should be noted that CD3OD was
also amenable to this catalytic system. Interestingly, when the reaction was carried
out in a more concentrated solution (0.1 M) with one equivalent of NaOtBu, the
selectivity towards 1,5-diketones was reversed. In addition, the range of applications
was extended to the α-methylation of carboxylic acid esters.

Recently, in 2023, a manganese hydride complex based on an original PCNHCP
platform Mn10, with a central carbene as the coordination site, was described by de
Ruiter et al. (Scheme 16) [74]. Unlike previous systems, this catalyst has no acidic
NH or aromatic heterocyclic ring that could participate in cooperative methanol

Scheme 16 Manganese catalysts for the α-methylation of ketones
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activation, but efficiently promotes methylation of ketones in the presence of
Cs2CO3 (1 equiv.) at 110°C in methanol.

5 α-C-Alkylation of Ketones Catalyzed by Cobalt

5.1 Activation of Primary Alcohols

The formation of C–C bond with cobalt catalysts was initiated by Kempe et al. with
the alkylation of unactivated amides and esters with PN5P-pincer type ligands (see
the corresponding chapter for more details) [75]. Regarding reactions with ketones,
Zhang et al. reported the first example of α-alkylation with primary alcohols
(Scheme 17) [76]. The catalytic system which relies on an ionic cobalt(II)-PNP
complex [(PNHPCy)Co(CH2SiMe3)][BAr

F
4] Co1, was a highly active catalyst

initially developed by Hanson for the hydrogenation of alkenes and carbonyl
derivatives [77] and reversible (de)hydrogenation of N-heterocycles [78]. Following
his work on the N-alkylation of amines with alcohols [79] and amines [80], Zhang
et al. studied the α-alkylation of ketones with the same catalyst. With a catalyst
loading of 2 mol%; tBuOK (5 mol%), in toluene at 120°C for 24 h, acetophenone
derivatives, including ketones with pyridine ring, were alkylated with both benzylic
and aliphatic alcohols in moderate to good yields (26 examples). The system was
tolerant toward halogens, even 4-iodobenzylic alcohol was successfully coupled.

Pincer ligands with phosphorus-based chelating groups, such as the Macho-type
ligands in the previous example, are very commonly found in hydrogen auto-transfer
systems. By contrast, non-phosphorus tridentate ligands are much rarer. Thus,
Ghosh et al. prepared a series of three NNN-type ligands, with a central pyridine
and two lateral imines as the coordination site, and the corresponding series of cobalt
dichloride complexes (Co2-Co4, Scheme 18) [81].

All three complexes showed similar activity for the alkylation of ketones with a
stoichiometric amount of alcohols at 110°C in toluene in the presence of tBuOK

Scheme 17 α-Alkylation of ketones with primary alcohols promoted by PNP-Cobalt catalyst
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(50 mol%) and 2 mol% of catalyst. With benzyl alcohols, the yields are good (over
80% in most cases, 44 examples). Under these conditions, the mono-methylation
and monoethylation of acetophenone could be carried out in good yields (69–78%).

An original approach was highlighted by Wang et al. to develop reusable
catalysts [82]. Cobalt coordination polymer material (Co-CIA) and porous oval
polymer material (Co-NCIA) have been prepared with an indole-based diacid moiety
ligand. The alkylation of ketones with benzylic alcohols was achieved in water.
Unlike previous systems, no strong alcoholic base was required, but instead one
equivalent of both AgNTf2 and KF, as well as TBAB as phase transfer catalyst
(20 mol%) were found necessary to reach high conversion and yield. Both materials
Co-CIA and Co-Co-NCIA are active, the former exhibiting slightly better perfor-
mance than the latter. Interestingly, the catalyst can be recycled and reused, as the
yield dropped only from 93% to 87% after five runs.

As an alternative to molecular defined organometallic complexes, Hara et al.
developed a heterogeneous MgO-co-deposited Co on TiO2 (Co-MgO/TiO2) catalyst
able to promote the C–C bond formation in toluene, under argon at 110°C without
any base or any additive [83]. A series of control experiments demonstrated that both
metal oxide support and co-deposited MgO, and direct contact between each com-
ponent, are necessary for the reaction sequence to proceed well.

Scheme 18 Phosphine-free tridentate ligands suitable for the α-alkylation of ketones with cobalt
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5.2 Activation of Secondary Alcohols

The first α-alkylation of ketones with secondary alcohols was indeed achieved with
cobalt (III) based catalysts. Sundararaju et al., shortly after developing a new half-
sandwich complex of cobalt (III) with an 8-hydroxyquinone (NO) ligand [Cp*Co
(NO)I], which is stable in air and effective for the oxidation of secondary alcohols in
acetone [84], investigated the usefulness of this complex for self-hydrogen transfer
reactions, focusing on the coupling of ketones with secondary alcohols (Scheme 19)
[85]. For unsubstituted aryl-methyl ketones, yields were low due to self-
condensation processes. Using Donohoe’s trick [41], i.e., by hindering the aromatic
ring of the substrate, the desired β-branched C-alkylated products were obtained in
moderate yields by working at 150°C, in toluene, with two equivalents of tBuOK
and Co5 (2 mol%).

In collaboration with the group of Poli and Manoury, the mechanism of the
transformation was elucidated via a combined computational and experimental
investigations, revealing that the dehydrogenation of the bound alkoxide in
[Cp*Co(Oquin)(OR’)] proceeded via a transfer of proton to the hydroxyquinoline
ligand instead of a classical β-H elimination [86]. In the final rehydrogenation step,
the proton from the coordinated ligand HOquin is transferred back to the product
leading to the formation of the enolate product, evolving to the final ketone.

5.3 Activation of Methanol

To conclude this paragraph on cobalt catalyzed reactions, three contributions involv-
ing methanol as C1 source should be mentioned. The first one is the α,-
α-dimethylation of methylketones reported by Liu et al., involving a very
convenient catalytic system composed of commercially available tetradentate P
(CH2CH2PPh2)3 ligand (1 mol%), Co(BF4)2.6H2O (1 mol%), K2CO3 (1 equiv.) in
methanol as solvent at 100°C for 24 h (Scheme 20) [87].

The last two contributions are both based on the reactivity of the enone interme-
diate resulting from the addition of the ketone to the methanal formed in-situ and not
reduced by the catalyst (Scheme 21). Xiao et al. developed α-methoxymethylation
and α-aminomethylation reactions using CoCl2.6H2O and tert-butyl hydroperoxide

Scheme 19 α-Alkylation of ketones with secondary alcohols promoted by Co(III) catalyst
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(TBHP) as the oxidant, resulting from the addition of methanol or amine to the enone
intermediate (Scheme 21, top) [88]. Chandrasekhar and Venkatasubbaiah selectively
obtained 1,5-diketones by addition of the enolate to the same intermediate (Scheme

Scheme 20 α,α-Dimethylation of methylketones promoted by cobalt catalyst

Scheme 21 α-Methoxymethylation, α-aminomethylation reactions and synthesis of 1,5-diketones
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21; bottom) [89]. Interestingly, cyclization of these diketones with NH2OH.HCl led
to the formation of tetrasubstituted 2,3,5,6-pyridines in good yields.

6 α-C-Alkylation of Ketones Catalyzed by Nickel

6.1 Activation of Primary Alcohols

The formation of ketones by α-alkylation with alcohols was mentioned in a patent by
Sugitani et al. in 2002, in a reactor at 180°C with supported nickel complexes, but
with unspecified structures [90]. In 2007, the work of Yus et al. was the starting point
for the use of nickel in this area of chemistry [91, 92]. The use of nickel
nanoparticles, obtained from anhydrous nickel(II) chloride, lithium powder and a
catalytic quantity of 4,4′-di-tert-butylphenyl, enabled primary alcohols, in particular
ethanol and n-propanol, to be activated and coupled with acetophenones. The
nanoparticles are used in stoichiometric quantities but without any additional addi-
tives, i.e., hydrogen acceptor, ligand, or base.

Although Yus et al. reported that the heterogeneous Ni Raney and Ni/Al2O3

catalysts did not catalyze the reaction under the conditions used with the
nanoparticles (THF, 76°C, 24 h) [92], Métay et al. succeeded in developing a
solvent-free system based on heterogeneous catalysts [93]. Using Ni/SiO2-Al2O3

(20 mol%), a weak base (K3PO4, 10 mol%), at 175°C, a slight excess of ketones (1.2
equiv.), the alkylation of acetophenone with benzyl alcohol proceeded with total
conversion and a yield of 86%. The difference between yields and conversions is due
to the formation of by-products specific to the reactivity of nickel, generally not
observed with other metals, namely toluene and benzene. Toluene is formed by
hydrogenolysis of benzyl alcohol and benzene by decarbonylation of benzaldehyde.
In addition, under their conditions, the formation of 1,5-diketones, resulting from the
addition of acetophenone to the intermediate chalcone, is reversible, as the
by-product is observed at short reaction times but then disappears on full conversion.
In terms of scope, the main limitations are chlorine derivatives, which lead to
dehalogenation, and aliphatic derivatives, which provide moderate yields. Interest-
ingly, the catalytic cycle could be recycled five times without loss of activity.

Recyclable magnetic nanocatalysts Fe3O4@CS-Ni, based on Fe3O4 nanoparticles
coated with chitosan and decorated with nickel nanoparticles, have been developed
by Eshghi et al. [94]. Under the optimal conditions (toluene, 110°C, K3PO4

(1 equiv.), Ni 4 mol%, sealed tube, 7 h), a series of dihydrochalcones were obtained
from substituted acetophenones and benzyl alcohols. Using an external magnet to
remove the nanoparticles, the catalyst was reused up to six runs.

With in-situ generated molecular catalysts, Banerjee initially focused on the
synthesis of gem-bis(alkyl) branched ketones (α,α-disubstituted ketones)
[55]. Using a relatively simple catalyst system, NiBr2 (5 mol%), 1,10-phenanthroline
(6 mol%), a slight excess of alcohol (1.5 equivalents) and one equivalent of tBuOK
at 140°C under N2 in toluene, a series of propiophenones were alkylated with benzyl
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alcohols in moderate to good yields (Scheme 22). Switching to aliphatic ketones or
aliphatic alcohols, including methanol, led to more modest yields. Nevertheless, this
system is tolerant towards double and triple substituted double bonds such as those
present in oleic alcohol and citronellol.

The same group reoptimized the catalytic system to obtain the mono-α-alkylation
products of methyl-ketones selectively [56]. The use of a weaker base Cs2CO3, in
catalytic quantity (10 mol%) in 1,4-dioxane with more catalyst (10% NiBr2) or less
strong base (tBuOK, 20 mol%) was the key to not observing over-alkylation of
acetophenones.

For their part, the groups of Günnaz [95], Srimani [96], and Liu [97] have used
well-defined nickel complexes to promote this transformation (Scheme 23).
Günnaz’s system is based on tetradentate salen ligands, ONNO, Srimani’s on
tridentate SNS ligands with a pyridine core and two thioether arms and Wu’s on
tridentate CNN, benzimidazole/pyridine/pyrrole ligands. All three systems were
operated in toluene at 135–140°C in the presence of a catalytic amount of base
(NaOH, 5 mol%, NaOtBu 40 mol% and LiOtBu, 80 mol%, respectively).

Scheme 22 Nickel
catalyzed synthesis of
α,α-disubstituted ketones

 

Scheme 23 Well-defined nickel catalysts for α-alkylation of ketones
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6.2 Activation of Secondary Alcohols

The sole example of nickel catalytic system for the difficult alkylation of ketones
with secondary alcohols was reported by Adhikari et al. in 2022 [98]. Simple nickel
salts in combination with bidentate ligands did not promote the coupling with
secondary alcohols. Therefore, the authors turned their attention towards well-
defined and air-stable azo-phenolate ligand-coordinated nickel catalyst, originally
developed for N-alkylation of amines (Scheme 24) [99–101]. With a catalyst charge
of 5 mol%; 1 equivalent of tBuOK and 2 equivalents of alcohols, sterically hindered
aryl methyl ketones were alkylated with cyclic, acyclic secondary alcohols, includ-
ing pure aliphatic ones such as isopropanol. The efficiency of the protocol was
demonstrated with cholesterol as coupling partner. The homogeneous character of
the catalytic system was proven with the mercury test. The mechanistic studies
demonstrated that the reaction proceeds through a radical pathway involving as a
first step the one electron reduction of the azo functionality of the ligand by tBuOK,
followed by hydrogen atom transfer [100, 102]. It is worth noting that the same
catalysts were also applied for the synthesis of cycloalkanes from (1,n)-diols with
methyl-ketones [103] (Scheme 24, bottom) and for the dehydrogenative cross-
coupling of primary and secondary alcohols to α-alkylated ketones [102].

Scheme 24 Nickel catalyzed α-alkylation of ketones with secondary alcohols
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6.3 Activation of Methanol

Examples of nickel catalyzed α-methylation of ketones are rare. During the reduc-
tion of dibenzylidene acetone with [(dippe)Ni(μ-H)]2 by transfer hydrogenation with
methanol as hydrogen donor, Garcia et al. observed the formation of the
β-monomethylated ketone, resulting from the alkylation of the α,β-unsatured
ketones (Scheme 25) [104]. The catalytic system is likely composed of both homo-
geneous Ni(0) complexes and nickel nanoparticles.

For so far, only Métay and Duguet’s heterogeneous Ni/SiO2-Al is capable of
satisfactorily activating methanol [105]. The conditions had to be made more severe
than for aliphatic alcohols (185°C, neat, 21 equivalents of methanol) but good yields
of di-methylation of acetophenones and mono-methylation of tetralones have been
obtained. Methylation of aliphatic ketones was more tedious, leading to mixtures of
mono, di and tri-methylation. The efficiency of the system was also demonstrated by
carrying out a three-component cross-benzylation-methylation reaction of
acetophenones (Scheme 26).

Scheme 25 Nickel promoted formation of β-methylated ketones from dibenzylidene acetone

Scheme 26 Three-component cross-benzylation-methylation reaction of acetophenones promoted
by nickel
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7 α-C-Alkylation of Ketones Catalyzed by Copper

7.1 Activation of Primary Alcohols

Copper has very rarely been used in ketone alkylation reactions. In 2012, Xu et al.
developed a very simple system based on Cu(OAc)2.H2O (1 mol%), NaOH (90 mol
%), in air, at 120°C in 12 h to couple acetophenones and alcohols (3 equiv.) to the
corresponding β-alkylated alcohols, without any solvent [106]. The first stage of the
reaction is based on copper-promoted aerobic oxidation of the alcohol to aldehyde,
followed by aldolization/crotonization and finally a hydrogen transfer step. In 2013,
Mishra et al. used a copper catalyst supported over Mg-Al hydrotalcite to promote
the formation of C–C bonds at 180°C in 15 h [107]. Lately, Bala et al. used Cu
(I) complexes based on triazolium ligands in the presence of 2 equivalents of KOH in
refluxing THF for the coupling of benzyl alcohols and acetophenones [108]. Finally,
Sang et al. immobilized [(Binap)CuI]2 complexes on hydrotalcite, forming a hetero-
geneous system that can be recycled several times, for the formation of mono-
alkylated ketones with benzyl alcohols [109].

8 Conclusion

This chapter gives an overview of the catalytic systems developed in recent years
based on 3d metals for the α-alkylation of ketones with primary and secondary
alcohols by hydrogen auto-transfer. Well-defined complexes of iron, manganese,
cobalt, and nickel have demonstrated their ability to effectively promote this reaction
under homogeneous conditions, whereas in the case of copper mainly heterogeneous
systems have been applied. The structural diversity of the ligands efficiently applied
in the field, whether bidentate, tridentate, phosphine-containing or not, as well as
displaying or not cooperative properties, leave a vast field for the optimization of the
future catalytic systems.

The excellent selectivities and reactivities of the catalytic systems reported in the
literature make this catalytic reaction a useful tool to enhance the chemist’s toolbox
while meeting the criteria of green chemistry and current societal challenges by
using inexpensive and abundant metals that are relatively less toxic than the noble
metals historically used in this chemistry. However, certain parameters need to be
improved before this catalytic process can be applied on an industrial scale. The
reaction temperatures are still generally high (around 130–150°C with a few excep-
tions), the quantities of catalysts are generally of the order of a percent and would
need to be reduced by a factor of 10–100, and the quantities of additives and in
particular of base are also still too high. In our opinion, this last aspect can be
explained by the generation of water in stoichiometric quantities, which neutralizes
part of the base. It should also be noted that to date no catalytic system based on
titanium, vanadium, or chromium has been reported for the α-alkylation of ketones.
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We can therefore still expect significant advances in this area of chemistry in the
coming years, leading to interesting spin-offs in the field of synthesis and potential
applications.
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Abstract The borrowing hydrogenation (BH) and acceptorless dehydrogenative
coupling (ADC) methods emerged as sustainable tools for forging carbon–carbon
bonds at remarkably benign conditions. These protocols utilize alcohol as an
alkylating reagent, producing water (and hydrogen gas) as by-products. This
makes them advantageous over the traditional C-alkylation procedure, which
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requires an organohalide reagent and harsh conditions. Considering the importance
of alkylated carboxylate derivatives in pharmaceutical research, their cost-effective
preparation is highly demanding. Moreover, due to the less acidity of the α-hydrogen
atoms of unactivated esters, amides, and nitriles, their C-alkylation remained chal-
lenging. Toward this aim, hydrogen transfer-mediated α-alkylation of these carbox-
ylate derivatives is an attractive choice. Significant progress has been made using
catalysts based on precious transition metals, including rhodium, iridium, osmium,
and ruthenium. Due to the toxicity, high cost, and limited availability of these noble
metals, replacing them with 3d metals would make these processes more sustainable
and economically attractive. In this chapter, we discuss the progress made in the
hydrogen transfer-mediated C–C bond formation reactions through α-alkylation/
olefination of esters, amides, and nitriles using alcohols as carbon sources with the
aid of well-defined 3d metal complexes as the catalyst.

Keywords Acceptorless dehydrogenation coupling · Alcohol · Borrowing
hydrogenation reaction · C-C bond formation reaction · 3d metal catalysis

1 Introduction

New C–C bond forging methodologies for making molecules of diverse applica-
tions, including pharmaceuticals, agrochemicals, polymers, and materials, are
always in demand [1–3]. Despite the creative exertions of the researcher, selective
synthesis of a target molecule has often faced challenges of lower yield, poor
selectivity (chemo-, and stereo-), and copious waste production. Among the tremen-
dous efforts forsaken for making C–C bonds, the C-alkylation of the carbonyl
compounds using an organic electrophile, such as halides, is highly notable
[4]. However, the use of carcinogenic alkyl halides as electrophiles, the stoichio-
metric amount of sacrificial base, cryogenic reaction conditions, and the production
of halide waste deviate significantly from the “principle of green chemistry.” [5] In
this regard, alcohols, often derived from renewable sources, emerged as sustainable
carbon source in C–C bond formation reactions [5, 6]. However, the direct use of
alcohol is rugged due to the poor leaving ability of the hydroxyl group. By
converting the hydroxyl group into a better-leaving group like halide or pseudo-
halide, the challenge is overcome. However, this additional step is detrimental not
only to the overall process economy but also to environmental constraints on waste
management. A sustainable solution to this problem is the use of a catalyst for
activating the alcohol in situ without producing any waste. Hydrogen transfer-
mediated coupling is one such process (Scheme 1) [3]. Based on the overall redox
economy, they are categorized as net redox-neutral borrowing hydrogenation
(BH) or hydrogen auto-transfer reaction and net reductive acceptorless
dehydrogenative coupling (ADC).

The first step of these strategies involves the activation of alcohol via a dehydro-
genation reaction with the aid of a metal catalyst. The produced carbonyl compound
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is then coupled with carbon/nitrogen-based nucleophile (condensation with the help
of base) in the second step. In the final stage, a bifurcation could happen. The
hydrogenation of the in situ formed unsaturated C=C/C=N bonds by the borrowed
hydrogen would produce the saturated product as in the BH strategy (Scheme 1,
left). In comparison, acceptorless liberation of hydrogen yields the net unsaturated
product in ADC reactions (Scheme 1, right). The by-products of these processes are
only water for the former and water and hydrogen gas for the latter reactions, which
makes them particularly attractive.

The development of these methods is largely dependent on the catalyst used for
the initial alcohol dehydrogenation and final hydrogenation (or acceptorless hydro-
gen liberation) stage. Early exploration has been made with the 4d and 5d transition
metals as catalysts [6]. 3d metals, such as manganese, iron, cobalt, and nickel,
catalyzed BH and ADC reactions have been emphasized in the last decades
[7]. Multifunctional ligand design often plays a crucial role in mitigating the inherent
challenges of 3d metal-mediated two-electron redox processes [8]. The higher earth
abundance of these metals makes them economically attractive and makes the
process more sustainable [9]. Besides, their less toxicity added higher
bio-compatibility. Thus, the combination of using alcohols as a carbon source and
the earth’s abundant early transition metals as a catalyst brings an excellent solution
in diversifying these compounds via the C-alkylation reaction.

Another critical step in these reactions is the aldol-type condensation reaction.
The acidity of the α-protons (Scheme 2) (https://www.chem.ucalgary.ca/courses/3
51/Carey5th/Ch21/ch21-2.html) plays a vital role in capturing the in situ-produced
carbonyl compounds and preventing by-products from Cannizzaro and oligomeri-
zation reactions. Due to higher acidity, the C-alkylation of ketones is highly explored
[10]. However, similar reactions with less-acidic esters, amides, and nitriles are

Scheme 1 General mechanism for the C–C bond formation reactions via the hydrogen transfer-
mediated coupling reactions
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challenging and progressing [3]. The widespread application of α-alkylated esters,
amides, and nitriles in synthesizing biologically active compounds, natural products,
pharmaceutical molecules, and valuable raw materials in the chemical industries
brings the primary driving force for these explorations [11]. The following chapter
describes the recent development of the hydrogen transfer-mediated C–C bond
formation reactions of esters, amides, and nitriles using alcohols as carbon
sources [12].

2 α-Alkylation of Amides and Thioamides

Amides are valuable intermediates and products in organic synthesis [3]. Catalytic
α-alkylation of readily available smaller amides with alcohols could significantly
advance their synthesis. However, forming the C–C bond at the α-position of the
amide is challenging due to comparatively low C-H-acidity as a result of nN → πCO*
stabilization. α-Alkylation of unactivated [13] and activated [14] amides with
alcohols has been reported using iridium and ruthenium metal-based catalysts
[13, 15]. The first-row metal-catalyzed reactions have recently been developed
[12, 16]. This section describes the C-alkylation of unactivated amide (cyclic or
acyclic) with alcohols as the alkylating agents using diverse 3d metal catalysts
(Scheme 3). The sections are subdivided according to the metal used as the catalyst.

2.1 Mn-Catalyzed C-Alkylation of Amides

Over the last decades, homogeneous manganese catalysts have been explored in
hydrogenation, dehydrogenation, and hydroelementation reactions [7]. In 2016, the
Beller group first demonstrated a few examples of the C-alkylation of oxindole while
investigating the C-alkylation of ketones using a well-defined PhMACHO-Mn com-
plex Mn1 as the catalyst (Scheme 3a) [17]. Besides less Brønsted acidity, a com-
petitive amination of free amine in the cyclic amide is another hurdle in this
transformation [15, 18, 19]. Oxindoles are among the most targeted amide due to
their large availability in a diverse array of naturally occurring compounds [20–
22]. Moreover, C3-mono and disubstituted oxindoles are commonly employed in
drug discovery [19, 23]. The complexMn1 (2 mol%) in the presence of a weak base
Cs2CO3 (0.05 equiv.) drives the C3-alkylation of 2-oxindoles at 140°C in tAmOH
(Scheme 3a). Four examples are reported that gave excellent 81–92% yields.

Scheme 2 Acidity order
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However, despite the limited scope, it opened up new opportunities for further
improvement in this field. In the proposed mechanism, the base (Cs2CO3) mediated
N-H abstraction fromMn1 provides the active imido complex (Mn1-a), which has a
distorted trigonal bipyramidal geometry (TBP) (Scheme 4a). Next, the coordination
of alcohol gives rise to a coordinatively saturated intermediateMn1-b via the proton
transfer process. This is the key step where the dehydrogenation of alcohol takes
place to afford the aldehyde and generates the Mn-H intermediate Mn1-e via Mn1-
d. An outer-sphere pathway via N-H bond bifunctional mechanism was invoked.
The free aldehyde undergoes a nucleophilic attack by the oxindole carbanion
generated via deprotonation at the α-position followed by water elimination. Sub-
sequently, the hydrogenation of the produced α,β-unsaturated 2-oxindole by Mn1-e
delivers the desired α-alkylated product and the catalyst Mn1-a is regenerated.

Scheme 3 α-Alkylation of amides with alcohol through 3d-metal catalyzed hydrogen borrowing
method
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In 2018, Milstein reported the α-alkylation of acyclic amides with primary
alcohols using their PNP-pincer ligated manganese complex Mn2 (5 mol%) as the
catalyst in toluene at 125°C (Scheme 3b) [24]. A stoichiometric quantity of strong
base KOtBu (1.5 equiv.) was necessary to obtain the highest reactivity. Substrate
scope exploration revealed that neutral or electron-rich benzyl alcohols reacted
smoothly, whereas an electron-withdrawing substituent decreased the reactivity of
the alcohol partner. However, the protocol was only applied to five alcohols and two
amides.

In the reaction mechanism, H2 liberation from Mn2 leads to the coordinatively
unsaturated amido complex Mn2-a, which activates an intramolecular C-H bond to
form the thermodynamically more stable C-metallated complex Mn2-b (Scheme
4b). The next step includes O-H activation of alcohol by the complex Mn2-a or
Mn2-b via a similar proton transfer process which results in the formation of the
alkoxy complex Mn2-c. The β-hydride elimination step releases aldehyde along
with the regeneration of the active Mn-hydride complex Mn2. The base-catalyzed
aldol condensation then produced α,β-unsaturated amide that underwent hydroge-
nation withMn2 to yield the product. However, the mechanism for the later step has
not been described.

Later in the consecutive years, the El-Sepelgy and Balaraman groups indepen-
dently reported the C-alkylation of the amide using Mn catalysts (Scheme 3c, d).
El-Sepelgy utilized a bench-stable (PNN)Mn(CO)3Br complex Mn3 as the catalyst
(Scheme 3c) [25]. The catalyst activation and mechanism are similar as described
above (Scheme 4a). The reaction was performed in the 1,4-dioxane solvent at 130°C
in the presence of KOtBu (1.1 equiv.). The reaction scope includes secondary and
tertiary amides and various benzylic, heteroaryl, and aliphatic alcohols. Sixteen
examples were shown. The reaction was found to be sensitive to bases. Except for
KOtBu, other bases such as KOH, NaOtBu, LiOtBu, Na2CO3, and Cs2CO3 gave
poor yields or no product formation. Balaraman utilized the CyMACHO-Mn(I)-
complex Mn4 for the same reaction in toluene at 130°C in the presence of KOtBu
(1.2 equiv.) (Scheme 3d) [26]. Notably, a low 0.5 mol% of the catalyst was used. The

Scheme 4 (a) Mechanism ofMn1-catalyzed α(C3)-alkylation of oxindoles with primary alcohols.
(b) Mechanism of the α-alkylation of amide using Mn2 catalyst
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scope demonstrates 19 examples with a similar range of functional group
compatibility.

C-Alkylation of amides using secondary alcohols is considerably challenging.
This is due to the difficulties in all three elementary steps of the BH pathway shown
in Scheme 1. The secondary alcohols dehydrogenated slowly [27]. The aldol
condensation is problematic with the resultant ketone. The hydrogenation of the
produced β,β-disubstituted vinyl amide is also challenging. In 2021, the Balaraman
group developed a phosphine-free Mn(II)-complex Mn5 and utilized it for the α-
alkylation of oxindoles using secondary alcohols (Scheme 3e) [28].Mn5was readily
prepared from the corresponding NNN-pincer ligand and MnCl2�4H2O in acetoni-
trile at room temperature. Unlike previous reaction conditions, a catalytic quantity of
KOtBu (30 mol%) could complete the reaction in 8–10 h. Weak bases such as
Na2CO3 and K2CO3 could not promote this reaction. A diverse range of secondary
alcohols containing cyclic, acyclic, long-chain aliphatic, aromatic, and
heteroaromatic groups could be successfully applied to this protocol. At this stage,
an obvious question arises. Is theMn5 catalyzed α-alkylation of oxindoles proceeds
via the metal-ligand cooperativity (MLC) pathway? In search for the answer, EPR
and X-ray photoelectron spectroscopy (XPS) analysis of the Mn5 were done before
and after the reaction. These measurements indicated that the metal oxidation state
remained unchanged throughout the reaction, thus suggesting the participation of
MLC during catalysis. Scheme 5 depicts the mechanism of the reaction, which is
similar to other Mn(I)-complex catalyzed BH pathways shown in Scheme 4. At first,
the active catalyst (Mn5-a) is generated from Mn5 through proton abstraction by
KOtBu. The active imido complexMn5-a activates the alcohol partner via the MLC
through the probable intermediate Mn5-b. Base-mediated aldol condensation reac-
tion between the in situ generated ketone and oxindole produced the α,β-unsaturated

Scheme 5 Mechanism of the Mn5-catalyzed C3-alkylation of oxindole with secondary alcohol
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C3-alkenylated oxindole that subsequently hydrogenated to furnish the desired
product. However, the intermediates Mn5-a, Mn5-b, and Mn5-c have not been
characterized experimentally.

2.2 Fe-Catalyzed C-Alkylation of Amide

There is a single report on the iron-catalyzed C-alkylation of amides. In 2019,
Morrill utilized a bench-stable iron complex, Fe1, for the C-alkylation of oxindoles
(Scheme 3f) [19]. The reaction was performed in the presence of PPh3 (4 mol%) as
an activator, K2CO3 (0.5 eq.) in xylene (0.2 M) at 150°C for 24 h. The protocol
allows both primary and secondary alcohols to be employed as alkylating agents.
Apart from various oxindole derivatives, the method could also enable the
C5-monoalkylation of N-alkyl barbituric acids, a class of heterocyclic compounds
that shows a wide range of biological activities such as antimicrobial and antitumor
[16]. The mechanism of alcohol dehydrogenation and vinyl amide hydrogenation
proceeds similarly to that of typical Shvo-type complexes (Scheme 6) [29]. Initially,
PPh3 mediates the active catalyst Fe1-a generation via the CO de-coordination of the
precatalyst Fe1. Fe1-a then dehydrogenates the alcohol, where the Fe-center accepts
the hydridic part and the protic part goes to the ligand oxygen to form the interme-
diate Fe1-b and an aldehyde. Subsequent aldol condensation and hydrogenation
deliver the product and regenerate the catalyst.

Scheme 6 Fe-catalyzed C3-alkylation of oxindole with primary alcohol
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2.3 Co-Catalyzed C-Alkylation of Amide

Molecularly defined complexes of cobalt have also been utilized in hydrogen
transfer reactions [30–40]. Cobalt-catalyzed C-alkylation of amides was reported
in 2016 by Kempe (Scheme 3g) [12]. Optimization studies revealed that Co1 and
Co2 could provide the desired alkylated product in 69 and 74% yield, respectively.
However, due to the good solubility in THF and lower cost, Co1 was chosen as the
optimal catalyst for further investigation. Interestingly, cobalt complexes derived
from structurally similar pyridine-based pincer ligands were found to be silent. Total
22 examples with up to 93% yield were demonstrated using the combination of Co1
(2.5 mol%) with KOtBu (1.2 equiv.) in THF (1 M) at 100°C for 24 h. No example of
secondary alcohol was shown. Apart from electron-donating substituents, halogen
and heteroarene-containing benzyl alcohols rendered good to excellent yields. How-
ever, a high catalyst loading (5 mol%) was necessary to observe the good conversion
of 3- and 4-pyridine methanol substrates. Moreover, to avoid the formation of
dechlorination products for 4-chlorobenzyl alcohol, NaOtBu was used instead of
KOtBu.

In 2020, Sundararaju employed [Cp*Co(CO)I2] Co3 as the catalyst for the same
reaction (Scheme 3h) [41]. Besides the challenging secondary alcohols, this protocol
could accommodate huge substrate scope (36 examples) with up to 91% yield. The
reaction was performed in toluene in the presence of K2CO3 (2 equiv.), albeit at a
high 150°C temperature. This method was also amenable to the late-stage
functionalization of cholesterol and the C-alkylation of barbituric acids with sec-
ondary alcohols. Unlike other amide substrates, as the acidity of the α-hydrogens of
the barbituric acid (pKa ~ 4.8) is higher, the α-alkylation of barbituric acids occurred
in the absence of the base. The reaction was found to be first order for Co3 and
substrate (rate = k[Co3][Oxindole]). The deuterium labeling experiment revealed
the BH pathway as 8% and 63% D incorporation took place at the α- and β-position
of the amide carbonyl, respectively (Scheme 7c). The authors proposed that, due to
the higher acidity of the oxindole, the deprotonated oxindole might act as a ligand
leading to Co3-g or Co3-h (X is the anionic oxindole) (Scheme 7a). The β-hydride
elimination from Co3-a (probably containing a monodentate C-bonded oxindole
ligand) was proposed to provide Co3-b with coordinated ketone. The dissociation of
ketone from Co3-b produces a 16-electron hydride complex Co3-c (Scheme 7b).
The aldol condensation with the liberated ketone generates the C3-unsaturated
oxindole, which coordinates to the Co-center, yielding Co3-d. Selective hydroge-
nation at the γ-position of the olefin delivered Co3-e. Finally, a proton exchange
with another molecule of alcohol regenerated the active catalyst Co3-a with the
release of 2-hydroxyoxindole, which then rearranges to provide C3-alkylated
oxindole.

3d-Metal Catalyzed C–C Bond Formation Through α-Alkylation of Ester,. . . 71



2.4 Ni-Catalyzed C-Alkylation of Amide

Nickel is an abundant and low-cost transition metal with manifold applications in the
hydrogen auto-transfer reaction [42, 43], various cross-coupling [4, 44], and photo-
redox catalysis [45–47]. In 2018, the Balaraman group synthesized an air-stable
octahedral (NNN)Ni(II)-dihalide aqua complex Ni1 on a gram scale and used it as a
catalyst for the C-alkylation reactions (Scheme 3i). Remarkably, Ni1 in 1 mol%
loading showed high reactivity toward the alkylation of cyclic or acyclic amides with
differently substituted primary alcohols in the presence of KOtBu (1.1 equiv.) in n-
octane. With 0.1 mol% catalyst loading, 82% of the product could be isolated. The
calculated high turnover number, TON = 820, demonstrates the robustness of this
catalytic system. The generality of the protocol was presented with 19 examples with
up to 90% yield. However, the reaction was limited to the primary alcohols. Notably,
cyclic amides and oxindole molecules were also diversified under these conditions.
Zhao and coworkers later computationally studied the reaction [48]. The hydrogen
transfer step, which could proceed via a bifunctional (involving MLC) or
non-bifunctional mechanism (an inner-sphere or an outer-sphere), is one of the key
steps in this process. All three possibilities were studied. After a systematic com-
parison, the author concluded that the bifunctional mechanism was the optimal
pathway. The octahedral Ni1-complex is paramagnetic due to the low energy gap
(Δ) between the t2g and eg levels arising from the weak field of the N-arm ligand,
leading to a high spin complex. However, a typical Ni(II)-catalyst with d8 electronic
configuration tends to adopt a low-spin square-planar geometry due to a high energy
gap between the dz

2 orbital and dx
2-y

2 orbital (based on the ligand field effect). DFT
calculations revealed that the high spin state of nickel is more favorable than the low

Scheme 7 (a) Interaction of oxindole with Co3-catalyst. (b) Co(III)-catalyzed α-alkylation of
oxindole with secondary alcohols. (c) Deuterium labeling experiment
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spin state for this reaction. The former also offers more vacant sites to promote the
proton and hydride transfer steps.

Using methanol and ethanol as alkylating reagents is challenging and has not
been discussed [49, 50]. Recently, Jin and coworkers demonstrated that various
readily available alcohols, including methanol and ethanol, could be utilized for the
C-alkylation of unactivated amides (Scheme 3j) [51]. A well-defined N,N,O-Ni-
complex, Ni3 was used as the catalyst in toluene (0.5 M) at 140°C in the presence of
tAmOK (1.5 equiv.). The ligand was crucial in improving efficiency and selectivity.
Compared to other bidentate ligands, an additional diethylaminomethyl group in the
tetrahydroquinoline backbone improved the reactivity. The substrate scope includes
aryl and heteroaryl alcohols and linear and β-branched aliphatic alcohols. A higher
nickel and base loading was required for unactivated amides (cyclic and acyclic).
The proposed mechanism involves the formation of Ni3-a intermediate from Ni3 in
the presence of a base, which liberates the aldehyde intermediate through β-hydride
elimination and converts to Ni-H species Ni3-b (Scheme 8). Like previous mecha-
nisms, the condensation between amide and aldehyde generated the α,β-unsaturated
amide, which then reacts with Ni3-b to form a Ni-alkyl intermediate Ni3-c. Finally,
protonolysis ofNi3-c by one molecule of alcohol yields the desired product andNi3-
a.

So far, our discussion includes the development of diverse well-defined
Ni-catalysts to achieve the C-alkylation of amide scaffolds. In 2020, Tang utilized
an in situ complex derived from Ni(OAc)2/P(t-Bu)3 as the catalyst to enable the
selective α-alkylation of amides with alcohols via BH catalysis (Scheme 3k)
[52]. The reaction was carried out using Ni(OAc)2 (1 mol%), P(t-Bu)3 (1.2 mol%),
and KOtBu (1 equiv.) in 1,4 dioxane at 80°C for 12 h. A high temperature >80°C
resulted in both N- and C-alkylated products in nearly equivalent amounts. Weak
bases such as K3PO4 and K2CO3 produced neither the desired C- nor the N-
alkylation product. This mild and easy-handle protocol afforded 47 examples of
the alkylated amides with high yields of up to 99%. The scope includes combining a

Scheme 8 Ni3-catalyzed α-alkylation of amides with alcohols
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range of primary, secondary, and tertiary unactivated amides with aryl, heteroaryl,
and aliphatic alcohols. Furthermore, the reaction was scaled up to 100 mmol,
delivering 16.3 g of the desired product in 92% yield.

The Tang group also extended their work for the alkylation of thioamide (Scheme
9) [52]. Thioamides have more acidic α-hydrogen than amides (pKa ~ 25.7 in
DMSO vs. 35 for the latter) [53]. Notably, these compounds have several bio-
activities and are also introduced as isosteres of amide which can enhance the
therapeutic effect through modification at the desired position of the peptide
[54, 55]. They are also an important building block for constructing many sulfur-
containing heterocycles [56]. The Ni(OAc)2/P(t-Bu)3 catalyst system efficiently
diversified tertiary and cyclic thioamides with various primary alcohols. The desired
product was obtained with up to 96% yield.

3 α-Alkylation of Ester

Like amides, esters could also be diversified via BH catalysis employing alcohols as
the carbon source [3]. Esters are more amicable substrates due to slightly higher
acidity than amides. However, the early reports used noble metals as catalysts in the
presence of a stoichiometric base [57]. Recently, 3d metals have been used for these
reactions (Scheme 10). The following section summarizes such development.

3.1 Mn-Catalyzed α-Alkylation of Ester

Various Mn catalysts with different ligand backbone have been used for the
C-alkylation of esters (Scheme 10a–c). In 2017 Milstein employedMn2 as a catalyst
for the alkylation of t-butyl acetate with four primary alcohols (Scheme 10a)
[24]. The reaction proceeded via BH catalysis, similar to that in Scheme 4b. The
products were isolated up to 75% yield in the presence of stoichiometric KOtBu as
the base. In 2018, El-Sepelgy reported a similar C-alkylation of t-butyl acetate with
primary alcohol using Mn3 as the catalyst (Scheme 10b) [25]. Six examples were
shown with different primary alcohols that gave up to 61% yield in the presence of
KOtBu. The reaction yield was low when Cs2CO3, Na2CO3, KOH, and NaOtBu

Scheme 9 Ni-catalyzed α-alkylation of thioamide with primary alcohol
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were used. Compared to Mn2, the reaction with Mn3 could be performed in less
time and lower temperature. Later in 2019, Balaraman performed the same reaction
using Mn4 in lower loading under similar conditions (Scheme 10c) [26]. Besides t-
butyl acetate, other ester partners, such as t-butyl propionate and benzyl acetate,
performed poorly. Transesterification was mainly observed for the benzyl acetate.
Like previous reports, the transformation remained limited to primary alcohols. In
the same year, the Sortais group reported the more challenging α-methylation of
esters which was barely achieved, even with the precious metal catalysts [58]. They
had shown five examples with up to 95% yield utilizing Mn6 (3 mol%) as catalyst,
and NaOtBu (1 equiv.) as the base in toluene at 120°C for 20 h (Scheme 10d).
Several aryl acetic esters including brominated substrate were methylated using
methanol to give the desired product in moderate to good 1H NMR yield. However,
due to difficulty in isolation, the isolated yields of the final products were low.

3.2 Co-Catalyzed α-Alkylation of Ester

In 2016, Kempe disclosed the sole report on cobalt-catalyzed C-alkylation of t-butyl
acetate with primary alcohols (Scheme 10e) [12]. The Co3-catalyzed reaction
required 1.5 equiv. of KOtBu. Twelve examples and up to 82% yields were
demonstrated. The reaction follows a general mechanism, as shown in Scheme 1.

Scheme 10 Manganese-, cobalt-, and nickel-catalyzed α-alkylation of esters with alcohols
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3.3 Ni-Catalyzed α-Alkylation of Ester

In 2018, Balaraman utilized their (NNN)Ni(II)-complex Ni1 for the α-alkylation of
unactivated esters with the primary alcohol via BH catalysis (Scheme 10f) [59]. The
reaction was performed in n-octane at 150°C in the presence of stoichiometric
KOtBu. Compared to Mn and Co-catalyzed reactions described above, the Ni1-
catalyzed reaction includes t-Bu-, Me-, and Ph-acetates. Nine examples were
reported with a maximum of 78% yield.

4 α-Alkylation of Nitriles

α-Alkylated nitriles are versatile building blocks important for organic and medicinal
chemistry [60, 61]. Moreover, the easy transformation of the nitrile group into
aldehydes, ketones, amides, carboxylic acids, and oxazolines could produce high-
value chemicals [60–64]. Traditionally, the preparation of α-alkylated nitriles relied
on using alkyl halides as alkylating agents and a stoichiometric amount of strong
bases such as NaH and NaNH2. However, the toxic nature of the organohalide
reagents and the production of inevitable salt wastes often limit the utility of these
protocols. In this regard, using alcohol as an alternative to organohalides in a BH
strategy has gained much attention [65, 66]. Over the decades, significant efforts
have been devoted toward developing this reaction utilizing catalysts based on
precious noble metals such as ruthenium, osmium, rhodium, iridium, and palladium
[62, 67–70]. As discussed earlier, replacing such metals with earth-abundant first-
row-transition metals is highly demanding, considering the toxicity, high cost, and
limited availability of the precious noble metals. However, the reactivity of those
first-row-transition metal-based complexes lies in the multifunctional ligand design
and choice of suitable ancillary ligands [71]. This section summarizes the advance-
ment in developing sustainable catalysts based on manganese, iron, nickel, and
cobalt for the α-alkylation of nitriles with alcohols.

4.1 Mn-Catalyzed α-Alkylation of Nitrile

In 2018, Maji first reported the α-alkylation of arylacetonitriles with primary alco-
hols employing an Mn(I) complex bearing a bidentate hydrazone ligand as the
catalyst (Scheme 11a) [71]. This report described the synthesis of two (NNS)Mn
(I)-complexes (Mn6 and Mn7) for the first time. Notably, the newly developed Mn
catalysts are stable under air and could be operated under low catalyst loading. The
report demonstrated 35 examples with good functional group tolerance along with
the best yield of 88%. The proposed mechanism is shown in Scheme 12a, b. The
N-H deprotonation of the precatalyst Mn6 in the presence of KOtBu forms a
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coordinatively unsaturated intermediate Mn6-a (dearomatized form), which is then
saturated by the alcohol activation to form intermediate Mn6-b. Through the
β-hydride elimination, alcohol undergoes oxidation, and intermediate Mn6-b is
converted to Mn6-c. An aldehyde and the Mn-H complex Mn6-c were liberated in
a moderately slow step, as depicted by the kinetic isotope effect study (kH/
kD = 1.54). This MLC via protonation and deprotonation of an acidic N-H is
involved in many BH and dehydrogenative coupling reactions [72]. Additionally,
this bifunctional behavior of the hydrazone ligand was verified by treating an N-Me
(Me6-Me) analog of the ligand L1 which resulted in a poor yield of the desired
product. Next, the liberated aldehyde undergoes aldol condensation with the nitrile
in the presence of KOtBu to generate the vinyl nitrile. This condensation step is only
base dependent and the control experiment suggested that the manganese catalyst
might not be involved in this C–C bond-forming step. Finally, the outer-sphere
hydrogenation of the vinyl nitrile by Mn6-c affords the α-alkylated nitrile.

Later, El-Sepelgy and Rueping utilized Mn8 for the same reaction (Scheme 11b)
[73]. Optimized reaction was performed in toluene at 135°C in the presence of
Cs2CO3 (10 mol%). The use of polar solvents such as t-amyl alcohol, 1,4-dioxane, or
2-methyltetrahydrofuran resulted in moderate yields with the generation of
undesired alkenyl nitrile. The reaction is compatible with diverse benzyl cyanides

Scheme 11 Manganese-, iron-, nickel-, cobalt-catalyzed α-alkylation of nitriles
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and benzyl and aliphatic alcohols. The products were isolated in moderate to high
yield with excellent chemoselectivity. Notably, the more challenging α-methylation
could also be achieved under slightly modified reaction conditions. Mechanistically,
the reaction was initiated by generating an imido complex Mn8-a from the
precatalyst in the presence of the base, which was confirmed by 31P NMR measure-
ments.Mn8-a triggered the alcohol dehydrogenation and converted to Mn-H species
Mn8-d via the Mn-alkoxy complex Mn8-b, and an aldehyde is liberated. The
complex Mn8-a also activates the nitrile through initial N-coordination to form
Mn8-e. Subsequent hydrogen abstraction by the ligand backbone produced a highly
nucleophilic species Mn8-f. Mn8-e and Mn8-f remained in equilibrium. The addi-
tion of Mn8-f to the in situ generated aldehyde formed Mn8-g with elimination of
one molecule of H2O. Due to the high lability of the coordinated nitrile, α,β-
unsaturated nitrile is dissociated from Mn8-g. Finally, the hydrogenation of the
alkenyl nitrile occurs in the presence of H - Mn - N - H (Mn8-d) species to
produce the α-alkylated nitrile and Mn8-a.

Scheme 12 (a, b) Controlled experiment and catalytic cycle of α-alkylation of nitrile using Mn6,
Mn7. (c) Catalytic cycle of α-alkylation of nitrile using Mn8. (d) Mechanism of Mn9-catalyzed
alkylation of nitrile with primary alcohol
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Recently, the Mukherjee group devised an operationally simple protocol for the
α-alkylation of aryl nitriles with readily available alcohols [74]. Instead of using a
pre-synthesized Mn catalyst, they explored the reaction with an Mn(I) salt and a
suitable ligand, thus generating the active catalyst in situ (Mn9) (Scheme 11c). The
best result was obtained by using Mn(CO)5Br (7 mol%), 2,2′-bipyridyl (10 mol%),
KOtBu (1 equiv.) at 120°C in tAmOH for 30 h. The reaction was sensitive to the
amount of catalyst and ligand introduced, as increasing both loading led to dimin-
ished yield. The protocol worked well with diverse benzyl cyanides and primary
alcohols, delivering the α-branched products in moderate to good yields. The
mechanism of the reaction is depicted in Scheme 12d. At first, the reaction between
Mn(CO)5Br and 2,2′-bipyridyl ligand produced Mn(I)-complex Mn9 in situ. The
next step involves the activation of alcohol in the presence of KOtBu, which leads to
the Mn-alkoxy complex Mn9-a. Subsequent β-hydride elimination via intermediate
Mn9-b generated an Mn-H complex Mn9-c with the liberation of aldehyde. The
base-catalyzed condensation between the aldehyde and nitrile formed the vinyl
nitrile, which underwent hydrogenation in the presence of alcohol through interme-
diate Mn9-d to form the desired α-alkylated product and generated the active
catalyst.

4.2 Fe-Catalyzed α-Alkylation of Nitrile

Wang and coworkers disclosed the first report on iron-catalyzed nitrile alkylation via
BH catalysis (Scheme 11d) [75]. Different (PNP)Fe-complexes Fe2-Fe5 were pre-
pared to examine this reaction. It was found that Fe4 complex bearing the cyclohexyl
substituents on the phosphorous atoms performed the best in the presence of
NaBHEt3 as an activator and NaOH as a base in toluene. The proposed mechanism
is described in Scheme 13. At first, Fe4 gets activated by NaBHEt3 to generate the

Scheme 13 Mechanistic cycle of Fe4-catalyzed α-alkylation of nitrile using primary alcohol

3d-Metal Catalyzed C–C Bond Formation Through α-Alkylation of Ester,. . . 79



Fe-imido complex Fe4-f. Fe4-i, which could be the catalyst resting state, is formed
reversibly in the presence of nitrile. Fe4-f performed the alcohol dehydrogenation
and produced a Fe-dihydride Fe4-h by eliminating an aldehyde via the intermediacy
of a Fe-alkoxy complex Fe4-g. The produced aldehyde undergoes aldol condensa-
tion, and Fe4-h hydrogenated the resulting vinyl nitrile to yield the product and close
the cycle. Extensive experimental studies involving control experiments, NMR, IR,
and HRMS analysis were performed to identify the proposed reaction intermediates
and support the mechanistic hypothesis.

Later, Hong devised a highly chemoselective Fe-catalyzed α-alkylation and
α-olefination of nitriles using alcohols (Scheme 11e) [76]. The chemoselectivity
between BH and dehydrogenative coupling was achieved by simply changing the
base under a (cyclopentadienone)iron(0) carbonyl (CIC) catalyst Fe6. The
α-olefination strategy is discussed in Sect. 6. A thorough screening of bases revealed
that Cs2CO3 is the most effective toward this α-alkylation process. A high 150°C
temperature and Me3NO as an activator were also required to enhance the catalytic
efficiency. The Fe-catalyzed protocol was successfully applied to a broad range of
alcohols, including benzyl, aliphatic, and cinnamyl alcohols. Control experiments
proved that the Fe-catalyst is indeed necessary for the final hydrogenation of the
olefin. Notably, the basicity or size of the metal ion could be reasoned for the
observed chemoselectivity, which strongly influences the Fe6-mediated hydrogena-
tion process of the olefin (Scheme 14).

Scheme 14 Mechanistic
cycle for Fe6-catalyzed
α-alkylation of nitrile with
primary alcohol

80 K. Sarkar et al.



4.3 Co-Catalyzed α-Alkylation of Nitrile

Liu and coworkers first utilized a cobalt salt Co(BF4)2�6H2O with a tetradentate
phosphine ligand P(CH2CH2PPh2)3 as the catalyst for the α-methylation of nitriles
with methanol (Scheme 11f) [77]. Later, Ding reinvestigated this reaction in detail
by employing a tetradentate PPPN-Co catalyst,Co4 (Scheme 11g) [78]. The reaction
operates under a low 1.3 mol% catalyst loading with KHBEt3 (3.5 mol%) as the
catalyst activator and KOH (20 mol%) as the base. The reaction with the N-Me
analog of Co4 rendered an excellent yield of the α-alkylation product, suggesting
that N-H on the ligand backbone did not show MLC. Various nitriles could be
efficiently coupled with a wide range of alcohols to afford the alkylated nitriles in
moderate to excellent yields. Control experiments revealed that α,β-unsaturated
nitrile is a possible intermediate. Further investigation revealed that base could
mediate the hydrogenation of the α,β-unsaturated nitrile in the absence of
Co-catalyst/KHBEt3. This result supported a base-mediated Meerwein-Ponndorf-
Verley (MPV) hydrogenation pathway (Scheme 15). In all the above examples,
secondary alcohols could not be utilized as alkylating agents in α-alkylations of
nitriles. To fill this gap, in 2020, Sundararaju utilized [Cp*Co(CO)I2]/2-
(diphenylphosphino)benzoic acid as the catalyst for the α-alkylation of nitriles
with secondary alcohols (Scheme 11h) [41]. Unlike previous protocols, a stoichio-
metric amount of KOtBu as the base was needed to obtain the α-alkylated nitriles in
moderate to good yields. However, the scope was limited to cyclic secondary
alcohols, and the protocol was inefficient toward linear and aryl secondary alcohols.

Scheme 15 Mechanistic
cycle for Co4-catalyzed
α-alkylation of nitrile
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4.4 Ni-Catalyzed α-Alkylation of Nitrile

In 2020, the Banerjee group reported the first nickel-catalyzed α-alkylation of nitriles
with alcohols via BH catalysis (Scheme 10i) [79]. The authors found that the
combination of Ni(acac)2 (5 mol%), 1,10-phenanthroline (10 mol%), and K2CO3

(50 mol%) in toluene was optimal in providing the α-alkylated nitrile in high yields.
Other ligands, such as PCy3 or the derivatives of bipyridine and phenanthroline,
were ineffective under these conditions. The combination of NiCl2‧dme with NaOH
improved the reactivity of electron-poor and heteroaryl alcohols. However, the alkyl
alcohols reacted poorly under standard reaction conditions. Again, the combination
of NiCl2‧dme with NaOH helped to achieve the desired products in moderate to
good yields. The chemoselective transformation of cinnamyl alcohol and citronellol
delineated the synthetic utility of this protocol. The reaction of the olefin interme-
diate with benzyl alcohol resulted in the α-alkylated product in 65% yield. This
experiment, along with 1H NMR and GC-MS analysis of the crude reaction mixture,
proved the intermediacy of the olefin intermediate during the catalysis. The Ni-H-
mediated hydrogenation step was verified by the stoichiometric reactions ofNi7with
the olefin intermediate (Scheme 16a). Furthermore, the KIE experiment suggested
that the oxidation of alcohol to aldehyde is the rate-limiting step of the overall
process.

Later in 2022, Günnaz and coworkers demonstrated that a Ni-salen complex Ni5
could catalyze the same reaction (Scheme 11j) [80]. Salen ligands are widely
explored in homogeneous catalysis and could be easily prepared by condensation
of salicylaldehyde with diamine [81–83]. The authors synthesize three different

Scheme 16 (a) Hydrogenation of intermediate olefine using Ni7 hydride complex. (b) Ni6-
catalyzed α-alkylation of nitrile with alcohols
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Ni-salen complexes; among them, Ni5 showed high reactivity for this reaction.
Using Ni5 (2 mol%) and NaOH (10 mol%) in toluene at 135°C as standard
conditions, a few examples of α-alkylation of nitriles with alcohols were performed.
Around the same time, the Bagh group focused on utilizing the more challenging
secondary alcohols as alkylating agents for this reaction (Scheme 11k) [84]. This
was achieved by employing a Ni(II)-catalyst,Ni6, prepared by treating an imidazole-
based ligand with NiCl2(DME) in a 2:1 stoichiometric ratio. Despite having two
coordinating sites in a single ligand, the complexation occurred with two imidazole
moieties of two ligands, as confirmed by single-crystal X-ray analysis. The α-
alkylation of nitriles with secondary alcohols proceeded chemoselectively in the
presence of Ni6 (2 mol%), KOtBu (1 equiv) in toluene at 150°C in a short reaction
time. However, prolonged heating was required for certain substrates to improve the
yields. Apart from good functional group tolerance of various arylacetonitriles, this
process was also amenable to cyclic and acyclic secondary alcohols. However, a few
secondary alcohols, such as isopropanol, 1-phenyl ethanol, diphenyl methanol, and
1-pyridyl ethanol, remained challenging substrates. A plausible reaction mechanism
is described in Scheme 16b. The mechanism includes the generation of the active
catalyst via base-promoted dehydrochlorination and secondary alcohol activation via
the intermediacy of a metal-coordinated alkoxy intermediate Ni6-b. The β-hydride
elimination from Ni6-b releases the ketone and the Ni-hydride species Ni6-c. The
ketone reacts with the nitrile to produce α,β-unsaturated nitrile intermediate with the
elimination of water. Finally, the hydrogenation of the vinyl nitrile occurs in the
presence of Ni6-c to afford the desired alkylated product, and the active catalyst is
regenerated. However, the author proposed that the reaction might also proceed via
forming a Ni-monoalkoxide intermediate followed by the generation of
Ni-monohydride species.

5 Mn-Catalyzed α-Alkylation of Nitrile with Allyl Alcohols

δ-Hydroxynitriles are essential intermediates for synthesizing lactones, diols, and
amino alcohols [85–89]. They are ideally prepared by the Michael addition of
nucleophilic nitrile to α,β-unsaturated carbonyl followed by reduction of the car-
bonyl group [90–92]. However, the requirement of multistep procedures and tedious
reaction conditions producing inevitable waste limit the utility of the conventional
method. Hence, a direct formal conjugate addition of nitriles to allylic alcohols to
access δ-hydroxynitriles would be appealing and was previously disclosed by
Gunanathan using a ruthenium pincer complex [93]. The use of base-metal-based
metal complexes adds another dimension to this protocol toward sustainable devel-
opment. In this regard, Zhong, Ling, and coworkers exploited the Mn8 complex for
the formal conjugate addition of nitriles to allylic alcohols to synthesize
δ-hydroxynitriles (Scheme 17a) [94]. Among various bases, K2CO3 was optimal
to provide the desired product in a short reaction time. Notably, α-alkylation of
nitrile occurred through condensation at the C3-position of allylic alcohol. A drop in
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the yield was found when the reaction medium was changed from toluene to t-amyl
alcohol or 1-butanol. The electron-rich benzyl nitriles were observed to have rela-
tively higher yields than those bearing an electron-withdrawing substituent. Various
allyl alcohols, including internal and terminal allyl alcohols and propylene alcohol,
are applied to this transformation. Mechanistic investigations revealed that Mn8
complex might accelerate the 1,4-conjugate addition reaction as the reaction of
benzyl cyanide with benzalacetone poorly yielded the product in its absence
(Scheme 17b, condition I). A similar experiment with iPrOH revealed that the
hydrogen transfer process could not be achieved without the Mn catalyst (Scheme
17b, condition II). The plausible mechanism of this reaction is similar to the above-
mentioned reports (Scheme 12 b-d). At first, base-assisted active catalyst generation
occurs, followed by dehydrogenation of allylic alcohol to form corresponding
cinnamaldehyde and Mn-H species Mn8-d (Scheme 17c). Next, the 1,4-conjugate
addition of nucleophilic nitrile to cinnamaldehyde led to γ-cyanoaldehyde, which
was finally hydrogenated to give δ-hydroxynitrile and regenerated the active
catalyst.

Scheme 17 Mn8-catalyzed α-alkylation of nitrile with allylic alcohol and mechanism of the
reaction
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6 α-Olefination of Nitriles with Alcohols

In 2017, Milstein reported the ADC of nitriles with alcohols to synthesize
α-olefinated nitriles (Scheme 18a) [90]. The previously reported pincer complex
Mn2 (4 mol%) catalyzed the reaction in toluene at 135°C without a base. The Mn2
complex is involved in activating the α-C-H bond of nitriles, which was further
confirmed by detecting a cationic complex Mn2-d through 31P, 19F, and 1H NMR
measurements. A sharp decrease in the yield was observed when the temperature
was lowered to 110°C. A diverse range of benzyl alcohols bearing electron-donating
and electron-withdrawing substituents were successfully coupled with various ben-
zyl nitriles rendering the olefinated products in good to excellent yields. In addition,
aliphatic alcohols and cinnamyl alcohol could also undergo this ADC reaction
smoothly under these conditions. The 1H NMR analysis of the alkenylated product
confirmed the formation of Z-isomer. The utility of this protocol was further
showcased by a large-scale reaction providing a 66% yield of the isolated olefin.
The plausible mechanism of this reaction is depicted in Scheme 19. Initially, H2

liberation from Mn2 generated the amido complex Mn2-a, which stays in equilib-
rium with a thermodynamically more stable complexMn2-b through intramolecular
C-H activation. Next, activation of the O-H bond of alcohol by Mn2-a or Mn2-b
leads to an alkoxy intermediate Mn2-c, which releases the aldehyde following a β-
hydride elimination step. At the same time, ligand-based α-C-H deprotonation of the
nitrile generates complex Mn2-d and a nitrile carbanion. Subsequently, condensa-
tion of the carbanion and the aldehyde resulted in α,β-unsaturated nitrile with the
regeneration of amido complex Mn2-a.

In 2022, Hong utilized Fe6 for the chemoselective α-olefination of nitriles with
alcohols (Scheme 18b) [76]. As previously discussed, the authors observed that
different bases could alter the chemoselectivity. Fe6 (5 mol%), along with Me3NO

Scheme 18 Manganese and iron-catalyzed α-alkenylation of nitrile with primary alcohol via ADC
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(10 mol%) as an activator and K2CO3 (1.0 equiv.) as the base, could promote the
ADC in toluene at 150°C. Although alcohol acts as a hydrogen atom donor, a high
stoichiometry (3 equiv.) of the alcohol partner was necessary to obtain the
α-olefination product in high yield. Lowering the temperature to 140°C also resulted
in lower conversion. The protocol was not only amenable to diversifying benzylic,
heteroaryl, and aliphatic alcohols but also tolerated diverse aryl acetonitriles bearing
electron-donating and electron-withdrawing halogen substituents. The mechanism
of this reaction is shown in Scheme 14.

7 Conclusion

In conclusion, we have summarized the alkylation of unactivated carboxylate deriv-
atives with primary and secondary alcohol via the hydrogen transfer-mediated
coupling reactions (BH and ADC). Molecularly defined manganese, iron, cobalt,
and nickel metals-based complexes demonstrated excellent activities in catalyzing
these C–C bond-forming reactions employing abundant alcohols as carbon sources.
The utilization of diverse phosphine and non-phosphine-based catalysts has been
shown to give an elaborative idea about the reactivity and selectivity of the catalysts
based on the ligand backbone. Alkylation of nitriles has also been carried out with
allylic alcohols using a manganese complex, providing synthetically useful
δ-hydroxynitriles scaffolds. Furthermore, α-alkenylation of nitrile with primary
alcohol via acceptorless dehydrogenation coupling (ADC) has been successfully
exploited using manganese and iron catalysts. The alkenylation of amide, ester, or

Scheme 19 Reaction mechanisms of alkylation of nitrile using Mn catalysts
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thioamide with alcohols as carbon sources is yet to be developed. Another challenge
is the requirement of high reaction temperatures to facilitate the dehydrogenation
process. Reaching an optimum condition by suitably tuning different reaction
parameters is essential to achieve the desired α-functionalization sustainably. Due
to the lower acidity of the α-hydrogen atoms of the unactivated amides, thioamides,
esters, and nitriles, deprotonation by the base remained a challenge. Consequently,
stoichiometric strong bases were needed to populate nucleophilic enolate in
sustained concentration for the condensation reactions. Besides, the catalyst loading
is high in most cases. As a result, large-scale applications are limited to date.
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Abstract Development of greener, sustainable, and atom-economical methods for
the formation of Carbon–Carbon bonds leading to versatile fuels and value-added
chemicals has been an area of recent global research. For example, the methodology
for C–C bond formation proves to be useful for the valorization of ethanol to butanol
which acts as an alternative fuel. This methodology can be further applied in natural
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product synthesis including but not limited to synthesis of several cholesterol and
flavan derivatives. This greatly negates the typical disadvantages of classical cou-
pling of alkyl halides that generally are accompanied by the formation of hazardous
waste. Transition metal-catalyzed Guerbet-type coupling of alcohols is a promising
route to new C–C bonds as they are greener and atom-economical with water as the
sole by-product. Typically, these reactions follow the sequence of catalytic dehy-
drogenation to carbonyl compounds, aldol condensation and a tandem catalytic
hydrogenation of the resulting α,β-unsaturated carbonyl compound. Barring the
large library of precious metal (Ru, Ir, Rh, and Pd) based homogeneous catalytic
systems that accomplish the β-alkylation of alcohols, there are only a few reports on
corresponding homogeneous catalytic systems derived from 3d metals and are
mainly based on Mn, Fe, Co, Cr, and Ni. In this chapter, an attempt has been
made to shed light on the current state-of-art in the 3d-metal catalyzed β-alkylation
of secondary alcohols with primary alcohols from a synthetic and mechanistic point-
of-view.

1 Introduction

Alcohols have widespread application in diverse field of organic transformations and
chemical enterprises [1, 2]. The new C–C bond formations can be deployed as a
substitute of carbon source in hydrocarbon-based chemical industries and other
petrochemical industries. The traditional process of synthesizing β-alkylated alco-
hols involves a multistep synthetic pathway (Scheme 1) [5–8]. In this method, the
ratio of waste production is very high [5–7], along with the requirement of highly
expensive as well as toxic reagents and strong bases [5–8]. Synthesis of alcohols via
an alternative methodology is a current global challenge.

Among the various approaches, methods where β-alkylation of alcohols have
been accomplished via transition metal-catalyzed C–C bond formation have gath-
ered huge attention. Formation of higher β-alkylated alcohols via acceptorless
dehydrogenative coupling of alcohols proves to be an environmentally benign
process and this typically employs the hydrogen-borrowing strategy. In this path-
way, the transition metal catalyst brings about the dehydrogenation of primary and
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secondary alcohols to their corresponding carbonyl compounds. This is accompa-
nied by an uncatalyzed base-mediated aldol condensation of the resulting carbonyl
compounds to give rise to an α,β-unsaturated ketone, which on further catalytic
hydrogenation affords the β-alkylated alcohols (Scheme 2) giving rise to water as the
sole by-product.

Thus, in organic synthesis, hydrogen-borrowing methodology has become more
appealing, as it employs alcohols as alkylating agents and takes place in milder
reaction conditions. On this ground, transition metal-catalyzed dehydrogenation of
alcohols have been widely explored in anaerobic conditions [9–11]. This is mainly
owing to the fact that, under aerobic conditions, dehydrogenation of alcohols are
severely limited by the air sensitive nature of the key metal-hydride species (i.e.,
MH2; Scheme 2) that either gets deactivated or not readily formed under the
non-inert reaction conditions [12, 13].

A plethora of transition metal catalysts based on Ir [14–23], Rh [24], Ru [3, 13,
25–30], Pd [31], Mn [32, 33], Co [34], Fe [35], Ni [36], and Cu [37] have been
successfully employed in achieving the β-alkylation of primary alcohols with
secondary alcohols (see Fig. 1). Sun et al. have demonstrated the acceptorless β-
alkylation of primary alcohols with secondary alcohols that are catalyzed by inex-
pensive, environmentally friendly, and phosphine-free iron complex 7 in presence of
catalytic amount of NaOH [35]. Li and Lang have studied the utility of the nickel-
thiolate-based cluster complex 9 in the C–C cross-coupling of primary and second-
ary alcohols which resulted in either α,β-unsaturated ketones, α-alkylated ketones or
β-alkylated secondary alcohols with multiple chemoselectivities under milder con-
ditions [36]. Xu et al. have described the superior catalytic activity of the ligand-free
copper catalyst under air towards the β-alkylation of alcohols (see Fig. 1) [37]. Rather
than the involvement of a copper-hydride species, they proposed a new mechanism
involving a Meerwein-Pondorf-Verley type transition state for the β-alkylation of
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secondary alcohols with primary alcohols [38]. There have also been several influ-
ential reports by the groups of Kempe [34], Pullarkat [16], Saito [31], and
Maheswaran [24] who have demonstrated the hydrogen-borrowing methodology
in the C-alkylation reaction of primary alcohols with secondary alcohols. However,
in general, higher reactivity and selectivity have been exhibited by ruthenium and
iridium-based complexes in comparison to other transition metals. In particular,
there are several reports on the pincer-Ru catalyzed β-alkylation of secondary
alcohols.
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1.1 β-Alkylation of Secondary Alcohols with Primary
Alcohols Catalyzed by Noble Metal Complexes

In 2017, Achard et al. reported the catalytic alcohol dehydrogenation leading to
esters by utilizing metal catalysts based on bi/tri-dentate phosphine pyridine ligands.
Interestingly, complex 10 afforded the α-alkylated ketone via dehydrogenative
cross-coupling of secondary alcohol with primary alcohol with the concomitant
formation of trace amount of β-alkylated alcohol (Scheme 3) [12].

The α-alkylated ketones can be synthesized either from coupling of primary
alcohols with a ketone or from secondary alcohols with an aldehyde in the presence
of a base and catalyst. However, the sequential de/hydrogenation strategy
demonstrated in Archad’s report is an effective alternative pathway to synthesize
the α-alkylated ketone directly from alcohols. This also shows that the reaction of
secondary alcohol with primary alcohols in the presence of transition metal catalysts
leads to either the β-alkylated alcohol or results in further dehydrogenation of the β-
alkylated alcohol resulting in the α-alkylated ketone. In the proposed mechanism
(Scheme 3), the first step is the base mediated dissociation of PPh3 which gives rise
to the catalytically active intermediate LnRu 10a. Then, LnRuH2 10b a dihydride
intermediate is generated via hydride transfer from alcohol to the ruthenium center.
Base mediated condensation of aldehyde and ketone generates the α, β-unsaturated
ketone 4′. The hydrogenation of 4 and 4′ by ruthenium dihydride complex 10b leads
to the generation of the β-alkylated alcohol 3. The final product α-alkylated ketone
4 is obtained by the dehydrogenation of 3 which further leads to the regeneration of
LnRu 10a along with the release of a H2 molecule [12].

Later in 2022, Shim et al. employed RuCl2(PPh3)3 for the catalytic β-alkylation of
secondary alcohols with primary alcohols in the presence of 5 equivalents of
1-dodcene (Scheme 4) [13]. This protocol followed a selective pathway leading to
the β-alkylated product with a variety of substrate scope (ranging from alkyl methyl,
aryl methyl and cyclic carbinols, apart from alkyl methyl carbinols).

Similarly, Gülcemal et al. studied the imidazol-2-ylidene ligand-based iridium
(I) catalyst 11 for the β-alkylation of secondary alcohols. At a very low loading of the
catalyst 11, this simple catalytic system furnished the β-alkylated alcohols (including
but not limited to cholesterol derivatives) with good yields (Scheme 5) [39]. The
iridium (I) complex gave up to 940,000 TON in the presence of catalytic amounts of
NaOH or KOH under air via the hydrogen-borrowing strategy.

Recently, Bera et al. investigated the catalytic β-alkylation of secondary alcohols
with primary alcohols that is catalyzed by Ir(III)-N-heterocyclic carbene 12 as
catalyst. The complex 12 achieved remarkable activity owing to its pyridyl
(benzamide)-functionalized NHC backbone, which takes part in dearomatization/
aromatization of its pyridine backbone during the course of the catalysis. Within a
short span of reaction time, these catalytic systems exhibited a broad range of
substrate scope at a very low base and catalyst loading (Scheme 6) [40]. Apart
from the synthesis of quinoline and lactone derivatives, the same methodology, was
extended to the α-alkylation of ketones utilizing primary alcohols [40].
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Single-pot acceptorless catalytic coupling of a mixture of low-molecular weight
alcohols (primary and secondary) thus leads to value-added higher-molecular weight
alcohols and ketones. In this context, Gelman et al. studied the pincer-ruthenium
catalyzed cross-coupling of secondary alcohols with primary/secondary alcohols
that efficiently led to the selective synthesis of β-alkylated ketones. The
non-innocent nature of the ligand comes into play during the mechanistic cycle
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Scheme 6 The Ir(III)-catalyzed β-alkylation of secondary alcohols with primary alcohols [40]
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which follows a dehydrogenation and hydrogenation pathway to yield a maximum
of 48 turnovers (TON) (Scheme 7) [41]. In the proposed mechanism (Scheme 7) the
reaction is initiated via intramolecular interaction between the metal-hydride and the
acidic side-arm of the ligand (13a) giving rise to the arm-closed species (13b) along
with the extrusion of a H2 molecule. This is followed by the formation of the
arm-open iridium alkoxide species (13c) resulting from the ligand exchange step.
The subsequent β-hydride elimination gives rise to the carbonyl product 2a′ and 2′
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along with the regeneration of the hydride species 13a. This step is followed by base-
mediated cross-aldol condensation of 2a′ and 2′ to give 4g which on further
hydrogenation gives rise to the β-alkylated ketone 4f along with the species 13b.

The NNN 2,2′:6′,2″-terpyridine (terpy) ligand is not only a stronger π-acceptor
ligand in comparison with other N-donor ligands [42], but also demonstrates oxida-
tively and thermally robust properties [43]. Regardless of the incompatible nature of
these ligands in transition metal complex systems, they mediate a variety of very
important catalytic organic transformations [44]. In this context, Crabtree et al. have
investigated the terpy based pincer-ruthenium 14 catalyzed β-alkylation of second-
ary alcohols with primary alcohols (Scheme 8) [22]. The 14 (1 mol%) catalyzed
reaction in the presence of one equivalent KOH led to the quantitative yields of the
alkylated products with a maximum of 95 TON with the concomitant formation of
H2O as a by-product (Scheme 8) [22].

Using Ru(III) 15, Yu et al. have achieved up to 93 TON in the β-alkylation of
secondary alcohols with primary alcohols (Scheme 9) [3, 45]. Detailed mechanistic
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Scheme 8 Pincer-ruthenium catalyzed β-alkylation of secondary alcohols with primary alcohols
[22]
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Scheme 9 The β-alkylation of secondary alcohols with primary alcohols catalyzed by the pincer-
ruthenium catalyst 15 [3]
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studies indicated that the pre-catalyst initially converts to Ru(II) species in the
presence of KOH, which further takes part in the catalysis [46].

Kundu et al. synthesized a series of pincer-ruthenium catalysts and applied them
towards the β-alkylation of secondary alcohols with primary alcohols. They
observed that the NHC ligand-based NNC pincer-ruthenium complex 16 resulted
in very high turnover of 288,000 for the C-alkylation reaction upon significantly
decreasing the catalyst loading (Scheme 10) [28]. Moreover, the catalytic system
works efficiently under solvent-free conditions and demonstrated a vast substrate
scope that includes aliphatic, aromatic, and heterocyclic alcohols. On similar lines,
Kundu et al. demonstrated the role of metal-ligand cooperativity in the bifunctional
catalyst 17 (0.1 mol%) in bringing about the β-alkylation of various secondary
alcohols with very high selectivity while achieving 31,500 TON in the presence of
0.5 equivalents NaOH in refluxing toluene within 90 min of reaction (Scheme 10)
[29]. Complex 18 has shown a moderate reactivity (690 TON) at a catalyst loading
of 0.1 mol% in presence of 0.5 equivalents of KOtBu in refluxing toluene within
45 min of reaction [27].

In 2021, Ghosh et al. synthesized an amido-functionalized ruthenium carbene
complex 19 and have utilized it towards the catalytic β-alkylation of alcohols
(Scheme 11) [47]. They also stated that a similar cationic picolyl functionalized
NHC ruthenium complex displayed a comparable reactivity towards C-alkylation
[47]. The catalyst 19 led to the formation of a hydride intermediate 19d and was
highly active up to about 120 h.
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Scheme 10 Pincer-ruthenium 16–18 catalyzed β-alkylation of secondary alcohols [26]
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The mechanism initiates with the formation of the Ru-alkoxide species 19b and
19e on the reaction of 19 with 1 and 2 respectively. The active species 19b and 19e
undergoes the β-hydride elimination giving rise to 19c and 19f followed by the
formation of the hydride species 19d via extrusion of aldehyde 1′ and ketone 2′
respectively. The cross-aldol product 4′ reacts with the hydride species 19d to
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generate 4 which further reacts with 19d to give the β-alkylated product
3 (Scheme 11).

Kumar et al. have reported the β-alkylation of 1-phenyl ethanol with benzyl
alcohol that is catalyzed by bis(imino)pyridine-based NNN pincer-ruthenium phos-
phine complexes (20a-20d) and carbonyl complexes (20e-20h). At a loading of
0.00025 mol%, the complexes 20a-20d gave a TON of 356,000 to 320,000. On the
other hand, at the same loading, the complexes 20e-20h provided TON of 372,000 to
248,000. Kumar et al. have achieved the highest TON of 372,000 with the complex
20f under the solvent-free condition in presence of very low base loading (2.5 mol
%). The catalytic cycle begins with the generation of the 16-electron five-coordinate
dichloride species via PPh3 or CO dissociation from 20. In presence of KOtBu,
benzyl alcohol 1 and 1-phenyl ethanol 2, the 16-electron five-coordinate dichloride
species undergoes salt-metathesis and gives rise to 20i and 20j. A β-hydride elim-
ination from 20i/20j will lead to the generation of hydride complex 20k along with
the formation of 1′/2′. A subsequent σ-bond metathesis of the M–H bond of 20k
with the O–H bond of 1/2 will regenerate the species 20i/20j along with the
liberation of H2. In an independent base mediated aldol condensation reaction of
1′ with 2′, the α-β-unsaturated ketone 4′ is formed. Then insertion of 4′ into the Ru–
H bond in 20 k led to species 20l which then undergoes σ-bond metathesis with H2/
1/2 leading to the formation of 4 along with the regeneration of 20k /20i/20j.
Insertion of 4 into 20k in a similar fashion followed by alcoholysis/hydrogenolysis
sequence gives the final product 3 (Scheme 12). It has been established that the
catalysis is metal-centered and that β-hydride elimination step is involved in the
RDS [48].

The catalyst 20a-h were also studied to catalyze upgradation of ethanol to
1-butanol and up to 335 TON was achieved at a very low catalyst loading of 2f
(0.05 mol%) in presence of 10 mol% NaOEt, at 140°C in conventional heating for
24 h at a selectivity of 90% towards 1-butanol. From the kinetic studies, a first order
rate dependency was observed with respect to the concentration of both the catalyst
and ethanol [48]. Kumar et al. also used the catalysts 20a-h to study the upgradation
of ethanol to butanol under microwave heating. Among the screened catalysts, the
complex 20d could achieve TONs up to 490 (Reaction conditions: 20a-h (0.025 mol
%), NaOEt (10 mol%), 110°C, 75 W microwave power) [49]. Notably, upon
employing the corresponding pincer-Ru complexes based on 2,6-bis(-
benzimidazole-2-yl) pyridine ligands, unprecedented catalytic activity was observed
leading to up to 42% n-butanol yields and a maximum of 13,022 TON was obtained
under identical conditions [49]. Attempts were also made to immobilize these
complexes on various solid supports leading to catalytic systems that resulted in
turnovers as high as 15,510 TON [49].

104 H. Narjinari et al.



3; R1 = C6H5, R2 = C6H5; Yield = 73%
3o; R1 = p-OMe-C6H4, R2 = C6H5; Yield = 85%
3g; R1 = p-Me-C6H4, R2 = C6H5; Yield = 74%
3j; R1 = C6H5, R2 = p-Me-C6H4; Yield = 73%

N
N NRu

R
Cl

Cl

Ph3P
R

  20

20i; R1 = H
20j; R1 = Me

OH

R1

OH

O

O

R1

20i; Y = OCH2Ph
20j; Y = OCH(CH3)Ph

20k; Y = H

O

KCl
+

tBuOH

KOtBu

H2

Dehydrogenation Segment

1; R1 = H, 2; R1 = Me 1'; R1 = H, 2'; R1 = Me

Hydrogenolysis / Alcoholysis
of 4'

Hydrogenolysis / Alcoholysis
of 4

1/2/H2

1/2/H2

4'
3

4

KOtBu

L

R1

N

N

N

R

R

Ru
O

N

N

N

R

R

Ru
Cl

Y

N

N

N

R

R

Ru
Cl

H
O

H

O
N

N

N

R

R

Ru

20l20m

N

N

N

R

R

Ru
LCl

Cl

Cl

Kumar, 2020 
Reaction condition:
20f (0.00025 mol %),NaOH (2.5mol%),
open vessel, Ar, 140 °C, 20 h
Up to 372000 TON

N
N NRu

R
Cl

Cl

OC
R

  20
20a; R = tBu, 20b; R = Cy, 
20c; R = iPr, 20d; R = Ph.

20e; R = tBu, 20f; R = Cy,
20g; R = iPr, 20h; R = Ph.

R2

OH
R1 OH +

R2

OH

R1
22 Examples1 2 3

20

Cl

Scheme 12 The β-alkylation of secondary alcohols with primary alcohols catalyzed by the NNN
pincer-ruthenium complexes 20a-h [48, 49]

Current State-of-Art in the Guerbet-Type β-Alkylation of. . . 105



2 3d-Metal Catalyzed C-Alkylation

There has been exemplary cases where the β-alkylation of secondary alcohols with
primary alcohols has been effectively catalyzed by complexes based on precious,
expensive transition metals such as Ir [14–23], Rh [24], Ru [3, 13, 25–30], and Pd
[31]. However, the expensive, toxic and hazardous nature of noble transition metals
coupled with their localized abundance in select geographical areas poses significant
challenges to their long-term uses in catalysis. Although catalysts based on base-
metals have relatively lower activity than the noble metal-based catalysts on the
basis of yield and selectivity [8], their easy accessibility [32–36, 50], high abundance
[32–36, 50] in earth’s crust makes them a promising candidate for catalysis. Rightly,
global research has shifted its emphasis towards the lookout for environmentally
benign, readily available, and inexpensive catalysts based on 3d-transition metals
such as Cr [50], Mn [32, 33], Fe [35], Co [34], Ni [36], and Cu [37]. In the review
that follows, such efforts on the current state-of-art with catalysts derived from 3d
metals are discussed in the order of their position in the periodic table.

2.1 Chromium-Catalyzed C-Alkylation

Chromium is an earth-abundant metal, and ranks 13th on the scale of availability on
the earth’s surface [51]. Trivalent chromium species are known to show low toxicity
compared to the hexavalent species and are also known for homogeneous catalysis
[51]. In 2022, Kumar et al. reported simple base metal salt CrCl3.6H2O and its
NNN-pincer complex to catalyze β-alkylation of secondary alcohols with primary
alcohols [50] (Scheme 13).

This was the first report on chromium-catalyzed direct β-alkylation of secondary
alcohols with primary alcohols [50]. This protocol provided high yield of the β-
alkylated product in both conventional as well as microwave conditions. At 140°C,
in presence of 5 mol% NaOtBu, 0.005 mol% of the pincer-Cr complex based on
bis(iminopyridine) rendered a very high yield of the β-alkylated product under
microwave condition (90% yield and 18,000 TON at 12000 TOF h-1) and conven-
tional heating (84% yield and 16,800 TON at 5600 TOF h-1) in only 1.5 h and 3 h
respectively [50]. The precursor CrCl3.6H2O also showed high reactivity under the
same reaction conditions giving comparatively lower yields than its pincer complex
21 in both microwave (76% yield and 15,200 TON at 10133 TOh-1) and conven-
tional heating (79% yield and 15,800 TON at 5267 TOh-1) [50].

To shed light on the mechanistic insight, various control experiments were
performed. From EPR analysis, it was found that with both CrCl3.6H2O and its
pincer-Cr(III) complex 21, the active species had Cr in its +2 oxidation state. The
homogenous and well-defined molecular nature of the catalyst in the reaction
mixture was evident from the inferences obtained from HRMS analysis, hot filtration
test and mercury drop test. Deuterium labelling studies provided a KIE of 7.33 from

106 H. Narjinari et al.



which the authors have inferred that the insertion of the α-alkylated ketone into the
Cr–H bond is the RDS of the reaction. These observations formed the basis for the
proposed mechanism.

The reaction initiates with the conversion of both the Cr(III) precursors 21 and 22,
to a Cr(II) active species 23 and 24 respectively, in the presence of NaOtBu (Scheme
14).Next step is the generation of alkoxides 25 and 26 as a result of salt metathesis of
23 and 24 with NaOtBu in the presence of 1 and 2 (Scheme 14). Salt metathesis is
followed by a β-hydride elimination from 25/26 that gives the Cr-H species 27 along
with the extrusion of corresponding benzaldehyde (1′) or acetophenone (2′).
Alcoholysis of 27 with 1/2 would result in evolution of hydrogen along with the
regeneration of 25/ 26. The β-hydride elimination is followed by a base mediated
uncatalyzed condensation of 1′ and 2′ which results in the formation of 4′. Then
insertion of 4′ into the Cr–H bond in 27 led to species 28 which then undergoes
σ-bond metathesis with H2/1/2 leading to the formation of 4 along with the regen-
eration of 27/25/26. Insertion of 4 into 27 in a similar fashion followed by
alcoholysis/hydrogenolysis sequence gives the final product 3 [50].

In 2023, Ke have reported a bis-(N-heterocyclic carbene)-based Cr(0) 21a
(Scheme 13) catalyzed C-alkylation of primary and secondary alcohols, which
followed a hydrogen auto-transfer or hydrogen-borrowing strategy. They could
achieve up to 96% yield of the β-alkylated product at a catalyst loading of 0.5 mol
% in presence of 0.5 equivalents of NaOH, at 150°C after 24 h. From both
experimental and computational studies, they have explained the fact that Cr
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(0) can show better reactivity than the Cr(III) /Cr(II) species due to the absence of
dπ-pπ interaction in the metal-alkoxy species [52].

2.2 Manganese-Catalyzed C-Alkylation

The third most abundant metal, manganese, has proven to be a great alternative for
several (de)hydrogenation and related reactions. In the context of β-alkylation of
secondary alcohols by primary alcohols, Yu et al. in 2018 first reported the
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Mn-catalyzed β-alkylation reaction, where they have synthesized a panel of
phosphine-free Mn(I) complexes bearing a pyridyl-supported pyrazolyl-imidazolyl
ligand (pz) [32]. The synthesized complexes 30a-d were then employed for direct β-
alkylation of secondary alcohols by primary alcohols (43 examples) and 92% yield
of the β-alkylated product was obtained using 2.1 mol% of catalyst loading in
presence of KOtBu (30 mol%) at 110°C with water as the sole by product. This
protocol was further extended for one pot synthesis of flavan derivatives from simple
alcohols and for β-alkylation of cholesterol and its derivatives (Scheme 15).

Transition metal-hydride species are known to participate in the hydrogen-
borrowing approach. To gain the mechanistic insight, an independent reaction was
performed where complex 30b was treated with KOtBu or KOiPr in refluxing
ethanol or isopropanol to investigate the formation of corresponding Mn(I)-Hydride
species but unfortunately no formation of hydride species was detected. A simplified
reaction mechanism was proposed based on the reaction pathway where Mn
(I) species oxidizes the primary 1 and secondary alcohols 2 to their corresponding
aldehyde 1′ and ketone 2′ along with the generation of Mn-hydride species. The
in-situ generated aldehyde and ketone will then undergo base-mediated cross aldol
condensation and leads to the formation of α,β-unsaturated ketone as an intermediate
which on subsequent transfer hydrogenation from Mn-hydride species will form the
targeted β-alkylated product with water as the sole by-product [32] (Scheme 16).

In a similar parallel investigation, Rueping et al. have synthesized a series of new
Mn(I) complexes (31–33) bearing PNN and PNP pincer ligands and employed them
for successfully catalyzing the β-alkylation of secondary alcohols by primary alco-
hols through double hydrogen auto-transfer [33]. They have obtained 99% conver-
sion using 1 mol% of PNN pincer-Mn(I) catalyst 31a in presence of KOtBu (25 mol
%) at 135°C and a broad range of substrates (29 examples) were converted into
higher-value alcohols in good yields (Scheme 17). Mechanistic investigations
pointed out the involvement of hydrogen auto-transfer mechanism in which the
non-innocent ligand plays a significant role (Scheme 18).

In 2023, Kumar et al. have developed another series of Mn(I) complexes 36 based
on bis(imino) pyridine ligands of the type R2NNN (R = Cy, iPr, Ph, p-FC6H4)
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[53]. The complexes in the solid form were found to be present as an NN bidentate-
Mn(I) tris carbonyl species while in solution, there is a gradual loss of one CO
molecule that resulted in the formation of NNN tridentate-Mn(I) bis carbonyl species
which eventually disproportionates to an NNN pincer-Mn(II) dibromide and an
NNN pincer-Mn(0) complex (Scheme 19). All the complexes were then employed
for catalyzing the β-alkylation of secondary alcohols by primary alcohols (35 exam-
ples) at 0.05 mol% catalyst loading in presence of 2.5 mol% of NaOtBu under both
conventional (12 h) and microwave heating (2 h). Among the considered complexes,
p-FC6H4NNNMn(CO)2Br has given the maximum yield of 92% (1840 TON) under
conventional heating while yield of 85% (1700 TON) was obtained under micro-
wave conditions.

Kumar et al. demonstrated that both Mn(I) species 36 and Mn(II) species 37 are
capable of catalyzing the β-alkylation, with the latter being less active. Deuterium
labelling studies indicates the involvement of C–H bond activation in the rate
determining step (RDS) with a KIE of 9.0. Further, based on IR, EPR, and HRMS
analyses, two catalytic cycles were proposed involving NNN pincer-Mn(I) bis
carbonyl species and a NNN pincer-Mn(II)/Mn(0) couple [53].
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Scheme 16 Mechanism of Mn-catalyzed β-alkylation proposed by Yu [32]
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On the basis of IR and HRMS studies that indicates the presence of bis-carbonyl
Mn(I) species in the reaction mixture, a mechanism was proposed where a tris
carbonyl bidentate-Mn(I) complex will give rise to a bis carbonyl tridentate-Mn(I)
species in presence of NaOtBu and 1/2 along with the generation of NaBr (Scheme
20). A β-hydride elimination from 40/41 will lead to the generation of hydride
complex 42 along with the formation of 1′/2′, which are both identified by NMR
in a separate dehydrogenation of 1 and 2. A subsequent σ-bond metathesis of the M–
H bond of 42 with the O–H bond of 1/2 will regenerate the species 40/41 along with
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the liberation of H2. (detected by GC). In an independent base mediated aldol
condensation reaction of 1′ and 2′, the α-β-unsaturated ketone (4′) is formed
(detected by HRMS analysis). This is followed by the insertion of the double bond
of α-β-unsaturated ketone 4′ into M–H bond of 42 to generate 43 which is then
followed by another σ-bond metathesis of Mn–C bond of 43 with either H2

(hydrogenolysis) or O–H bond of 1/2 (alcoholysis) to yield the corresponding ketone
4 while regenerating 42/40/41. A similar cycle involving insertion and
hydrogenolysis/alcoholysis was proposed for the transformation of 3 to 4.

While the EPR analysis of the reaction mixture after heating it to 1 h indicates its
EPR silent nature, the magnetic moment measurement using Evans method indicates
the presence of paramagnetic species that corresponds to Mn(0) species with
μeff = 3.80 μB (theoretical value μeff = 3.87 μB). This along with the observation
of lower yields of 3 obtained in independent experiments catalyzed by 37 under the
optimized conditions allowed Kumar et al. to infer that, apart from a significant
contribution from the Mn(I) species 36 (Scheme 20), there is also a slight contribu-
tion of a Mn(II)/Mn(0) couple (Scheme 21) in the catalytic β-alkylation with Mn
(0) species 38 serving as the resting state. Not surprisingly, adducts corresponding to
both Mn (II) and Mn(0) species are found to be present in the reaction mixture as
indicated by HRMS analysis. The NNN pincer-Mn(0) diaquo complex 39b will lead
to the generation of catalytically active NNN pincer-Mn(II) alkoxide-hydride
species 48a/48b via formation of three-coordinate 13- electron NNN pincer-Mn(0)
species 38. Interestingly, this three-coordinated Mn(0) species was found to appear
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in HRMS analysis after 1 h in the reaction mixture. A β-hydride elimination from
48a/48b leads to the generation of 1′ and 2′ along with the formation of NNN pincer
Mn(II) dihydride 45.

It was found that 45 could also be obtained from NNN pincer-Mn(II) dibromide
complex (37) by successive salt metathesis and β-hydride elimination via 47. A
catalytically active species 48 can be regenerated by subsequent reductive elimina-
tion of hydrogen from 45. The three coordinate 13-electron species 38was generated
by insertion of 4′ into M–H bond of 45 followed by reductive elimination of 4 from
the Mn(II) species 46. A follow-up oxidative addition of H2 will lead to the
generation of catalytically active NNN pincer-Mn(II) dihydride 45. For the hydro-
genation of 3 to 4, a similar cycle involving successive insertion and reductive
elimination steps can be proposed [53].

2.3 Iron-Catalyzed C-Alkylation

Iron is the most abundant 3d metal on the earth’s crust. In 2012, Sun employed
commercially available and inexpensive ferrocenecarboxaldehyde to catalyze β-
alkylation of secondary alcohols with primary alcohols [35]. It is the first report of
iron mediated β-alkylation of secondary alcohols with primary alcohols. In this
protocol, 99% yield of β-alkylated product with 97% selectivity was observed
when 5 mol% of ferrocenecarboxaldehyde was allowed to react with benzyl alcohol
and 1-phenyl ethanol in presence of 20 mol% NaOH, in p-xylene, at 130°C for 12 h.
The developed synthetic protocol is generic in nature and the
ferrocenecarboxaldehyde-catalyzed β-alkylation of various substrates were conve-
niently achieved (Scheme 22).

A mechanism (Scheme 23) for the β-alkylation of secondary alcohols with
primary alcohols was proposed that commences with the base-mediated nucleophilic
attack of alkoxy anions to the aldehyde group of 7b. It is followed by the generation
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of iron hydride species along with the oxidation of primary alcohol to aldehyde and
secondary alcohol to ketone. In the next step, base-mediated cross-aldol condensa-
tion gives rise to an α,β-unsaturated ketone, where transfer hydrogenation from the
hydride species generates the desired product along with the regeneration of the
catalyst.

2.4 Cobalt-Catalyzed C-Alkylation

Cobalt is found in earth’s crust only in a chemically combined form. Among the
halide salts four cobalt halide salts (CoF2, CoCl2, CoBr2, CoI2) are known. CoCl2 is
easily available and it is hydrated and anhydrous form shows red and blue color,
respectively. In 2017, Kempe et al. first reported the Co-catalyzed β-alkylation of
alcohols using a PN5P pincer-Co complex 8 (5 mol%) in the presence of 1.1 equiv of
KHMDS (potassium hexamethyldisilazane) to get up to 90% yield of the β-alkylated
product. The catalyst system based on 8 was applicable to a broad range of sub-
strates. Notably, the β-alkylation was driven by 8 based on a hydrogen-borrowing
strategy [34] (Scheme 24).

In 2021, Ding et al. reported a Co catalyst 50 (0.7 mol%) supported by a
iPrPPPNHPyMe terdentate ligand for the β-alkylation of alcohols in a sealed vessel
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which gave up to 80% yield at 110°C at a very high loading (110 mol%) of KOtBu
[54]. When the same reaction was carried out with 7.5 mol% KOtBu and 2.5 mol%
of the catalyst 50 in an open vessel, the ketone product 4 was obtained
[55] (Scheme 25).

Kumar et al. recently reported that cobaltous chloride (0.01 mol%) efficiently
achieves the catalytic β-alkylation of alcohols with high yields (up to 87%) and
unprecedented turnovers (ca. 8,700) in the presence of only 2.5 mol% of NaOtBu
[56] (Scheme 26). Instant formation of nano-particles was observed at higher
loadings of cobaltous chloride (1 mol%) which were confirmed by SEM and TEM
analysis. The nano-particles formed were found to be sensitive in air and resulted in
poor yields (25%) of β-alkylated products when utilized to catalyze the reaction in
air. Hot-filtration experiments and mercury-drop tests were indicative of the molec-
ular nature of the reaction mixture. EPR silent nature of the reaction mixture
suggested the involvement of Co(II) species in an octahedral environment. Deute-
rium labelling studies demonstrated a KIE of 1.61 which indicated the involvement
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of C-H activation in the cobaltous chloride-catalyzed β-alkylation of alcohols.
Kinetic studies were performed which suggested a first order dependency of rate
on the concentration of cobaltous chloride and NaOtBu. On the other hand, a
nonlinear dependency of rate on the concentration of benzyl alcohol and 1-phenyl
ethanol was observed. Based on HRMS analysis, GC studies and NMR experiments,
a mechanism similar to that proposed for the corresponding reaction catalyzed by
pincer-Co complex 51 as shown in Scheme 28 has been proposed.

Kumar et al. reported the synthesis of a series of NNN pincer-Co complexes
based on bis(imino)pyridine ligands to yield complexes of the type (R2NNN)CoCl2
(51a, R= tBu; 51b, R= Cy; 51c, R= iPr; 51d, R= Ph; 51e, R= p-F-C6H4). While
cobaltous chloride at a 0.0025 mol% loading in the presence of 2.5 mol% of NaOtBu
at 140°C gives about a 66% yield (26,400 TON at 1100 TOF h-1) in the β-alkylation
of 1-phenyl ethanol with benzyl alcohol, its corresponding pincer complex
(iPr2NNN)CoCl2 (0.0025 mol%) is highly productive (ca. 1.3-fold vs CoCl2) and
results in up to 85% yield (ca. 34,000 TON at 1417 TOF h-1) of the β-alkylated
product under otherwise identical conditions (Scheme 27) [57]. All of the considered
pincer-Co complexes have been found to efficiently catalyze β-alkylation of
1-phenylethanol with benzyl alcohol. In particular, (iPr2NNN)CoCl2 has demon-
strated the best activity in air at 140°C. The corresponding reaction under microwave
conditions (140°C at 75 W) was complete in only 2 h with a comparable yield (83%,
33,200 TON) and far better TOF (16,600 TOF h-1). Under similar conditions, the
precursor CoCl2 (0.0025 mol%) gave relatively poor results under microwave
heating (ca. 61%, 24,400 TON at 12200 TOF h-1) [57].

The ESR analysis and magnetic moment studies via Evans method suggested the
presence of octahedral Co(II) species in the reaction mixture [56]. The NNN pincer
complex 51/52 upon treatment with NaOtBu in the presence of 1 or 2 produces
octahedral complex 53/54 via a salt metathesis reaction as confirmed from HRMS
study. The first step of the catalytic cycle involves the β- hydride elimination from

3; R1 = C6H5, R2 = C6H5; Yield = 87%
3f; R1 = C6H5, R2 = p-Cl-C6H4; Yield = 88%
3o; R1 = p-OMe-C6H4, R2 = C6H5; Yield = 84%
3r; R1 = C6H5, R2 = p-CF3-C6H4; Yield = 81%

R2

OH
R1 OH +

R2

OH

R1

39 Examples1 2 3

Kumar, 2022

Reaction condition:
CoCl2(0.01 mol %),
NaOtBu (2.5 mol%)
140 °C, 24 h, air

Up to 8700 TON

Scheme 26 Cobaltous chloride-catalyzed β-alkylation of secondary alcohols with primary alco-
hols [56]
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53/54 to produce the carbonyl species 1′ and 2′. The formation of 1′ and 2′ was
confirmed by independent NMR experiments (Scheme 28). The non-appearance of
Co adducts with either 4 or 3 in the HRMS study leads to the conclusion that the
alcohol dehydrogenation fragment and more specifically the β-hydride elimination is

OH
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O

2NaCl + tBuOH
2NaCl + tBuOH

NaOtBu

H2

Dehydrogenation Segment

1; R1 = H, 2; R1 = Me 1'; R1 = H, 2'; R1 = Me

Hydrogenolysis /
 Alcoholysis

of 4'

Hydrogenolysis / 
Alcoholysis

of 4

1/2/H2

1/2/H2 4'3

4

R = iPr, tBu, Cy, Ph, p-F-C6H4
X = Cl, OCH2Ph, OCH(CH3)Ph
G = HOCH2Ph, HOCH(CH3)Ph

N

N

N

Co
Cl

Cl

R

R

51

2NaOtBu
+

1/2

N

N

N

Co
G

R

R

X
O

R1

53; R1 = H
54; R1 = Me

N

N

N

Co

R

R

N

N

R

N
R

2+

Co
Cl

Cl ClCl

2-

52

N

N

N

Co
Y

R

R

X
G

N

N

N

Co
X

R

R

G

56

H

O

N

N

N

Co
X

R

R

G
O

57

H

2NaOtBu
+

1/2

Scheme 28 Mechanism of pincer-cobalt catalyzed β-alkylation proposed by Kumar et al. [57]
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Scheme 27 Pincer-cobalt catalyzed β-alkylation of secondary alcohols [57]
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the rate determining step, which is in good agreement with the reported primary KIE
of 6.14.

The species 55 further interact with alcohols (1/2) to get back the active species
53/54 through the σ-bond metathesis of O–H bond of alcohols with the Co–H bond
of 55 along with the elimination of H2. The evolution of H2 in these reactions was
confirmed by gas chromatography (GC) studies.

The insertion of aldol product 4′ to Co–H bond of octahedral complex 55 yielded
56 which on further alcoholysis with 1/2 or hydrogenolysis with H2 gives rise to
4 (Scheme 28). A similar cycle involving insertion of 4 and alcoholysis/
hydrogenolysis via 55 → 57 → 53/54/55 was proposed for the transformation of
4 to 3 (Scheme 28). The reaction was unaffected by either a closed-vessel or an open-
vessel condition which indicates that alcoholysis is a major contributor to product
formation.

2.5 Nickel-Catalyzed C-Alkylation

Nickel ranks 22nd among the earth’s most abundant element and is the seventh most
abundant transition metal [58]. It is a silver white crystalline metal that occurs in
meteors or combined with other elements in ores. The salts of nickel are cheap and
easily available, with NiCl2 being 58 times cheaper than PdCl2 [59]. The first report
on nickel-catalyzed alkylation of alcohols was described by Lang et al. in 2019,
where they studied the utility of hexanickel cluster embedded with a
4,6-dimethylpyrimidine-2-thione ligand (9) in catalyzing the C–C bond formation
based on hydrogen borrowing methodology (Scheme 29) [36]. The Ni(II) catalyst
(9) displayed good activity towards synthesis of α-alkylated ketones, α,β-unsatu-
rated ketones, and quinolines under slightly different optimized conditions.
Performing the reaction at higher temperatures and under sealed conditions afforded
complete hydrogenation of α,β-unsaturated ketones and resulted in corresponding
alcohol.

Later, Balaraman demonstrated the β-alkylation of alcohols using NiBr2/TMEDA
(1:1) in the presence of 1 equiv. of KOH at 130°C using n-octane as solvent (Scheme
30) [60]. The NiBr2/TMEDA (1:1) tolerated a broad range of substrates including
aromatic, cyclic, acyclic, aliphatic alcohols and the scope was extended towards the
double alkylation of cyclopentanol with various alcohols. The preliminary mecha-
nistic studies and isotopic labelling experiments pointed towards the involvement of
borrowing hydrogenation in the C–C coupling with the formation of water as a
by-product.

In 2021, Kumar et al. reported a synthesis of a series of NNN pincer-Ni(II)
complexes (60a-e) based on bis(imino)pyridine ligands ((R2NNN)NiCl2(CH3CN);
R= iPr, tBu, Cy, Ph and p-F-C6H4) and employed them for the catalytic β-alkylation
of various primary alcohols with secondary alcohols at 140°C [61]. Among all the
complexes studied, very high TONs (up to 18,400) were been observed for the
alkylation of 1-phenyl ethanol with benzyl alcohol catalyzed by 0.005 mol% of
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(Ph2NNN)NiCl2(CH3CN) (60d) in the presence of 5 mol% NaOtBu at 140°C after
24 h (Scheme 31).

HRMS studies pointed towards the involvement of α,β-unsaturated ketone as a
key intermediate. The HRMS analysis of the reaction mixture consisted of peaks
which were assigned to various adducts of 60d with 1/2 and on the other hand EPR
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Scheme 29 Cluster nickel-catalyzed β-alkylation of secondary alcohols with primary alcohols [36]

3; R1 = C6H5, R2 = C6H5; Yield = 91%
3o; R1 = p-OMe-C6H4, R2 = C6H5; Yield = 82%
3g; R1 = p-Me-C6H4, R2 = C6H5; Yield = 84%
3m; R1 = o-OMe-C6H4, R2 = C6H5; Yield = 86%

N
N

Me

Me
Me

Me
TMEDA

R2

OH
R1 OH +

R2

OH

R1
26 Examples1 2 3

Balaraman, 2021

Reaction condition:
NiBr2 (5 mol %),
TMEDA (5 mol%)
KOH (1 equiv.),
n-octane (1 mL)
130 °C, 18 h, air

Up to 18 TON

59

Scheme 30 Nickel bromide-catalyzed β-alkylation of secondary alcohols [60]
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studies were indicative of the existence of octahedral Ni(II) species in the mecha-
nistic cycle. The aldol condensation being the rate determining step was apparent
from the kinetic studies with the overall reaction showing zero-order dependence of
rate on the catalyst concentration and first-order rate dependence on concentration of
base and substrates.

Based on above observations, Kumar et al. described a plausible mechanism
(Scheme 32) where the first step is the dissociation of acetonitrile from 60 or the
ligand from 61, which on reaction with NaOtBu, in the presence of benzyl alcohol
(1) and 1-phenyl ethanol (2) yields 62 and 63 respectively (Scheme 32). The Ni-H
species 64 is obtained via the β-hydride elimination of 62 and 63 resulting in the
formation of benzaldehyde (1′) and acetophenone (2′) (Scheme 32). The aldol
condensation of 1′ and 2′ affords the α,β-unsaturated ketone (4′). A subsequent
insertion of the C-C double bond present in 4′ into the Ni–H bond of 64 generates the
intermediate 66 which on further on hydrogenolysis with H2 or alcoholysis with 1/2
results in ketone 4 along with the regeneration of 64/62/63. Similar to this pathway,
the insertion of 4 into 65 and subsequent hydrogenolysis/alcoholysis of 65 with 1/2/
H2 results in the formation of desired product 3 with the regeneration of 62/63/64
(Scheme 32) [61]. The fact that 3 is observed as the major product in these reactions
that are performed in an open-vessel, it is likely that alcoholysis is the preferred
pathway here.

Similar to Lang, Adhikari et al. recently reported the dehydrogenative cross-
coupling of primary and secondary alcohols to yield α-alkylated ketones using
nickel azo-phenolate catalyst 67 [62]. The Ni(II) catalyst demonstrated a wide
substrate scope of primary alcohols including challenging aliphatic alcohols where
they obtained up to 68% yield (Scheme 33). The process undergoes a hydrogen
borrowing pathway, as proved by deuterium labelling experiments. The involvement
of a radical during the reaction is proved by the addition of radical scavenger to the
reaction mixture.

Very recently, Rasappan et al. established the multicomponent reaction
employing readily available nickel chloride hexahydrate (Scheme 34). They were

3; R1 = C6H5, R2 = C6H5; Yield = 82%
3o; R1 = p-OMe-C6H4, R2 = C6H5; Yield = 76%
3q; R1 = C6H5, R2 = p-Br-C6H4; Yield = 82%
3r; R1 = C6H5, R2 = p-CF3-C6H4; Yield = 92%
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Scheme 31 Pincer-nickel catalyzed β-alkylation of secondary alcohols with primary alcohols [61]
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successful in synthesizing the β,β-disubstituted ketones from alkylation of ketones
with primary alcohols and phenyl boronic acid, in the presence of 1 mol% of catalyst
loading and two equivalents of KOtBu. The catalytic system was tolerant to a broad
spectrum of alcohols, ketones and boronic acids and resulted in moderate to good
yields of β,β-disubstituted ketones (Scheme 34) [63].

For the detection of Ni-H species formed during the reaction, they independently
synthesized Ni(II)HCl(PCy3)2 and 31P NMR analysis of this complex revealed a
peak at 33.42 ppm. The same peak was observed in the 31P NMR analysis of the
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reaction mixture, thereby proving the existence of N-H intermediate during the
reaction. Deuterium labelling experiments indicated the reversible reaction between
aldehyde intermediate and Ni-H species. The kinetic studies revealed the reaction to
be first-order with respect to all the reactants and catalyst.

Based on above findings, they proposed a mechanism as shown in Scheme 35.
The first step is the formation of Ni-H intermediate 71 and aldehyde 1′ starting from
NiCl2.6H2O and alcohol 1. The aldehyde then undergoes aldol condensation with
the ketone 2′, leading to the formation of enone 4′. Parallelly, a base mediated
transmetalation of boronic acid results in the nickel intermediate 72, which further
undergoes 1,4-addition to afford the final product 4h.

4; R1 = C6H5, R2 = C6H5; Yield = 84%
4e; R1 = p-Cl-C6H4, R2 = o-Me-C6H4; Yield =73%
4f; R1 = C6H5, R2 = p-OMe-C6H4; Yield = 82%
4g; R1 =p-OMe-C6H4, R2 =p-Me-C6H4; Yield = 68%
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Scheme 33 Ni(II)-catalyzed dehydrogenative coupling of secondary alcohols with primary alco-
hols [62]
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Scheme 34 NiCl2.6H2O mediated synthesis of β,β-disubstituted ketones from alkylation of
ketones with primary alcohols and phenyl boronic acid reported by Rasappan et al. [63]
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2.6 Copper-Catalyzed C-Alkylation

Copper was one of the first metal used by mankind and it is the 26th most abundant
metal in the earth’s crust. In 2012, Xu et al. investigated the β-alkylation of
secondary alcohols and α-alkylation of ketones using a ligand-free copper catalyst
that holds wide scope to provide an alternative route in synthetic chemistry. They
could achieve up to 99% yield of the alkylated product when they have treated
benzyl alcohol and 1-phenyl ethanol with Cu(OAc)2.H2O (1 mol%) and KOH
(30 mol%) at 120°C (Scheme 36) [37]. According to the proposed mechanism
discussed in Scheme 37, the reaction is initiated either with the oxidation of primary
alcohols or secondary alcohols by Cu-catalyzed aerobic oxidation under air or via Cu
(II)-catalyzed oxidation of primary alcohols or secondary alcohols under nitrogen
(step i). It is followed by the base-mediated dehydrogenative aldol condensation of
the ketone and aldehyde giving rise to an α,β-unsaturated ketone (step ii). Then the
transfer hydrogenation step gives rise to the intermediates 1′ and 2′ as well as the β-
alkylated product (step iii and iv). The intermediates 1′ and 2′ once formed in step iv
again undergoes condensation giving rise to the α,β-unsaturated ketone (step v).
From the experimental studies it was found that the reactivity of the reaction was
better in aerobic conditions rather than the anaerobic condition.
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Scheme 35 Proposed mechanism for the NiCl2.6H2O-catalyzed synthesis of β,β-disubstituted
ketones by Rasappan et al. [63]
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3 Conclusion

Methods that form Carbon–Carbon bonds are key to the generation of versatile
precursors to fuels and value-added chemicals. Traditional methods involving the
coupling of alkyl halides tend to be non-sustainable and are typically accompanied
by the formation of hazardous waste. Transition metal-catalyzed coupling of alco-
hols via the sequence of catalytic dehydrogenation to carbonyl compounds, aldol
condensation followed by tandem catalytic hydrogenation of the resulting α,β-
unsaturated carbonyl compound is a convenient way to generate new C–C bonds
with water as the sole by-product. These “Guerbet-type reactions” not only provide
access to a variety of α-alkylated ketones and β-alkylated alcohols of pharmaceutical
importance but also are straightforward methods to obtain fuel-grade alcohols.

R1 OH
R2

OH

R2

OH

R1 R2

O

R1
+

major minor

34 Examples

3; R1 = C6H5, R2 = C6H5 ; Yield = 99%
3f; R1 = C6H5, R2 = p-Cl-C6H4 ; Yield = 88%
3d; R1 = C6H5, R2 = p-OMe-C6H4 ; Yield = 99%
3s; R1 = p-OMe-C6H4, R2 = p-OMe-C6H4 ; Yield = 99%

1 2 3 4

+

Xu, 2012

Reaction condition:
Cu(OAc)2

.H2O (1 mol %)
KOH (30 mol %),air,
120 °C, 24-30 h

Up to 99 TON

Scheme 36 Copper-catalyzed β-alkylation of secondary alcohols with primary alcohols [37]
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Homogeneous catalysts known to accomplish the β-alkylation of alcohols are either
based on precious metals or require hazardous phosphine ligands.

In the current chapter, the advancement in the utilization of catalysts based on 3d
metals for the β-alkylation of secondary alcohols with primary alcohols in a greener
approach has been discussed in detail. It is evident that catalysts based on Cr, Mn,
Fe, Co, and Ni have demonstrated reactivity that are on-par with the well-established
catalysts based on Ru, Rh, Ir, and Pd. The operative mechanism is largely dictated by
the nature of the ligands with the non-innocent versions orchestrating the reactivity
via the metal-ligand cooperation. Otherwise, the typical mechanism is metal-
centered involving β-hydride elimination, insertion, and σ-bond metathesis as key
steps. Isolated examples of β-alkylation catalytic cycles wherein the metal undergoes
sequential two-electron changes have also been reported. Nevertheless, the 3d-metal
catalyzed β-alkylation reactions of secondary alcohols with primary alcohols have
been well-studied not only to establish an efficient synthetic protocol under conven-
tional/microwave heating but also to obtain systematic mechanistic understanding.
This has led to significant advances in the global pursuit for the identification of cost-
effective 3d metal-based Guerbet-type β-alkylation catalytic systems which offers
great promise for future research in this exciting field of study.
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Abstract The synthesis of heterocycles from renewable starting materials is a
desirable goal for chemical research, as heterocycles have many applications in
pharmaceuticals, material chemistry, and natural products. Recently, there has
been a notable focus on utilizing earth-abundant 3d-transition-metal catalysts in
contemporary catalysis, serving as a viable alternative to noble metals. This chapter
provides an in-depth discussion of the recent advancements in 3d-transition metal-
catalyzed acceptorless dehydrogenative coupling (ADC) reactions for the construc-
tion of diverse heterocyclic compounds. These reactions offer an efficient and
environmentally friendly approach to the synthesis of valuable heterocyclic
compounds.
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This book chapter reviews the latest developments in 3d-transition metal-catalyzed tandem
multicomponent reactions for the synthesis of various heterocycles.

1 Introduction

The fundamental core of most drug molecules and natural products consists of
heterocycles, making them of tremendous importance in pharmaceuticals, material
chemistry, and natural product synthesis [1–5]. Interestingly, they can alter the
lipophilicity, polarity, solubility, hydrogen bonding capacity, bioavailability,
potency, selectivity, toxicity, etc. of drug candidates to suit their needs. The chemical
market for heterocycles is a large and growing sector. The global market for
heterocyclic compounds was valued at USD 19.8 billion in 2019 and is expected
to reach USD 26.6 billion by 2025, with a compound annual growth rate (CAGR) of
5.1%. The major factors driving the market growth are the increasing demand for
heterocyclic compounds in the pharmaceuticals, agrochemicals, dyes, and plastics
industries. Consequently, their synthesis has garnered significant attention and
emerged as a prominent area of chemical research. Numerous innovative methods
have been developed over the past few decades to synthesize various heterocyclic
compounds. However, these protocols (a) often rely on expensive and highly
reactive starting materials, (b) require harsh reaction conditions, (c) involve labori-
ous multi-step procedures, and (d) generate excess toxic waste. The challenge lies in
proficiently applying these methodologies to synthesize complex molecules
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containing reactive functional groups [6, 7]. Therefore, there is a high demand for
sustainable and affordable methodologies that utilize simple, abundant feedstocks
and operate under benign conditions.

Alcohols are abundant and simple feedstocks that can be obtained from renew-
able biomass derivatives [8, 9]. They are important starting materials for making
various fine and specialty chemicals through tandem C–C and C–E (E= heteroatom)
bond-forming reactions [10–12]. These chemicals are synthesized by the
“Acceptorless Dehydrogenative Coupling” (ADC) strategy with transition metal
complex catalysts. The ADC approach is sustainable and benign and only generates
water and hydrogen as by-products [13–16]. In this regard, there is a constant and
focused effort on the development of new C–X (X = C and N) bond-forming
reactions [17–27]. The ADC strategy has enabled the successful synthesis of various
heterocycles from alcohols, which react with different kinds of nucleophiles (Fig. 1)
[28–34]. However, most catalytic systems rely on precious 4d- and 5d-transition
metals such as ruthenium, palladium, rhodium, and iridium [35–36].

The extensive use of these noble transition metals is accompanied by significant
drawbacks, including their limited availability in terrestrial sources, high cost, and
toxicity. Moreover, the stringent regulations regarding permissible metal impurities
in marketed drugs and agrochemicals further exacerbate these limitations [37–
38]. Consequently, the replacement of precious metals with environmentally
friendly, abundantly available, and cost-effective 3d-transition metals like manga-
nese, iron, cobalt, nickel, and copper has garnered tremendous interest in

Fig. 1 Catalytic acceptorless dehydrogenative coupling (ADC) reaction
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contemporary research [39–49]. In this chapter, recent advances in 3d-transition
metal-catalyzed benign synthesis of various heterocyclic compounds via
dehydrogenative coupling reactions is discussed.

2 Manganese

In 2016, Karl Kirchner and co-workers showcased a sustainable and environmen-
tally friendly method for synthesizing substituted quinolines and pyrimidines
[50]. This reaction is catalyzed by well-defined Mn(I)PNP complexes (Chart 1).
Quinolines were selectively produced from 2-aminobenzyl alcohols and secondary
alcohols, while pyrimidines were obtained through a three-component process
involving benzamidine with primary and secondary alcohols. During the selective
C–C and C–N bond formations, two equivalents of dihydrogen are liberated through
acceptorless dehydrogenation, while water is eliminated through condensation
(Scheme 1a, b). The optimized reaction conditions tolerate a diverse range of
common organic functional groups. This initial study reveals that 3d-transition
metal catalysts can start to match precious-metal catalysts.

Further, Kempe and co-workers reported a PN5P-Mn-pincer complex catalyzed
multicomponent synthesis of pyrimidines from amidines with secondary and pri-
mary alcohols (Scheme 2) [51]. This reaction involves condensation and dehydro-
genation steps, which enable selective tandem formation of C–C and C–N bonds.
Indeed, to synthesize fully substituted pyrimidines in a convenient one-pot process,
β-alkylation reactions are applied to alkylate secondary alcohols multiple times with
two distinct primary alcohols.

Further, Milstein and co-workers disclosed the dehydrogenative self-coupling of
2-amino alcohols, catalyzed by an acridine-based Mn(I)-pincer complex (Scheme 3)
[52]. This catalytic process selectively yielded functionalized 2,5-substituted
pyrazine. Interestingly, 2-substituted quinoxaline derivatives were also achieved
by the ADC of 1,2-diaminobenzene and 1,2-diols. Several control experiments and
kinetic investigations were conducted to gain insight into the plausible mechanism.
Based on these findings, it was observed that the formation of quinoxalines through
the dehydrogenative coupling of 1,2-diaminobenzene with vicinal diols initiates
with the dehydrogenation of the terminal alcohol group within the 1,2-diol system.

Chart 1 Mn(I)PNP pincer complexes used for quinoline and pyrimidine derivatives [50]
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Scheme 1 (a) Mn(I)PNP pincer complex catalyzed synthesis of quinolines [50]. (b) Mn(I)PNP
pincer complex catalyzed synthesis of pyrimidines [50]

Scheme 1 (continued)

Scheme 2 A PN5P-Mn-pincer complex catalyzed multicomponent synthesis of pyrimidines [51]
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The amine group of the 1,2-diaminobenzene then condenses with the carbonyl
moiety, forming intermediate I. Subsequently, a proton shift results in the formation
of intermediate II, which undergoes tautomerization to yield intermediate III.
Further condensation with a second amine group leads to the formation of a
1,2-dihydroquinoxaline derivative. Finally, dehydrogenation of this derivative ulti-
mately generates the expected quinoxaline derivatives in excellent yields
(Scheme 4).

Similarly, the β-amino alcohol derivative undergoes dehydrogenation, resulting
in the formation of an aldehyde intermediate. This intermediate subsequently self-

Scheme 3 Synthesis of quinoxaline and pyrazine catalyzed by an acridine-based Mn(I)-pincer
complex [52].

Scheme 4 A proposed mechanism for quinoxaline synthesis catalyzed by an acridine-based Mn(I)-
pincer complex [52]
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couples with another molecule, producing 2,5-dihydropyrazine derivatives with the
elimination of water. The 2,5-dihydropyrazine compound then undergoes dehydro-
genation and yields a pyrazine derivative with the liberation of dihydrogen
(Scheme 5).

Subsequently, in 2018, Srimani and co-workers reported the synthesis of
quinolones, quinoxalines, pyrazines, and benzothiazoles using an NNS-pincer
ligand-based Mn(I)-pincer complex (Chart 2 and Scheme 6) [53]. The study

Scheme 5 A proposed mechanism for pyrazine synthesis catalyzed by an acridine-based Mn(I)-
pincer complex [52]

Chart 2 NNS-pincer ligand-based Mn(I)-pincer complexes used for multicomponent synthesis of
diverse heterocycles [53]

Scheme 6 Synthesis of quinolones, quinoxalines, pyrazines, and benzothiazoles using an
NNS-pincer ligand-based Mn(I)-pincer complex [53]
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demonstrated solvent-free reaction conditions using alcohols as feedstock starting
material. Indeed, desired products were achieved in good to excellent yields with
tolerating a diverse array of functional groups under optimized reaction conditions.

Further, the same group reported the acceptorless dehydrogenative coupling of
aromatic diamines with primary alcohols catalyzed by the same tridentate NNS-Mn
(I) complex. This reaction selectively produced 2-substituted and 1,2-disubstituted
benzimidazoles in excellent isolated yields (Scheme 7) [54].

Later, the same group extended their investigation for the synthesis of quinazoline
and 2-aminoquinoline under eco-benign conditions. They utilized the same
NNS-pincer ligand-based Mn(I) pincer complex for this purpose (Scheme 8)

Scheme 7 Synthesis of 2-substituted and 1,2-disubstituted benzimidazoles using an NNS ligand-
derived manganese(I) complex [54]

Scheme 8 Synthesis of quinazoline and 2-aminoquinoline using an NNS-pincer ligand-based Mn
(I) pincer complex [55]
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[55]. The synthesis was accomplished through the dehydrogenative annulation of
2-aminobenzyl alcohol with nitriles.

Subsequently, in 2019, Srimani and co-workers reported an NNS-pincer ligand-
based Mn(I)-complex catalyzed dehydrogenative synthesis of structurally important
2,3-dihydro-1H-perimidines (Scheme 9) [56]. This catalytic process is very elegant
and efficiently used for the benign synthesis of 2,3-dihydro-1H-perimidines with
high yields using a diverse range of alcohol substrates, including those with electron-
donating and electron-withdrawing groups, as well as heteroaromatic compounds.

Recently, in 2020, Balaraman and co-workers developed a manganese(I)-
catalyzed direct synthesis of quinoxaline and quinazoline derivatives via ADC of
1,2-diols with 1,2-diaminobenzene and 2-aminobenzyl alcohol with benzamides,
respectively (Scheme 10) [57]. This protocol showed remarkable reactivity and
enabled the affordable synthesis of numerous biologically important quinoxalines
and quinazoline derivatives in excellent yields (Scheme 10a). Noteworthy, a remark-
able reactivity was achieved in the presence of Mn(CO)5Br with a phosphine-free
commercially available NNN-Ligand. The synthesis of quinoxalines proceeds by the
dehydrogenative annulation of 1,2-diols and 1,2-diaminobenzenes. The reaction
begins with the dehydrogenation of the primary alcoholic group of the 1,2-diol
system. After that, a condensation reaction of 1,2-diaminobenzene with the carbonyl
moiety (I) results in the intermediate II, which is converted into III by acceptorless
dehydrogenation. Finally, an intramolecular condensation reaction of III delivers
quinoxaline (Scheme 10b).

Scheme 9 An NNS-pincer ligand-based Mn(I)-complex catalyzed dehydrogenative synthesis of
2,3-dihydro-1H-perimidines [56]
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The synthesis of quinazoline involves the activation of the O-H bond of
2-aminobenzyl alcohol by the in situ generated active Mn-catalyst (IV) through
the metal-ligand cooperation (MLC), leading to the intermediate V. The intermediate
V then undergoes β-H elimination and produces 2-aminobenzaldehyde and the

Scheme 10 (a) Synthesis of quinoxaline and quinazoline using an NNN-pincer ligand-based Mn
(I) pincer complex. (b) Proposed mechanism for the synthesis of quinoxaline. (c) Catalytic cycle for
the ADC of 2-aminobenzyl alcohol with primary amide. Redrawing with permission from Ref.
[57]. Copyright 2020 American Chemical Society
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intermediate VI. Next, 2-aminobenzaldehyde and primary amide couple and elim-
inate water molecules to form quinazoline. Finally, the liberation of dihydrogen from
the intermediate VI through the MLC regenerates the active Mn-catalyst IV
(Scheme 10c).

Further, the same research group successfully demonstrated the synthesis of
quinoline and pyridine compounds using a single-molecular PNP-Mn(I)-complex.
The reaction operates under mild, solventless conditions with the formation of
molecular hydrogen and water as the sole by-products. The current method accom-
modates a broad range of substrates, including aryl, aliphatic acyclic, and cyclic
primary alcohols and amino alcohols, to afford diverse N-heterocyclic compounds in
good to excellent yields. Various control and labeling experiments, kinetic, and
NMR studies reveal that the reaction follows the acceptorless double
dehydrogenative coupling pathway (ADDC), selectively producing desired
N-heterocycles (Scheme 11) [58].

In the same year, Srimani and co-workers reported the synthesis of C-3
functionalized indoles from 2-aminophenyl ethanol with primary alcohols using an
NNS-pincer ligand-based Mn(I) complex (Scheme 12) [59]. Various substituted
2-aminophenyl ethanol and primary alcohols showed excellent reactivity and
afforded the desired products in very good yields (up to 78%).

Subsequently, Kundu and co-workers reported an elaborate synthesis of quino-
lines, pyrroles, and pyridines using a phosphine-free Mn(II)-complex (Scheme 13)
[60]. While screening various ligands, the authors understand the importance of the
benzimidazole N–H proton and the amine N–H group in the ligand, which play a

Scheme 11 Synthesis of quinoline and pyridine using a single-molecular Mn(I)-complex [58]
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Scheme 12 Synthesis of C-3 functionalized indoles from 2-aminophenyl ethanol with primary
alcohols [59]

Scheme 13 Synthesis of quinolines, pyrroles, and pyridines using a phosphine-free Mn(II)-com-
plex [60]
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critical role in the metal-ligand cooperative mechanism. Several control experi-
ments, kinetic studies, and DFT calculations support the plausible reaction mecha-
nism. The findings from these investigations led to the proposition of a metal-ligand
cooperative mechanism (amine to imide). During the course of the reaction
2-aminobenzyl alcohol was activated via the metal-ligand cooperative pathway by
the transfer of proton from imido-N in the ligand backbone followed by Mn-alkoxy
species formation.

The same research group investigated the use of Mn(I) complexes with benz-
imidazole and pyridine-containing bidentate ligands for synthesizing pyrimidines
and quinolines (Scheme 14) [61]. The authors found that an Mn-complex with a
2-hydroxypyridine-appended benzimidazole ligand, which is sensitive to proton
activation, showed excellent efficiency in using alcohols for the synthesis of diverse
N-heterocycles. Upon the base activation of the precatalyst, a pyridonate ligand
fragment is formed, which confirms the formation of the lactam form. They have
studied the interconversion of lactam-lactim forms and found that this reaction
undergoes an outer sphere mechanism. Remarkably, several substituted pyrimidines
and quinolines were successfully synthesized with a significantly reduced catalyst
loading (0.05 mol%). Various control experiments and kinetic studies were
performed to get mechanistic insights into this catalytic reaction.

Recently, Kempe and co-workers reported a consecutive three-component reac-
tion that allows efficient synthesis of novel N-heterocyclic compounds,

Scheme 14 Benzimidazole and pyridine-containing bidentate ligand-based Mn(I)-complex cata-
lyzed synthesis of pyrimidines and quinolines [61]
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demonstrating the concept of regenerative cyclization (Scheme 15) [62]. The reac-
tion starts with the reaction between a diamine and an amino alcohol, involving
dehydrogenation, condensation, and cyclization processes. This leads to the forma-
tion of a new class of amines that subsequently undergo ring closure with either an
aldehyde, carbonyldiimidazole, or a dehydrogenated amino alcohol. During the
initial step of the reaction, a dihydrogen molecule is released, which is facilitated
by a manganese-based dehydrogenation catalyst.

3 Iron

In 2013, a methodology was developed by Singh and co-workers to synthesize
benzimidazoles, benzothiazoles, and benzoxazoles employing an iron catalyst
(Scheme 16) [63]. The research group used a commercially available and
low-toxic Fe(II)-phthalocyanine as the catalyst. Notably, they successfully executed
the reaction with a lower catalyst loading of 1 mol%. However, it is important to note
that their substrate scope was narrow to a few primary alcohols.

Subsequently, Nguyen and co-workers developed a highly effective method for
the synthesis of benzimidazole and quinoxaline heterocycles through a redox con-
densation reaction involving o-nitroanilines and alcohols (Scheme 17) [64]. The
reaction was efficiently facilitated and catalyzed by a combination of sodium sulfide

Scheme 15 A consecutive three-component reaction enables easy access to N-heterocyclic com-
pounds [62]

142 G. Sivakumar et al.



Scheme 16 Fe(II)-phthalocyanine catalyzed synthesis of benzimidazoles, benzothiazoles, and
benzoxazole [63]

Scheme 17 Fe-catalyzed synthesis of benzimidazole and quinoxaline [64]
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(40 mol%) and iron(III) chloride hexahydrate (1 mol%). Notably, apart from serving
as a precursor for the formation of the iron-sulfur (Fe/S) catalyst, hydrated sodium
sulfide exhibited exceptional properties as a non-competitive, multi-electron reduc-
ing agent.

Further, Sundararaju and co-workers established an efficient method for synthesis
of substituted pyrroles using a well-defined, air-stable, molecular iron(0) complex
(Scheme 18) [65]. The developed methodology exhibits broad substrate scope and
excellent functional group tolerance. Notably, the synthesis of C-2, C-3, and C-2 &
C-4 substituted pyrroles achieved in good yields. Based on mechanistic insights, it is
proposed that the reaction follows a hydrogen autotransfer process, succeeded by a
second oxidation and intramolecular dehydrative condensation, resulting in the
formation of the pyrrole.

The proposed mechanism suggests that the primary amine initiates an allylic
amination of buten-1,4-diol, resulting in the formation of intermediate A through a
hydrogen autotransfer (HA) process. Subsequently, intermediate A undergoes a
second oxidation/dehydrogenation of the alcohol, leading to the formation of inter-
mediate B. Finally, intramolecular condensation and deprotonation occur, resulting
in the synthesis of pyrroles (Scheme 19).

Later, Paul and co-workers developed a catalyst employing a well-defined Fe(II)-
complex with a redox non-innocent 2-phenylazo-(1,10-phenanthroline) ligand. This
catalytic system enabled the synthesis of a diverse range of 2,4,6-trisubstituted
pyrimidines through an oxidative dehydrogenative coupling of primary and second-
ary alcohols with amidines (Scheme 20) [66]. The catalytic reaction was conducted
under ambient air conditions at a temperature of 100 °C. In order to gain insight into
the plausible reaction mechanism, several control experiments were conducted.

Scheme 18 Fe(0)-catalyzed synthesis of substituted pyrroles [65]
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In the presence of KOtBu, the precatalyst undergoes one-electron reduction,
leading to the formation of a mono-anionic species containing an azo-anion radical
ligand. The iron-stabilized azo-anion radical initiates a hydrogen atom abstraction
from the alcohol through a one-electron hydrogen atom transfer (HAT) process,
forming a ketyl radical intermediate. The ketyl radical undergoes rapid one-electron
oxidation, generating the corresponding carbonyls. The in situ-formed carbonyl
compounds undergo base-promoted condensation, leading to the formation of α,-
β-unsaturated ketones. Subsequently, the desired pyrimidines are produced in good

Scheme 19 Proposed
mechanism for Fe(0)-
catalyzed pyrrole synthesis.
Redrawing with permission
from Ref. [65]. Copyright
2017 American Chemical
Society

Scheme 20 Fe(II)-complex catalyzed synthesis of pyrimidines under oxidative conditions [66]
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yields through base-mediated condensation with amidine, followed by intramolec-
ular cyclization (Scheme 21).

4 Cobalt

In 2016, Milstein and co-workers achieved a remarkable breakthrough by develop-
ing a cobalt-pincer complex catalyst that enabled the synthesis of N-substituted
pyrroles via dehydrogenative coupling of diols and amines (Scheme 22)
[67]. After screening several catalysts, the authors found that complex A showed
excellent reactivity and produced the highest yield of the desired product. This
innovative reaction produced only water and hydrogen gas as the by-products. The
catalytic process, mediated by Co-pincer complexes, exhibited versatility by toler-
ating a wide range of primary alkyl amines, benzylic amines, aromatic amines, and
primary and secondary diols.

The cobalt complex binds with alcohol giving an alkoxy cobalt complex. Dehy-
drogenation of this complex occurs to form the ketone. The ketone undergoes
coupling with the amine and forms the N-substituted pyrrole and water in a Paal-
Knorr condensation (Scheme 23).

In 2018, the first phosphine ligand-free, non-precious base-metal catalyst that
enables the direct synthesis of N-heterocyclic compounds (1H-pyrroles, pyridines,
quinolines, and pyrazine) from amino alcohols and alcohols as key starting materials
with the liberation of hydrogen gas and water as the sole by-products has been

Scheme 21 Proposed catalytic cycle for Fe(II)-complex catalyzed synthesis of pyrimidines under
oxidative conditions. Redrawing with permission from Ref. [66]. Copyright 2020 Wiley-VCH
Verlag
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described by the research group of Balaraman (Scheme 24) [68]. The air-stable,
molecularly defined SNS-cobalt(II) complex catalyzes these reactions. The opti-
mized reaction conditions exhibited excellent reactivity, yielding the corresponding
N-heterocyclic compounds in good to excellent yields. The authors demonstrated
that a sulfur-based ligand is a possible extension to replace the phosphine ligand and
worked efficiently in the tandem dehydrogenative annulation reactions.

In the same year, Kundu and co-workers also reported a phosphine-free Co
(II) complex for N-heterocyclic synthesis. The authors devised a synthesis method
for various quinoxalines by dehydrogenative coupling of vicinal diols with
o-phenylenediamines or 2-nitroanilines. Moreover, this complex catalyst proved

Scheme 22 Cobalt-pinner complex catalyzed synthesis of pyrroles [67]

Scheme 23 Cobalt-catalyzed synthesis of pyrroles: A proposed catalytic cycle [67]
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its efficiency in the synthesis of quinolines as well with good to excellent yields
(Scheme 25) [69].

Recently, Sarkar and co-workers reported a cobalt-catalyzed sustainable synthe-
sis of benzimidazoles (Scheme 26) [70]. This approach involved the coupling of o-
nitroanilines and alcohols, enabling the synthesis of a diverse range of 2-substituted
benzimidazoles through hydrogen autotransfer. Notably, the use of a commercially
available cobalt catalyst made the process more affordable. A series of control
experiments were conducted to gain a comprehensive understanding of the reaction
mechanism, providing valuable mechanistic insights into this transformative syn-
thesis strategy. A plausible catalytic cycle for this reaction is as follows, base-
assisted oxidation of alcohol leads to the corresponding aldehyde and [Co]-H
intermediate, which reduces the nitroaniline to diamine followed by condensation
between aldehyde and diamine produces the dihydro-benzimidazole derivative
which upon oxidative aromatization delivered the expected product (Scheme 27).

Later, Kundu and co-workers reported on the synthesis of quinoxaline motifs
utilizing a nitrogen-doped carbon-supported cobalt catalyst (Co-phen/C-800). This
reaction involved transfer hydrogenation and acceptorless dehydrogenative coupling
strategies, which enabled the coupling of diamines and diols to form quinoxalines
(Scheme 28) [71]. The protocol showed its practical viability through gram-scale
synthesis. The catalyst could be recovered and reused with the same catalytic activity
for several runs under optimal conditions.

 

Scheme 24 An SNS-pincer ligand-based Co(II)-complex catalyzed synthesis of N-heterocyclic
compounds [68]
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Scheme 25 An NNN-Pinner ligand-based Co(II)-complex catalyzed synthesis of quinoxalines and
quinolines [69]

 

Scheme 26 Cobalt-catalyzed synthesis of benzimidazoles [70]
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5 Nickel

Paul and co-workers applied the ADC concept to the one-pot cascade synthesis of
quinazolin-4(3H )-ones from o-aminobenzamides and alcohols (Scheme 29) [72]. In
their study, the authors used a Ni(II) square planar complex with tetraaza macrocy-
clic ligands, specifically tetramethyltetraaza[14]annulene (MeTAA). This approach
involved a sequential double C-N bond formation process, starting with the conden-
sation of the amine component with an aldehyde (generated by alcohol dehydroge-
nation), followed by an intramolecular cyclization of the resulting amide with an
imine.

Further, synthesis of quinolines and pyridines utilizing γ-amino benzyl alcohols
and substituted ketones using Ni-complex was developed by Banerjee and
co-workers (Scheme 30) [73]. This nickel-catalyzed reaction exhibited a limited
substrate scope; however, it yielded moderate to good yields. The reaction condi-
tions involved the use of nickel(II) bromide/1,10-phenanthroline (at a ratio of 5:
6 mol%) as the catalyst, with KOtBu (1 equivalent) serving as the base.

Scheme 27 A proposed
catalytic cycle for the
cobalt-catalyzed synthesis
of benzimidazoles.
Redrawing with permission
from Ref. [70]. Copyright
2019 American Chemical
Society

Scheme 28 Co-phen/C-800 catalyzed synthesis of quinoxalines [71]
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Paul and co-workers reported a nickel-catalyzed synthesis of quinolines through
mono- and double dehydrogenative cyclization reactions involving o-aminobenzyl
alcohols and either ketones or secondary alcohols (Scheme 31a) [74]. They discov-
ered that the application of a Ni catalyst proved highly effective for both ketones and
secondary alcohols as coupling partners with o-aminobenzyl alcohols, resulting in
the production of a diverse array of substituted quinolines with yields ranging from
22% to 89%. Further, Das and co-workers utilized the same catalyst and conditions
to synthesize polysubstituted quinolines from α-2-aminoaryl alcohols (Scheme 31b)
[75]. This method offers several advantages, including a low catalyst loading and a
broad range of substrates, resulting in isolated yields of up to 93%. A notable aspect
of this approach is the utilization of secondary α-2-aminoaryl alcohols, enabling the
sequential dehydrogenation and condensation process that leads to the synthesis of
diverse 4-substituted quinolines.

Scheme 30 Synthesis of quinolines and pyridine using ketone and alcohols [73]

Scheme 29 Ni-catalyzed cyclization of 2-aminobenzamides of alcohols [72]
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Following that, the same nickel catalyst [(NiMeTAA)] was further investigated
for the synthesis of quinazolines from 2-aminobenzyl alcohol with benzonitrile and
2-aminobenzylamine with benzyl alcohol under oxidative dehydrogenation condi-
tions (Scheme 32) [76]. The synthesis of various substituted quinazolines was
accomplished in moderate to good yields using easily available starting materials,
showing a simple approach.

Later, Paul and co-workers extended the annulation of 2-aminobenzyl alcohols
with other nucleophiles. They used various nucleophilic partners, such as ketones
and nitriles, in a dehydrogenative coupling reaction with 2-aminobenzyl alcohols.
This reaction employed a singlet diradical Ni(II) catalyst, leading to successful
annulation of the substrates (Scheme 33) [77]. The synthesis of various
polysubstituted quinolines, 2-aminoquinolines, and quinazolines was achieved
using well-defined singlet diradical Ni(II)-complexes with simple diamine ligands.
This methodology involved the dehydrogenative condensation/coupling of
2-aminobenzyl alcohols with ketones, 2-phenylacetonitrile, and nitriles, respec-
tively. Through mechanistic studies, it was revealed that both the nickel catalyst
and the coordinated redox-active ligand worked synergistically in the synthesis of
these different quinolines, 2-aminoquinolines, and quinazolines.

In 2018, Banerjee and co-workers reported the synthesis of pyrrole, pyridine, and
quinoline derivatives through the ADC reaction of β- and γ-amino alcohols with

 

Scheme 31 Nickel-catalyzed annulation of 2-aminobenzylalcohols with alcohols and ketones
[74, 75]
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Scheme 32 Dehydrogenative coupling of 2-aminobenzyl alcohols with benzonitriles and
2-aminobenzylamines with benzyl alcohols [76]

Scheme 33 Singlet diradical Ni(II)-catalyzed dehydrogenative synthesis of quinolines,
2-aminoquinolines, and quinazolines [77]
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ketones. The developed catalytic protocol involved a NiCl2/1,10-phenanthroline
catalyst system, facilitating tandem C–N and C–C bond formation. Various aryl
and alkyl ketones, containing free amine, halides, alkoxy, and N-heterocycles, were
successfully converted to the corresponding pyrroles, pyridines, and quinolines with
high regioselectivity and yields of up to 90% (Scheme 34) [78]. Furthermore, this
synthetic strategy was successfully applied to the intermolecular cyclization of a
steroid hormone with phenylalaninol (Scheme 35).

The same research group also explored a sustainable method for N-substituted
pyrrole synthesis (Scheme 36) [79] by reacting butene-1,4-diols and butyne-1,4-
diols with aryl and alkyl amines, using ketones and amino alcohols as starting
materials. They obtained N-substituted products in moderate to excellent yields
with a catalytic system of NiCl2 and bipyridine, and Na2CO3 as a base. The system
tolerated various substituents on the amino alcohols, such as halides, alkyl groups,

 

Scheme 34 Ni-catalyzed ADC of amino alcohols with ketones: Direct synthesis of pyrrole,
pyridine and quinoline derivatives [78]

Scheme 35 Intermolecular cyclization of a steroid hormone with phenylalaninol under Ni(II)-
catalysis [78]
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alkoxy groups, heterocycles, and aromatic groups, giving N-substituted pyrroles
with up to 90% yield.

In 2019, the same group reported the synthesis of substituted pyrroles using a
nickel-catalyzed double dehydrogenative coupling method involving secondary and
β-amino alcohols (Scheme 37) [80]. Through this process, they successfully
obtained a diverse array of 2,5- and 2,3,5-substituted pyrroles with satisfactory to
good yields.

The research groups of Tang and Zhou reported the use of Ni(OTf)2 (2 mol%) and
1,3-bis(dicyclohexylphosphine)ethane (dcpe) (2.5 mol%) to enable a divergent
cyclization process. This approach involves the reaction of diamine with diols to
produce tetrahydroquinoxalines and quinoxaline derivatives using the HA strategy
(Scheme 38) [81].

Recently, Banerjee and co-workers reported selective synthesis of substituted
benzimidazole and quinoxaline derivatives through the nickel-catalyzed
dehydrogenative coupling of aromatic diamines with alcohols (Scheme 39) [82].

Scheme 37 Synthesis of substituted pyrroles using secondary and β-amino alcohols [80]

 

Scheme 36 Synthesis of N-substituted pyrroles via the ADC of 1,4-diols with amines [79]
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The authors employed a catalytic system comprising nickel(II) chloride and 1,10-
phenanthroline. By utilizing this catalytic process, they successfully achieved the
dehydrogenative coupling of 1,2-benzenediamines with primary alcohols, yielding
mono- and di-substituted benzimidazoles with excellent yields. The catalyst system
mentioned above is highly suitable for the synthesis of quinoxalines as well. It
facilitates the double dehydrogenative coupling of 1,2-benzenediamines with ethyl-
ene glycols, enabling the efficient production of quinoxaline compounds.

Scheme 38 Cyclization of diamines with diols under nickel-catalysis [81]

 

Scheme 39 Nickel-catalyzed synthesis of substituted benzimidazole and quinoxaline derivatives
[82]
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The research groups of Li and Lang developed a Ni(II)/thiolate cluster catalyzed
(Fig. 2) cross-coupling annulation of 2-aminobenzyl alcohols with secondary alco-
hols. This innovative method enables the synthesis of quinolines under mild reaction
conditions (Scheme 40) [83].

Further, Srivastava and co-workers used a pincer nickel complex for the synthesis
of benzimidazoles by the dehydrogenative coupling of amines with alcohol (Scheme
41) [84]. They performed the reaction in open vessel at high temperature, using low
catalyst loading, under solvent-free condition and got the products in moderate
yields with high turnover numbers. The nickel pincer complex synthesized by
them also used for the N-alkylation of anilines with benzyl alcohols. From the
DFT studies they found that β-hydride elimination is the RDS for alcohol dehydro-
genation. They have performed the labeling experiment and found the involvement
of benzylic C–H bond in the RDS with kCHH/kCHD value of 2.5.

Recently, Balaraman and co-workers reported the synthesis of N-substituted
indoles from amino alcohols and alcohols, utilizing a one-pot cascade approach
under additive and base-free conditions (Scheme 42) [85]. This process generates
water as the sole stoichiometric by-product. They demonstrate the remarkable
efficacy of commercially available, stable Ni(OTf)2 salt with 1,2-bis
(dicyclohexylphosphino)ethane (dcype) as a catalyst for this transformation. The
reaction conditions accommodate a wide range of substrates, including aromatic and
aliphatic primary alcohols, cyclic and acyclic secondary alcohols, as well as various
substituted 2-aminophenyl ethyl alcohols. As a result, various N-alkylated indoles
were produced under benign conditions.

Fig. 2 Structure of Ni(II)/
thiolate cluster [Ni
(dmpymt)2]6. Redrawing
with permission from Ref.
[83]. Copyright 2019 Royal
Society of Chemistry

Scheme 40 [Ni(dmpymt)2]6 catalyzed dehydrogenative annulation of 2-aminobenzyl alcohols
with secondary alcohols [83]
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Scheme 42 Nickel-catalyzed direct synthesis of N-substituted indoles from amino alcohols and
alcohols [85]

 

Scheme 41 Ni catalyzed synthesis of benzimidazoles [84]
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The proposed mechanism for this one-pot nickel-catalyzed synthesis of N-
alkylated indoles suggests that a dehydrogenation/hydrogenation cascade (hydrogen
autotransfer) occurs, leading to the generation of an N-alkylated alcohol intermedi-
ate. Subsequently, the intermediate alcohol undergoes oxidative cyclization,
resulting in the formation of the desired N-alkylated indole product (Scheme 43).

6 Copper

Chao and co-workers reported the synthesis of quinolines by the coupling of
2-Aminobenzyl alcohol with secondary alcohols in the presence of a copper catalyst
combined with MS 4 Å or PEG-2000 (Scheme 44) [85]. They could reuse the
catalytic system up to 10 times without the loss of reactivity. Few quinoline
derivatives were synthesized in good to excellent yields.

Wu and co-workers reported the synthesis of 2-substituted quinazolines under
copper catalyzed cascade reaction of (2-aminophenyl)-methanols, aldehydes, and
ammonium chloride (Scheme 45) [87]. A wide variety of substituted quinazoline

 

Scheme 43 A proposed catalytic cycle for the one-pot nickel-catalyzed synthesis of N-alkylated
indoles [85]

Scheme 44 Cu-catalyzed synthesis of quinolines [86]
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derivatives were synthesized and several control experiments were also performed to
get insights into the reaction mechanism.

Based on experimental results, two possible reaction pathways have been pro-
posed for the formation of quinazolines. First, alcohol oxidation occurs, followed by
condensation reaction with in situ generated ammonia (from NH4Cl), which leads to
imine formation. Which further undergoes condensation with another carbonyl
compounds as a coupling partner then cyclization and aromatization lead to
quinazolines in the case of path b, but in the case of path a, it is vice versa (Scheme
46) [87].

The research group of Zhang reported a simple method for the preparation of
1,3,5-triazines by the oxidative coupling between benzamidine and alcohols using
Cu(OAc)2 as the catalyst (Scheme 47) [88]. Both aromatic and aliphatic alcohols
converted to triazine products in good yields. As the reaction can be performed in
atmospheric air and doesn’t require any ligands, thus, it makes this approach highly
suitable for large-scale synthesis.

Scheme 46 Proposed mechanism for Cu-catalyzed quinazolines synthesis. Reproduced with
permission from Ref. [87]. Copyright 2013 American Chemical Society

Scheme 45 Cu-catalyzed synthesis of quinazolines [87]
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Cu(OAc)2 catalyzed alcohol oxidation in air to form the aldehyde, which then
reacts with the amidines, promoted by Cu(OAc)2 and air oxidation giving rise to
1,3,5-triazines (Scheme 48) [88].

In 2017, Wang and co-workers reported the synthesis of benzimidazoles using
copper catalyst. Copper catalyst used by them exhibited excellent and tunable
catalytic activity for both dehydrogenation and borrowing hydrogen reactions and
they demonstrated more than 80 examples in good yields (Scheme 49) [89]. Ligand
played a crucial role in promoting copper-catalyzed dehydrogenation and borrowing
hydrogen reactions. To better understand the mechanism, deuterium labeling
experiments were performed which showed that the initial reversible alcohol dehy-
drogenation step involved a copper hydride intermediate, which confirmed a copper-
catalyzed dehydrogenation reaction.

Initially, in the presence of Cu-catalyst alcohol undergoes dehydrogenation and
yields aldehyde which then undergoes condensation with amine to give imine. For
pathway I, bismine formation from condensation, cyclisation, and rearrangement

Scheme 48 Proposed
mechanism for Cu-catalyzed
triazines synthesis.
Redrawing with permission
from Ref. [88]. Copyright
2015 Royal Society of
Chemistry

Scheme 47 Cu-catalyzed synthesis of substituted triazines [88]
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occurs to form the benzimidazole. Similarly, a pathway II can also be followed, but
the exact mechanism of this reaction is not clear (Scheme 50).

The same strategy for the synthesis of benzimidazole derivatives was extended by
Wang and co-workers using a heterogeneous hydrotalcite supported BINAP-Cu
system (Scheme 51) [90]. The catalyst can be recycled up to the 5th run without
any considerable loss in activity and selectivity. Notably, water was used as a solvent
for this reaction (Scheme 51).

Subsequently, Zhang and co-workers reported the one-pot three-component
synthesis of multi-substituted pyrimidine derivatives by coupling amidine, benzyl
alcohol, and 1-phenyl alcohol with the use of an inexpensive copper catalyst
(Scheme 52) [91]. Key benefits of this protocol are this approach doesn’t require
the use of ligands and can be performed under air. This protocol showed excellent
functional group tolerance.

Based on the experimental results and literature reports, possible mechanism is
proposed. Initially oxidation of both primary and secondary alcohols occurs in
presence of copper catalyst and molecular oxygen. Then, the carbonyl compounds
undergo aldol type condensation to form α,β-unsaturated ketone followed by reac-
tion with amidine via intermolecular Michael addition and condensation to lead to

Scheme 49 Cu-catalyzed synthesis of benzimidazoles [89]
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the intermediate D. Later, aromatization of D in the presence of [Cu]/O2 forms the
desired product pyrimidines (Scheme 53).

Li and co-workers developed a simple and efficient method to synthesize various
quinazolinones from 2-aminobenzonitriles and benzyl alcohols using a copper
catalyst and air as the sole oxidant (Scheme 54) [92]. They achieved good yields

Scheme 51 Heterogeneous hydrotalcite supported Cu-catalyzed synthesis of benzimidazoles [90]

Scheme 50 Plausible pathways for the Cu-catalyzed benzimidazole synthesis. Redrawing with
permission from Ref. [89]. Copyright 2017 Wiley-VCH Verlag

Tandem Multicomponent Reactions for Diverse Heterocycles Synthesis. . . 163



Scheme 52 Cu-catalyzed synthesis of pyrimidines via tandem three-component reaction [91]

Scheme 53 Proposed mechanism for the Cu-catalyzed synthesis of pyrimidines [91]

Scheme 54 Cu-catalyzed synthesis of quinazolinones [92]
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for a wide range of substrates. The proposed reaction mechanism is based on the
control experiments and the literature.

Two possible mechanistic pathways for the formation of quinazolinones are
proposed. First, Cu(OAc)2 catalyzes the aerobic oxidation of primary alcohols.
The imine intermediate 7 formed by the condensation reaction of 4 and 5 transforms
into 8 by hydration. Then intramolecular cyclization occurs, followed by oxidation
to form the quinazolinone (Scheme 55) [92].

7 Zinc

In 2021, Paul and co-workers reported the method to synthesize N-heterocycles by
employing a Zn(II)-stabilized azo-anion radical complex as the catalyst that involved
the dehydrogenative coupling of alcohols under air. This method proved quinazolin-
4(3H )-ones, quinazolines, and quinolines (Scheme 56) [93]. A mechanistic study
showed that the dehydrogenation reactions follow a pathway involving a
one-electron hydrogen atom transfer (HAT). In this process, the zinc-stabilized
azo-anion radical ligand abstracts the hydrogen atom from the alcohols/amino
alcohols. The entire catalytic cycle proceeds exclusively through redox events
centered on the ligand, with the zinc serving solely as a template.

Scheme 55 Proposed mechanism for the Cu-catalyzed quinazolinones synthesis. Redrawing with
permission from Ref. [92]. Copyright 2019 Royal Society of Chemistry
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8 Summary

This chapter summarizes the recent progress in the 3d-transition metal-catalyzed
dehydrogenative coupling of alcohols and amino alcohols to produce various het-
erocycles. This method enables a wide range of new reactions and transformations
using a dehydrogenation and coupling strategy. The use of safe and less harmful
reagents such as alcohols and amines offers a new avenue in synthetic chemistry.
Importantly, the generation of non-toxic by-products, such as water and/or
dihydrogen, makes this protocol highly attractive for the green synthesis of value-
added chemicals under atom-efficient and eco-friendly conditions. The use of
abundant base-metal catalysts improves reactivity and facilitates the direct synthesis
of both simple and complex molecules. The remarkable improvements in catalytic
systems have led to different prefix terms for the catalyst, such as acceptorless,
solventless, and base-free, making this synthetic approach an alternative to

 

Scheme 56 zinc-catalyzed synthesis of quinazolin-4(3H )-ones, quinazolines, and quinolines [93]
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conventional methods for academic and industrial purposes. Moreover, the devel-
opment of low-cost, air-stable catalysts and their easy handling have gained signif-
icant recognition in the field of sustainable catalysis.
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Abstract The development of 3d metal-catalyzed molecular transformations has
been a key focus of research in recent decades. One significant advancement is the
discovery of the homogenous iron, cobalt, and manganese-catalyzed (de)-
hydrogenation processes. Among these redox transformations, the “Borrowing
Hydrogen” (BH) principle, also known as hydrogen auto-transfer, stands out as an
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elegant and eco-friendly method that facilitates the self-transfer of hydrogen between
reaction molecules and intermediates, eliminating the need for external hydrogen
donors or acceptors. This concept allows for the eco-friendly use of alcohols, such as
methanol, as environmentally benign C1 synthons for the alkylation of organic
molecules, including pharmaceutically relevant candidates. In this context, the
methyl group represents one of the most prevalent carbon fragments in small-
molecule drugs. In this book chapter, we summarize the discovery and recent
advancements in the use of 3d metal complexes for (multi)methylation of organic
compounds using methanol via the hydrogen borrowing methodology. Additionally,
we discuss current limitations, challenges, and the future prospects of this field.

Keywords methanol · hydrogen borrowing · catalysis · 3d-metals · C1 synthons

1 Introduction

The “magic methyl” group represents one of the most prevalent carbon fragments in
small-molecule drugs. This basic alkyl segment is present in over 67% of top-selling
drugs in 2011. It holds significant importance in shaping the pharmaceutical char-
acteristics of diverse bioactive compounds by influencing binding affinities, binding
selectivity, solubility, half-life, and various metabolic as well as pharmacokinetic/
pharmacodynamic properties [1, 2].

Classical methods for introduction of methyl groups involve the use of toxic and
hazardous and waste producing methylating agents such as methyl iodide,
diazomethane, methyl triflate, trimethyl oxonium tetrafluoroborate, and dimethyl
sulfate [3]. An industrially applied method for the methylation and dimethylation of
amines involves the application of Eschweiler-Clarke reaction [4]. The reaction
involves the reductive amination with the carcinogenic formaldehyde followed by
hydrogenation. For sustainability reasons, the use of greener C1 alternatives such as
methanol is of particular interest (see Fig. 1a, b). However, a major challenge lies in
the energetically demanding dehydrogenation of methanol (ΔH = +84 kJ mol–
1) [5].

The key to the success of this chemistry is the use of appropriate transition metal
catalysis that can enable the transformation using the concept of hydrogen borrowing
or hydrogen autotransfer (see Fig. 1a, b) [6]. The initial step involves the transition-
metal-catalyzed dehydrogenation of methanol, leading to the in-situ production of
formaldehyde while storing the hydrogen on the transition metal catalyst. Then,
base-catalyzed condensation between formaldehyde and the C- or N- nucleophiles,
such as amines or active methylene or methyl compound, leads to the formation of
imines or electron-deficient olefins. These intermediates can undergo hydrogenation
with the borrowed hydrogen on the transition metal catalyst, leading to the formation
of the C- or N-methylated products without the need for the use of and external
oxidant or reductant (see Fig. 1c, d).
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1.1 Catalyst Development

The use of alcohols, including methanol, as alkylating reagents was initially devel-
oped using noble-metal catalysis such as ruthenium and iridium catalysis. Yet, in
recent times, a notable headway has been achieved in substituting these precious
metals with base-metal alternatives, with a focus on iron, cobalt, and manganese
[7]. In this context, we provide a succinct overview of the most important 3d
transition metal catalytic systems that have been harnessed for C- and
N-methylation reactions utilizing methanol through the concept of hydrogen bor-
rowing (depicted in Fig. 2).

Iron catalysis: In 2007, Caesy [8] initially discovered the distinct catalytic
capability of the iron hydride hydroxycyclopentadienyl complex Fe-1a [9] for
heterolytic hydrogen activation. Subsequently, multiple research teams elucidated
the in-situ formation of bifunctional iron (II) hydride complexes. This is achieved
through the utilization of air- and moisture-stable iron (0) cyclopentadienone com-
plexes, such as Fe-1 and Fe-2. These pre-catalysts can be in situ activated through
the removal of one carbonyl ligand using trimethylamine N-oxide [10], a suitable
inorganic base [11], or light exposure [12] (see Fig. 3a). Notably, these phosphine-
free complexes can be readily synthesized from economical materials, suggesting a
promising potential for extensive industrial application [13].

Fig. 1 Methylation using methanol via hydrogen borrowing concept
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Cobalt catalysis: Compared to iron and manganese, cooperative metal-ligand
complexes based on cobalt have received relatively less attention. Nonetheless, a
simple mixture of cobalt salts like Co(acac)2 or Co(BF4)2 with tri- or tetra-dentate
phosphines, such as 1,1,1-Tris(diphenylphosphinomethyl)ethane (Triphos) [14] or
bis(diphenylphosphinoethyl)phenylphosphine (PP3) [15], has demonstrated signifi-
cant utility in (de)hydrogenation reactions, including the innovative concept of
hydrogen borrowing methylation. Mechanistically, it involves the hydrogen activa-
tion through the classical monohydride pathway.

Manganese catalysis: In the spring of 2016, the breakthrough discovery of
manganese hydrogenation catalysis was made by the research teams led by Beller
[16] and Milstein [17]. Subsequent to this pioneering work, there has been a
remarkable acceleration in advancements, propelling manganese to the forefront of
3d transition metals utilized in (de)hydrogenation transformations in under 3 years
[18–20].

Fig. 2 3d transition metal catalysis used for methylation with methanol
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In terms of the mechanism, manganese catalysis employing the aliphatic PNHP
“aminopincer” motif (such as Mn-1 to Mn-2), sharing structural similarities with
Noyori’s original catalysts, can undergo in situ activation through a suitable base.
This leads to the formation of a catalytically active 16-electron species, as illustrated
in Fig. 3b. Furthermore, the pyridine-based pincer ligands PNPyP and PN3P, along
with the trizine ligand PN5P, have also seen extensive application in manganese
(de)hydrogenation catalysis (Mn-3 to Mn-7). Upon the introduction of a base,
deprotonation of a CH2 or NH group within the backbone results in the generation
of an anionic, “dearomatized” pincer ligand with amide-like characteristics. Such
dearomatized complexes can engage in stoichiometric, cooperative hydrogen acti-
vation through 1,3-addition across the metal-ligand framework, facilitated by the
presence of a base (see Fig. 3c).

More recently, non-metal-ligand cooperative (MLC) pathways have also gained
prominence in manganese (de)hydrogenation catalysis, exemplified by cases like
Mn-6 and Mn-7.

This book chapter provides a comprehensive overview of endeavors focused on
the direct incorporation of methyl groups onto C–H and N–H bonds, utilizing
methanol as a valuable C1 source. This advancement is made possible through the
application of homogeneous catalysis anchored in 3d metals. Distinguishing itself
from recent reviews [21–24], this chapter offers a critical synthesis of advancements
in this domain, dissecting the progress achieved in each transformation. Notably, this
chapter undertakes a systematic comparison of diverse catalytic systems, shedding
light on their respective merits and limitations within this field of research.

Fig. 3 Methanol dehydrogenation via metal ligand cooperation (MLC)

Catalytic Methylation Using Methanol as C1 Source 177



2 N-Methylation

2.1 Methylation of Aromatic Amines

In 2016, Beller reported the first base-metal-catalyzed methylation using methanol.
The authors have outlined the N-methylation of aniline derivatives with methanol
using 3 mol% of a PNP manganese pincer complex (Mn-1) in the presence of t-
BuOK (1 equiv.) at 100°C (Scheme 1, Condition A) [25]. Soratis et al. later reported
a similar method using 5 mol% of PN3P (Mn-6) at 120°C with only 20 mol% of t-
BuOK (Condition B) [26]. Shortly after, Beller disclosed a modified method using
0.5 equiv. t-BuOK at 100°C (Condition C) [27]. More recently, an N-heterocyclic
carbene-based Mn(I) catalyst (Mn-8) was showcased by Ke et al., utilizing 1.5 mol%
of the non-pincer catalyst and 1 equivalent of t-BuOK at 120°C in toluene (Condi-
tion D) [28].

Meanwhile, Liu et al. demonstrated that a mixture of 5 mol% Co(acac)2 and
tetradentate phosphine ligand PP3, with 1 equiv. K3PO4 at 140°C (Condition E)
[29]. Also, Renaud et al. disclosed the use of the electron-rich Fe tricarbonyl
complex (Fe-2) and only 10 mol% of CsOH at 110°C leading to similar results
(Condition F) [30]. All the previously mentioned studies showed a great tolerance
for a wide range of substitutions with electron-donating and electron withdrawing
groups in ortho, meta and para positions. Interestingly, several hydrogen sensitive
functional groups such as nitro, ketone, ester, amide, and olefins were tolerated
under these conditions. These methodologies were also found to tolerate different
heteroaromatic amines such as pyridines.

2.2 Reductive Methylation of Nitrobenzene Derivatives

In 2020, Morrill et al. demonstrated the direct conversion of nitrobenzene derivatives
to N-methylarylamines using 5 mol% of Mn-PN3P pincer complex (Mn-6) with
KOH (2 equiv.) and 4 Å MS at 110°C [31]. The process involves tandem transfer
hydrogenation followed by methylation, with methanol serving as both a hydrogen
donor and a methylation reagent (Scheme 2).

The optimized method exhibited compatibility with meta- and para-electron-
donating and electron-withdrawing substituents, but not with ortho-substitution
due to hindered hydrogenation. The protocol also tolerated hydrogen-sensitive
functional groups such as alcohols and alkenes, yielding moderate results.
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2.3 Methylation of Sulfonamides

Regarding sulfonamides methylation, Soratis et al. employed the PN3P manganese
catalyst Mn-6 (Condition A). The procedure utilized 5 mol% of the Mn-pincer
complex and 1.2 equivalents of t-BuOK as the base. The reaction occurred at 120°
C in toluene as a cosolvent for 60 h [31]. Soon after, Morrill et al. introduced iron
catalysts for the same process (Condition B). This involved 8 mol% of Fe-2, along

Scheme 1 N-methylation of arylamines
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with 4 mol% of trimethylamine N-oxide and 2 equivalents of K2CO3 at 100°C for
only 24 h. These methods successfully produced a variety of monomethylated
aromatic and aliphatic sulfonamides in excellent yields (Scheme 3) [32].

2.4 Methylation Aliphatic Amines

Using the hydrogen borrowing concept, aliphatic secondary and primary amines can
also be mono-and dimethylated using methanol under base-metal catalysis condi-
tions. In 2017, Liu et al. employed a mixture of 5 mol% of Co(acac)2 with 5 mol% of
the tetradentate phosphine ligand (PP3). The reaction was carried out in the presence
of 1 equivalent of K3PO4 as a base at 140°C (Scheme 4, Condition A) [29]. A year
later, the groups of Renaud [30] and Morril [32] independently reported two
methodologies based on the use of iron carbonyl complexes. Renaud et al. utilized
2 mol% Fe-2 and 10 mol% CsOH at 110°C (Condition B). However, to ensure good
yields, the reaction was conducted under 10 atm of H2. On the other hand, the use of
Fe-1 (4 mol%) and Me3NO (8 mol%) and 2 equivalents of K2CO3 led to similar
results without the need of additional hydrogen gas (Condition C).

Scheme 2 Reductive methylation of nitrobenzene
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3 C-Methylation

3.1 α-Methylation of Ketones

In 2019, El-Sepelgy/Rueping demonstrated a mild manganese-catalyzed approach
for α-methylation and dimethylation of aromatic and aliphatic ketones. 2.5 mol% of
the PNP manganese complexMn-4 was used, along with 2 equivalents of Cs2CO3 at
85°C (Scheme 5, Condition A) [33]. Meanwhile, Soratis et al. presented a related
manganese-catalyzed α-methylation of ketones using 3 mol% of PN3P complex
(Mn-6) and 50 mol% of t-BuONa as a base at 120°C (Condition B) [34].

The iron version of this transformation was first reported by Morill et al. How-
ever, the scope of the iron-catalyzed transformation was limited to the relatively
more active aromatic ketones. The iron-catalyzed methylation of ketones involves
the use of 2 mol% of Fe-1, 4 mol% of Me3NO and 2 equivalents of K2CO3 at
80 (Condition C) [32]. Very recently, Sundararaju et al. reported that 4 mol% of Fe-1
in the presence of 2 equivalents of t-BuOK for 24 h at 42°C under visible light

Scheme 3 Methylation of sulfonamides
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irradiation (Condition D) [35]. Control experiments revealed that no reaction was
observed in the absence of light at 40°C.

Furthermore, Liu et al. also disclosed cobalt catalytic system for the
α-methylation of ketones with methanol. The authors demonstrated the need of
1 mol% Co(BF4)2�6H2O and 1 mol% of a tetradentate phosphine ligand, P
(CH2CH2PPh2)3 in the presence of 1 equivalent of K3PO4 at 100°C (Condition E)
[36]. Similar to the iron catalytic system the reaction scope was limited to aromatic
ketones.

Importantly, El-Sepelgy and Rueping have demonstrated the usefulness of the
metal-ligand cooperation concept for the methylation of ketones with highly selec-
tive isotope labelling. An example is shown in Scheme 6, the methylation of
propiophenone with four different labeled methanol, led to the formation of 4 differ-
ent isotope-labeled isobutyrophenone derivatives.

Scheme 4 Methylation of primary and secondary amines
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3.2 α-Methylation of Oxindoles

The α-methylation of ketones was further extended to activated amides (oxindole).
In this regard, Morrill demonstrated that 2 mol% of Fe-1 activated by 4 mol% of
Me3NO could be used for the methylation of oxindoles in the presence of 2 equiv-
alents of K2CO3 at 80 to 110°C (Scheme 7). Interestingly, unprotected oxindoles
bearing free NH was also amendable to the iron catalytic system [32].

Scheme 5 α-methylation and double methylation of ketones
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3.3 Tandem Isomerization α-Methylation of Allylic Alcohols

In 2009, Morrill et al. demonstrated that α-methylated ketones can be synthetized
upon the use of allylic alcohols instead of ketones (Scheme 8). The authors utilized
2 mol% of Fe-2 catalyst in the presence of 2 equivalents of K2CO3 and 4 mol% of
Me3NO at 130°C for 24 h. This process involves tandem iron-catalyzed isomeriza-
tion of the allylic alcohol to the corresponding ketone followed by iron-catalyzed
methylation with methanol. The developed protocol was found to tolerate a wide
range of allylic alcohols including aliphatic alcohols and heterocylic-containing
substrates [37].

Scheme 6 Selective methylation of propiophenone using label methanol

Scheme 7 α-methylation of oxindoles
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3.4 Tandem Hydrogenation α-Methylation
of α,β-Unsaturated Ketones

Similarly, to the previous protocol, Kundu et al. decided to synthetize α-methylated
ketones starting from α,β-unsaturated ketones. The authors have used a phosphine
free bis-NHC manganese complex Mn-9 combined with 0.5 equivalents of the
strong base NaOH. The reaction was conducted at 120°C for 5 h [38]. The tandem
transformation starts with manganese-catalyzed transfer hydrogenation to form
ketones using methanol as a hydrogen donor followed by the typical manganese-
catalyzed methylation. The reaction also showed a good tolerance to different
functional groups including hydrogenation sensitive moieties (Scheme 9).

3.5 β-Methylation of 2-Arylethanol

Next to ketones, several groups have also investigated β-Methylation of alcohols
with methanol. The reaction involves double hydrogen auto-transfer, where both
methanol and the alcohol substrate undergo dehydrogenation followed by conden-
sation. The formed α,β-unsaturated ketone then underwent double hydrogenation to
produce the desired β-methylated alcohol.

The first base-metal-catalyzed alcohol methylation protocol was reported by
Renaud in 2019. The catalytic system involves the use of the iron carbonyl complex
Fe-2 together with NaOH (10 mol%) and t-BuONa at 110°C for 40 h (Scheme 10,
Condition A) [39]. However, the iron-catalyzed transformation is limited to the
relatively high activation of 2-arylethanol. One year later, Leitner et al. developed

Scheme 8 Isomerization α-methylation of allylic alcohols
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highly selective approach for the methylation of the same substates using 0.5 mol%
of Mn-1 and 2 equivalents NaOMe at 150°C (Scheme 10, Condition B) [40].

3.6 β-Methylation of Alcohols

Interestingly, the Leitner’s protocol for the β-Methylation of 2-arylethanol was also
found to be effective for the methylation of more challenging alcohols including
purely aliphatic examples (Scheme 11, Condition A) [40]. Almost at the same time,
Kempe et al. introduced another manganese-catalyzed methylation and multi-
methylation of challenging alcohols using only 0.1 mol% of the Mn-7 (Condition
B) [41]. Selected examples from both protocols are shown in Scheme 11. These
methodologies tolerate a diverse range of sensitive functional groups to produce the
desired methylated and multi-methylated alcohols in high yields. Impressively, the
methodologies exhibited good reactivity in the methylation of various aliphatic
alcohols, encompassing those derived from biomass, diols, natural products, and
drug molecules.

Scheme 9 Tandem hydrogenation α-methylation of α,β-unsaturated ketones

186 M. Elghobashy and O. El-Sepelgy



3.7 α-Methylation of Nitriles

As presented in the previous section, most of the C-methylation protocols involve
direct α-methylation of ketones or in situ formation of ketones from alcohols, allylic
alcohols, and unsaturated ketones. In addition, most of these transformations require
the use of equivalent amounts of base.

In 2019, Rueping/El-Sepelgy et al. demonstrated a manganese-catalyzed
approach for α-methylation of nitriles under relatively mild conditions. This method
utilized 5 mol% of the PNP manganese complex (Mn-2), combined with 10 mol% of
the mild base Cs2CO3. The reaction was conducted at 135°C in the presence of
1,4-dioxane as a cosolvent [42]. The key to success of this transformation even using
only 10% of carbonate salt is the critical role of the bifunctional manganese catalyst
for the activation of both methanol and the nitrile substrate. The proposed mecha-
nism is shown in Scheme 12 below.

The cobalt version of this transformation was also reported by Liu et al.
Employing conditions similar to those employed in the α-methylation of ketones,
this method involved the use of a mixture of 1–2.5 mol% Co(BF4)2�6H2O and
tetradentate phosphine ligand (PP3). The reaction was carried out in the presence
of 1 equivalent of K3PO4, serving as the base, at 100°C for 24 to 48 h [36].

Scheme 10 β-Methylation of 2-arylethanol
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3.8 Methylation of N-Heterocycles

Liu et al. also extended their cobalt-catalyzed methylation system (Co(BF4)2�6H2O/
PP3) to C(3)-methylation indoles. The reaction was carried out in the presence of
1 equivalent of K3PO4, serving as the base at 100°C (Scheme 13, Condition A)
[36]. Also, Morill et al. have shown that iron could be used for the same transfor-
mation (Scheme 13, Condition B) [32].

Scheme 11 β-Methylation of alcohols
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4 C- and Heteroatom Methylation

The chemistry of C- and N-methylation using hydrogen borrowing can be further
applied to more complex transformations. In this regard, the hydrogen borrowing
process is interrupted by the addition of nucleophile such as amines or alcohols.

Scheme 12 α-Methylation of Nitriles
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4.1 Aminomethylation of Activated Aromatic Compounds

In 2017, Kichner et al. reported the first instance of manganese-catalyzed three-
component aminomethylation of activated aromatic compounds. Their research
employed the preprepared hydride form of (Mn-5) at 4 mol% loading, along with
1.3 equivalents of t-BuOK. The reaction took place at 130°C in toluene [43]. This
method exhibited a broad substrate scope, encompassing diverse aromatic and
heteroaromatic compounds, along with various amines and methanol. These condi-
tions yielded the corresponding amino-methylated products in good-to-high yields
(Scheme 14).

4.2 α-Aminomethylation of Ketones

In 2018, Xiao et al. introduced a successful cobalt-catalyzed approach for
α-aminomethylation of ketones using methanol as the C1 source. This method
involved a one-pot, two-step process for the three-component α-aminomethylation
of ketones. The used catalyst was CoCl2�6H2O (3 mol%), along with 2 equivalents

Scheme 13 Methylation of N-Heterocycles
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of Cs2CO3 as the base and 1.5 equivalents of t-butyl hydroperoxide (TBHP) as the
oxidizing agent. The reaction pathway, outlined in Scheme 15, emphasizes the
amination of the in situ formed unsaturated ketone as the key step. TBHP’s presence
is proposed to prevent the completion of the hydrogen borrowing process. This
established technique exhibited wide applicability that facilitate the synthesis of
various α-aminomethylated ketones, including heterocyclic-based substrates [44].

4.3 α-Methoxymethylation of Ketones

The same group extended the established procedure for the aminomethylation of
ketones to α-methoxymethylation of ketones. Interestingly, methanol plays a dual
role as methylation and methoxylation source [44] (Scheme 16).

Scheme 14 Aminomethylation of activated aromatic compounds
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5 Two Carbon Methylation

In 2021, Chandrasekhar et al. presented a rare instance of utilizing methanol as a C1
source for synthesizing symmetrical 1,5-diketones. This innovative process
employed a Co(II) porphyrin complex (Co-1) with t-butoxide salt at 135°C
[45]. The sequence involves methanol dehydrogenation to formaldehyde, followed
by base-catalyzed condensation, resulting in an α-methylenated intermediate. Within
the described reaction conditions, this methylenated intermediate reacts with another
ketone substrate molecule in the presence of the butoxide base, leading to Michael-
type reactions. These steps culminate in the production of diverse 1,5-ketones with
yields ranging from moderate to excellent (Scheme 17).

Scheme 15 α-aminomethylation of ketones
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6 Conclusion and Outlook

In summary, we have provided an overview of the chemistry involving methanol as
a methylating reagent through the process of base-metal-catalyzed hydrogen bor-
rowing. The inception of this chemistry dates back to 2016. It revolves around two
primary processes: the hydrogen borrowing steps catalyzed by iron, cobalt, and
manganese complexes, and the subsequent base-catalyzed condensation between the
substrate and the in situ generated formaldehyde. Among these metals, manganese
has exhibited the highest activity in most cases. Nonetheless, the cost-effective iron
carbonyl complexes hold notable economic significance. Cobalt catalytic systems
have demonstrated the advantage of not requiring pre-synthesized complexes.

Future endeavors might focus on the utilization of more affordable and stable
homogeneous catalysis, specifically exploring combinations of readily available
base metal salts such as Co(II), Fe(II), and Mn(II) with NHC or nitrogen-based
ligands. Additionally, developing recyclable heterogeneous catalysis would mark a
crucial advancement [46–49] for large-scale applications. Substituting high thermal
energy with environmentally friendly visible light offers another avenue [50].

However, the central challenge lies in broadening the scope of this chemistry to
encompass a wider range of substrates such as unactivated amides, esters, and other
aromatic-aliphatic C-H containing compounds. This will entail devising alternatives
to the base-catalyzed conditions that can be seamlessly integrated with hydrogen
borrowing catalysis.

 

Scheme 16 α-methoxymethylation of ketones
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Abstract The catalytic transformation of (bio)ethanol to butanol is a tempting
method for improving the modest fuel qualities of this readily accessible bioderived
feedstock into a molecule that possesses attributes substantially closer to standard
gasoline. Through the use of borrowing hydrogen chemistry, longer-chain alcohols
can be manufactured from their shorter-chain analogues via the Guerbet reaction,
with the goal of using these long-chain alcohols as synthetic lubricants and sustain-
able fuels. Although this reaction for ethanol appears to be straightforward, it pre-
sents significant difficulties, particularly when trying to achieve high selectivity.
Over the past century, there have been improvements in both heterogeneous and
homogeneous catalysis by using noble metals, but there has been very little research
conducted on 3d transition metal-based catalyst systems. This chapter emphasizes
the findings of homogeneous and heterogeneous 3d metal-based catalyst systems
that show promising results in terms of generating high activity and selectivity.
While only Mn-based catalyst systems are known to catalyze this reaction under
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homogeneous conditions, metal oxide-supported systems dominate the field of
heterogeneous catalysts.

Keywords 3d metal · Biofuel · Butanol · Catalysis · Ethanol upgrading · Guerbet
reaction
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1 Introduction

1.1 Biofuels and Ethanol

Due to the fact that no renewable energy source currently exists that can match fossil
fuels with regard to accessibility or generation of energy, there is still a lot of study
being done on how to make them more effective and useful. In modern times, due to
concerns related to environmental safety, energy preservation, and sustainability,
people are looking for alternative energy sources [1]. The primary goals of each
renewable energy technology are to identify the source of clean energy that can be
continuously regenerated while also reducing the quantity of CO2 that is discharged
into the environment. After electricity and heating, the transport sector produces the
second highest amount of CO2 globally by burning fuels like petrol and diesel. The
transportation sector is starting to take into account the wide range of potential fuel
alternatives to gasoline given the importance of automobiles in modern lifestyle.
Crude oil, a petroleum-based product that is used to make gasoline, is anticipated to
be exhausted very soon, which emphasizes the urgency of searching for alternatives
toward sustainable fuel. Out of the various popular petrol substitutes, currently,
biofuels are considered one of the most popular ones and are being investigated as
potential replacements for dwindling fossil fuels [2].

As biofuels are low in cost and environment-friendly also, there is a need to create
a systematic process and technology for their production. Research in academia and
industry is focusing more on biofuels from sustainable biomass sources [3]. At
present, bioethanol is being investigated as a very good substituent (or fuel additive)
for conventional gasoline. Bioethanol, the first-generation biofuel is primarily made
by fermenting crops rich in sugar or starch using microbial or yeast catalysts. Despite
its benefits, bioethanol has certain disadvantages as well. For example, multiple
processes must be carried out before a usable fuel can be made, including
pre-treatment, hydrolysis, fermentation, and distillation. In addition to having a
low energy density (70%) and being extremely soluble in water, this substance
makes separation and shipping challenging. Additionally, pure ethanol has a low
vapor pressure that makes it difficult to start an engine when it is cold. Also, it is
corrosive to fuel tanks, making prolonged storage troublesome. Due to these prob-
lems, it is debatable if ethanol is capable of being considered as an advanced biofuel,
since it can only be used in small amounts of petrol mixtures.

1.2 Butanol as the Advanced Biofuel

Advanced biofuels should be drop-in substitutes for petrol that require little to no
adjustment. Butanol (or related longer-chain alcohols) can be used to reduce the
issues caused by ethanol. Butanol has an energy density by volume that is 91% over
that of gasoline, compared to ethanol’s value of 67%. As a result, a vehicle could go
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further on just 1 liter of butanol than it could on an equivalent amount of ethanol, and
it could travel as far as it could on petrol. Additionally, butanol is substantially less
prone than ethanol to soak up water, probably as a result of the enhanced effect of the
hydrophobic carbon network. Butanol only has a 7.7 wt% water solubility, but
ethanol and water are totally miscible, allowing for the safe blending of butanol
with petrol prior to distribution. Additionally, butanol is less corrosive than ethanol,
making it safe to store and utilize within the existing facilities. A rise in the content
of moisture along with other harmful contaminants in engines can result from the
unintentional evaporation of ethanol from gasoline-ethanol mixtures, lowering
engine performance and lifespan [4]. This problem is solved as butanol-gasoline
combinations have a lower vapor pressure than pure petrol. Transport is made safer
by lower vapor pressures, which also lower the possibility of accidental explosion or
fire. Finally, butanol is capable of igniting engines in cold conditions as it has a lesser
autoignition temperature than ethanol while having a lower vapor pressure. All of
these attributes make butanol as a promising advanced biofuel candidate in the
automobile sector.

1.3 Butanol Formation via the Guerbet Coupling

The known process of butanol synthesis is ABE (acetone, butanol, ethanol) fermen-
tation but it has concerns with selectivity, separation, and poor yields, making it
difficult to produce large quantities of pure butanol [5]. Butanol can also be made
from propylene through hydroformylation or hydrogenation reaction but that
depends on non-renewable feedstock [6]. So, the synthesis of butanol from ethanol
via the Guerbet reaction has been found to overcome all these problems [7]. This
reaction goes through the hydrogen borrowing pathway with three steps (Fig. 1). The
first step is the dehydrogenation of alcohol to aldehyde, then aldol condensation
where water is the only by-product and the final step is the hydrogenation of the
unsaturated aldehyde to alcohol.

But the production of butanol with the help of this process is challenging too
because acetaldehyde is highly reactive; so selectivity becomes very less. In addi-
tion, the first step of dehydrogenation is thermodynamically not feasible. The

Fig. 1 General mechanism
of ethanol upgradation to
butanol via the Guerbet
reaction [4]
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following figure summarizes the possible products that can be formed during the
upgradation of ethanol to 1-butanol via the Guerbet reaction (Fig. 2).

Homogeneous Ir and Ru-based catalysts have already been reported for
performing the Guerbet reactions with high selectivity [4]. But yield using these
catalysts is very low. One of the main objectives of modern chemistry has been to
substitute precious metal catalysts for selective transformations with non-precious
and less harmful metals. To enable practical applications, scientists and chemical
firms are compelled to seek out fresh sustainable setups due to the scarce supply and
high cost of these precious metal salts. The usage of 3d metals is environmentally
less hazardous and adheres to various green chemistry standards because they
typically have lesser toxicity when compared to 4d and 5d metal complexes
[8]. As noble metal precursors are becoming more expensive and in demand, it
ultimately has increased interest in finding more affordable homogeneous catalysts
to replace them. In recognition of this, first-row transition metal catalysts are widely
used in a diversity of manufacturing processes, which include catalytic hydrogena-
tion, dehydrogenation, and related reactions [9]. So, in the Guerbet reaction also if
the noble metal catalyst is replaced by 3d metals, it will be more beneficial. But there
has also been a significant advancement in the Guerbet chemistry of ethanol using
heterogeneous catalytic systems. For that pathway, basic metal oxides and transition-
metal catalysts have been used substantially. Although several innovative heteroge-
neous catalysts and methods have been developed for the ethanol Guerbet reaction,
the challenging reaction conditions, low conversions, and a poor selectivity profile
are the major drawbacks of this field of study [10]. There are several first-row
transition-metal catalysts that effectively perform dehydrogenation reactions in

Fig. 2 Possible products for ethanol upgradation reaction via the Guerbet coupling [4]
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acceptorless pathways to produce aldehyde from alcohol under basic conditions.
Under equivalent reaction conditions, several of them can hydrogenate C=C and
C=O bonds. In this regard, several heterogeneous catalyst systems based on base
metals were explored in the last decade and have been discussed in this chapter for
ethanol upgradation to butanol via the Guerbet coupling reaction. However, there are
only finger count reports under homogenous conditions where base metal success-
fully uses this process to convert ethanol to n-butanol. In this case, many base metal
catalysts like Fe and Co have been examined for the Guerbet reaction to upgrade
ethanol. However, only Mn-based catalyst systems have so far demonstrated activity
and produced noteworthy results. As a result, the present chapter has described the
Mn-catalyzed Guerbet upgrading of ethanol to n-butanol.

2 Base-Metal Catalyzed Ethanol Upgradation via
the Guerbet Reaction

2.1 3d Metal-Based Heterogeneous Catalysts for Ethanol
Upgradation

In 2015, the Poliakoff group showed n-BuOH production from EtOH in a flow
reactor by using Cu-based catalysts supported on diverse solid platforms like Al2O3,
TiO2, Si/Al, ZSM-5 zeolite, CeO2 with high surface area (HSACeO2), and one
regular surface area CeO2 [11]. Out of all these catalysts, the best catalytic result
was obtained with Cu/HSACeO2 catalyst which provided 67% ethanol conversion
with 30% butanol yield followed by the Cu/CeO2 catalyst (39% conversion and
13% yield) at 260 °C (Fig. 3). The Cu/TiO2 catalyst showed similar butanol yields
where for the other catalyst systems the yield falls down to the range of 0–6%.
Further increasing the temperature to 330 °C, the ethanol conversion was increased
but the butanol yield remained constant or decreased. On decreasing the temperature
to 190 °C, they observed a reduction in ethanol conversion as well as butanol yield.
At this temperature also the Cu/HSACeO2 catalyst provided the maximum butanol
yield (10%) with a maximum ethanol conversion of 16%. They proposed that the
HSACeO2 having the higher surface area showed better activity for the aldol step
and thus the Cu/ HSACeO2 catalyst showed superior activity.

Fig. 3 Catalytic conversion of ethanol to n-butanol as reported by the Poliakoff group [11]
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In 2016, the Li group reported Cu–CeO2/AC catalysts for n-butanol formation
from ethanol via the Guerbet reaction in a flow reactor [12]. They prepared Cu–
CeO2/AC catalysts with diverse Cu/Ce molar ratios and compared the catalytic
performance with other supported catalysts like Cu/AC, 3Cu1Ce/SiO2, and
3Cu1Ce/Al2O3. They observed a dramatic improvement in the catalytic activity
by the incorporation of Ce, as all the Cu–CeO2/AC catalysts, irrespective of various
molar ratios (Cu/Ce) showed ethanol conversion in the range of 44.0–46.2% with n-
butanol selectivity of 36.8–42.4% (Fig. 4). In comparison, the Cu/AC catalyst
showed only trace amount of ethanol conversion (1.2%). Instead of AC, when
SiO2 was used as the Cu–CeO2 support, the ethanol conversion decreased to
23.3% with 10.2% butanol selectivity whereas the Al2O3 supported Cu–CeO2

provided the highest ethanol conversion of 46.9% but the selectivity of butanol
decreased to only 12.1%. They also tested the catalysis in a batch reactor by taking
3Cu1CeO2/AC as a catalyst for 48 h at 523 K with 250 mL ethanol and found 39.1%
ethanol consumption with 55.2% selectivity toward n-butanol. To gain some mech-
anistic insights, they calculated the average diameter of Cu nanoparticles. They
found that for Cu/AC and Cu–CeO2/AC catalysts the average diameter was
4–6 nm which increased to 22 nm after the reaction for Cu/AC catalyst; however
for Cu–CeO2/AC catalysts, these values were less than 10 nm. They proposed that
the presence of Ce restricted the growth of Cu nanoparticles which preserved the
high dispersion of Cu over the Cu–CeO2/AC catalysts. The high specific surface
area of AC and the effective interaction that exist between Cu and CeO2 ought to
operate together to provide a significant dispersion of Cu and CeO2 over Cu-CeO2/
AC catalysts. They further concluded that high ethanol conversion was facilitated by
the significant dispersion of Cu metals while the aldol step benefited from the
presence of extremely dispersive Ce species as basic sites, which shifted the reaction
equilibrium toward the formation of n-butanol.

Next to adjust the interaction, they found that glucose appeared to be capable of
physically stabilizing metal particles [13]. So, to regulate the Cu-CeO2 interaction
via glucose, they constructed a variety of Gx-CuCeO2/AC catalysts (G = glucose

Fig. 4 Supported Cu catalysts for the conversion of ethanol to n-butanol reported by the Li group
[12, 13]
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and x is the molar ratio with respect to Cu). When they compared the catalytic
activity, they discovered comparable ethanol conversions and butanol selectivity but
variation in the ethyl acetate selectivity (Fig. 4). Ethyl acetate was the substantial
by-product of their earlier research utilizing Cu-CeO2/AC catalysts, which is
thought to be the result of an intense interaction involving Cu and Ce species. The
interaction was enhanced and more ethyl acetate was produced by elevating the
loading of CeO2 against Cu. They discovered that the production of ethyl acetate
requires the participation of both Cu0 and Cu+ and that a ratio of Cu0 to Cu+ may
serve as a measure of the catalytic activity. The higher the ratio, the more active
toward butanol, but less selective toward ethyl acetate.

In order to create high-carbon alcohols from ethanol, in 2016, the Zheng group
employed Ni-based catalysts supported on MgAlO in a fixed-bed reactor [14]. They
initially optimized the Mg/Al ratio in the Ni/MgAlO catalysts and discovered that at
an Mg/Al proportion of 4:1, the selectivity of n-butanol improved to 50.2% which
suggests that the Mg/Al quantity in oxide catalysts strongly impacts the n-butanol
selectivity and ethanol conversion. Both the conversion of ethanol and the selectivity
for n-butanol dropped with a reduction in this proportion, and without the use of any
Mg, a simple Ni/Al2O3 catalyst resulted in 25% conversion of ethanol and a 35%
selectivity for n-butanol. Additionally, they looked into how the mixed-oxide cata-
lyst’s Ni content affects ethanol conversion and butanol selectivity. Only 0.5% of the
ethanol was converted when Ni was not present. The increase in Ni content from 0%
to 19.5 wt% (Ni4MgAlO) resulted in an upsurge in ethanol conversion to 18.8%
with 58% selectivity. However, the alcohol selectivity was dramatically reduced
when the Ni concentration was raised further to 45.2 wt%. Using the Ni4MgAlO
catalyst, they eventually investigated how temperature affects the conversion and
selectivity of alcohols. They discovered that when the reaction temperature was
raised from 473 to 548 K, the ethanol conversion raised gradually from 7.2% to
22.1% while the selectivity for C4-C8 alcohols stayed beyond 80%.

In 2017, the Barta group demonstrated the transformation of ethanol to 1-butanol
using a variety of innovative porous metal oxide (PMO) compositions that are
devoid of precious metals [15]. A number of hydrotalcite precursors were synthe-
sized employing modular processes that were subjected to calcination to produce
these distinct PMO catalysts. The Mg2+ in the catalyst structure of hydrotalcite,
which is a mixed metal oxide of Mg/Al, was replaced with a minor amount of Cu and
Ni to produce the final catalyst components. With the objective of figuring out the
structure-activity patterns, they carried out a comprehensive characterization using a
variety of methods including powder XRD, SEM, TEM, BET, etc. Since the product
1-butanol formation continues with several side reactions, the mixing of acidic and
basic sites on the catalysts can affect both catalytic activity and product selectivity
and thus the ratio of Mg to Al in hydrotalcite also can influence the product
selectivity. Along with that, by adding other metal additives, the composition of
Mg-Al mixed-oxides can be easily altered which further tunes their catalytic perfor-
mance. The effectiveness of MgAl-PMO in encouraging the self-coupling of etha-
nol to 1-butanol has previously been investigated. The effects of Cu- and Ni-doping
on theMgAl-PMO for the Guerbet reaction of ethanol were investigated (Fig. 5). At
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first, hydrotalcites (HTCs) were designed each of which had a little quantity of Cu
and/or Ni dopant in place of a portion of Mg2+ while maintaining a constant 3:1 M2+/
M3+ ratio, and based on it, multiple materials were manufactured and tested for
Guerbet reaction of ethanol. The catalytic results showed that a 5.6% yield of
1-butanol along with higher alcohols was obtained in 6 h with MgAl-PMO, which
was free of any extra dopants. With Cu20-PMO (Cu0.6Mg2.4Al1.0) as a catalyst, the
ethanol conversion enhanced but the yield of 1-butanol (5.7%) was nearly compa-
rable to that obtained with MgAl-PMO, giving ethyl acetate as its major product
(18.1% yield). The yield of 1-butanol increased to 8.8% using Ni20-PMO
(Ni0.6Mg2.4Al1.0) as a catalyst where nickel was used simply as a dopant, but other
long-chain alcohols continued to be the predominant output. Copper and nickel-
containing catalysts produced the most impressive catalytic performance, with
1-butanol yields of 18.7% using Cu13Ni7-PMO catalyst, 17.9% with Cu7Ni13-
PMO catalyst, and 21.1% with Cu10Ni10-PMO catalyst. The relationship between
conversion and yield values with reaction temperature (between 180 and 320 °C)
was also studied where the conversion steadily increased from 2.3% at 180 °C to
56.5% at 320 °C, with a maximum yield of 22.2% for 1-butanol. Then they tested the
reusability of the Cu10Ni10-PMO catalyst where they discovered good resilience
even after seven cycles. For the first two cycles, the yield of 1-butanol varied
(21% vs. 14%), but it stayed steady for the next cycles and persisted within the
range of 10–14%. After the catalysis reaction, they observed BET surface area drop
from 255.7 m2/g to 120.5 m2/g along with a decrease in pore volume from 1.06 to
0.67 cm3/g. They explained that there was a significant aggregation of smaller
nanoparticles to create many larger nanoparticles with a diameter up to 100 nm
which was the main difference between the fresh catalyst and recovered catalyst
which was also the reason for its decreased catalytic activity. Furthermore, ICP
analysis revealed nearly no leach of the Cu and Ni integrated into the catalyst
structure, although a minor quantity of Mg and Al loss was noticed after the first
cycle but almost no quantities were lost in the following cycles. They further proved
that the coexistence of Cu and Ni caused the creation of a Cu-Ni alloy phase during
the reaction which favored the dehydrogenation of ethanol and improved the stabil-
ity of the catalyst.

In 2019, the Siqueira group also tested the ethanol conversion reaction to make
1-butanol by using a catalyst containing Cu which was supported on mixed metal
oxide (MMO) [16]. To make the hydrotalcite, the layered double hydroxides (LDH),

* yield of 1-butanol * conversion of ethanol shown in ()Note:

Fig. 5 PMO-based heterogeneous catalysts for ethanol upgradation to 1-butanol shown by the
Barta group [15]
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they used Mg2+ and Al3+ which served as the support, and by replacing 10 mol% of
Mg2+ with Cu2+ they made the final version of the catalyst Cu10MMO. They found
that the surface area did not change significantly after substitution by Cu2+ as it
decreased slightly from 178 to 171 m2g-1. In this study, their main focus was to
optimize the reaction parameters like time, temperature, and catalyst loading and
their impact on catalysis. They started the catalysis by taking 30 mg of Cu10MMO
catalyst at 280 °C where they found 20% ethanol conversion in 2 h with only 2% of
1-butanol. Then after performing several reactions at different conditions, they
observed the highest conversion of 79.6%, by using 150 mg catalyst and 5 h of
reaction at 350 °C. The composition of the products was divided into the condensed
phase (31%) and the gas phase (69%) (Fig. 6). They did not identify the products in
the gas phase whereas the condensed phase contained the products like 1-butanol
(25.4%), ethyl acetate (7.6%), and other Guerbet condensation products (67%). They
also proposed the importance of Cu+2 in the present catalysis as it favored the
hydride formation and its transfer where the overall hydrogenation activity improved
resulting in an increase of ethanol transformation. They showed three times reus-
ability of the catalysts where ethanol conversion was in the range of 79% to 73% but
butanol formation reduced to 14% only which suggested some structural changes on
the catalyst surface.

In 2019 the Martins group showed the Guerbet condensation of ethanol in a flow
reactor by using AlMgO/AlCaO-supported Cu catalysts [17]. In an H2 environment,
the impact of changing system pressure on ethanol coupling over Cu/AlMgO
catalyst was investigated. At 1 atm pressure, the catalyst showed 17.9% ethanol
conversion with acetaldehyde (56% selectivity) as the major product along with the
other coupling products (C4+ alcohols and aldehydes) with 22.1% selectivity
(Fig. 7). They noticed that the product selectivity changed as the H2 pressure
increased. For instance, at 31 bars of H2 pressure, acetaldehyde selectivity dropped
to 12.8% while C4+ alcohol selectivity rose to 49.2% with a 19.7% ethanol conver-
sion. They observed a reduced activity in the absence of Cu as with AlMgO and
AlMgO-P converting at just 7.1 and 11.1% ethanol whereas AlCaO and AlCaO-P
showed nearly zero activity. However, with the addition of Cu, activity increased for
all the catalysts. They observed similar activities by the Cu/AlMgO and Cu/
AlMgO-P catalysts, with conversions of 19.7 and 23.3% with alcohol selectivity
of 21.8 and 23.5%, respectively. With the Cu/AlCaO and Cu/AlCaO-P catalysts,
though more selective desired products (54.8 and 48.8%, respectively) were
observed but ethanol conversion was limited to only 8.7 and 8.4%.

Fig. 6 Siqueira’s report on MMO-supported Cu catalysts for the conversion of ethanol to n-butanol
[16]
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To demonstrate the impact of metal dispersion and interactions on the transfor-
mation of ethanol to n-butanol, the Pang group synthesized a variety of NiCeO2

catalysts in 2020, illustrating the distribution of Ni and CeO2 on various carbon
substrates [18]. First, they used several NiCeO2/AC catalysts at 503 K for 24 h to
test the impact of Ni and CeO2 loading on activated carbon (AC) for the selective
conversion of ethanol to n-butanol (Fig. 8). Both Ni and CeO2 loading varied in the
range of 5–20 wt%. First maintaining the CeO2 loading fixed at 15 wt%, they
discovered the highest activity with 10 wt% Ni loading, which indicated ethanol
conversion of 27.2% with 54% n-butanol selectivity. Then, they varied the concen-
tration of CeO2 while fixing 10% Ni on AC and discovered that in the absence of
CeO2 with 10% Ni/AC catalyst, only 8.4% of ethanol could be converted with
31.7% n-butanol selectivity. They explained that the CeO2 present in the material
enhanced the aldol condensation process, favoring the equilibrium toward n-butanol
and thus having an effect on the product selectivity. In addition, CeO2 enhanced the

70

60

50

40

30

C
o

n
ve

rs
io

n
 o

r 
S

el
ec

ti
vi

ty
 (

C
%

)

20

10

0
Conv.

19.7 54.8 48.7 1.9 3.6 12.4 3.5 5.5 8.5 7.0

Cu/AlMgO
Cu/AlMgO-P
Cu/AlCaO
Cu/AlCaO-P

  8.7 21.8 20.4 1.1 0.0 38.9 5.6 3.4 8.9 0.9
  8.4 23.5 21.4 1.5 0.0 38.9 2.3 6.0 11.0 2.5

23.3 48.8 43.3 1.6 3.4   9.6 2.5 11.2 9.1 12.1

Desired nButOH ButAI
C6+

Ald/Alc

C4+
AlcEn/AnAcAl EtOAc DEE EtEn/An

Fig. 7 Catalytic conversion of ethanol to n-butanol as reported by the Martins group [17] (The plot
corresponding to the ethanol conversion with different product selectivity was reused with permis-
sion from [17])

Fig. 8 A series of NiCeO2 catalysts utilized by the Pang group for the catalytic conversion of
ethanol to n-butanol [18]
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dispersion of the Ni particles, which improved the transfer of hydrogen and aided in
the production of the product. However excessive loading of CeO2 squeezed the
product selectivity by further transforming n-butanol, while excessive loading of Ni
caused aggregation, which eventually resulted in less available Ni surface for
catalysis. They found that in the absence of any support the NiCeO2 catalyst was
able to convert 13.2% of ethanol with n-butanol selectivity of 27.6% which was
significantly lower than the NiCeO2/AC catalyst. Then, Ni and CeO2 species were
loaded onto ACB (acetylene black) and MWCNT (multiwalled carbon nanotubes,
30–50 nm) support where they discovered the conversion of ethanol was in the range
of 14–19% with 52% selectivity to n-butanol. This finding demonstrated that the
NiCeO2/ACB and NiCeO2/MWCNT catalysts with the lowest specific surface
areas (≈150 m2/g) had inferior hydrogen transfer capacities, indicating the low Ni
dispersion on these supports. After that, NiCeO2 species were incorporated into
CMK-3, resulting in the NiCeO2/CMK-3 catalyst having the highest specific sur-
face area of 786 m2/g. However, this catalyst also showed lower activity than the
NiCeO2/AC catalyst with ethanol conversion of 20.0% and 49.0% n-butanol selec-
tivity. Then they performed the XPS investigation to analyze the surface states of Ni
and Ce species. From the Ni-XPS analysis, they detected the presence of both Ni0

and Ni2+ species inside the materials. In the absence of CeO2, Ni
0 made up 30% of

the Ni/AC catalyst, with the remaining 70% of Ni being conserved for Ni2+. The
percentage of Ni0 in the NiCeO2/AC catalyst decreased to 22% following the
addition of CeO2, whereas the amount of Ni0 within the NiCeO2/CMK-3 catalyst
was 17%, which was little lower than that in the NiCeO2/AC catalyst. They
proposed that the less accessibility of Ni0 sites within the NiCeO2/CMK-3 catalyst
than the NiCeO2/AC catalyst was the reason for inferior ethanol conversion. Sim-
ilarly, from the Ce-XPS, they found the Ce3+/Ce4+ ratio in theCeO2/AC catalyst was
0.49 which was an upsurge after the Ni incorporation. For the NiCeO2/CMK-3
catalyst, this value was 0.55 whereas, for NiCeO2/AC catalyst, it increased to 0.63
which suggested that more Ce presented as Ce3+ inside the NiCeO2/AC catalyst.
The larger ionic size of Ce3+ in comparison with Ce4+ created more defects inside the
NiCeO2/AC catalyst which ultimately accounted for higher catalytic efficiency
toward the formation of n-butanol. They were also able to demonstrate four times
reusability of the NiCeO2/AC catalyst where they found ethanol conversion in the
range of 20–24% with n-butanol selectivity of 58% which indicated the robustness
of the material.

The Zheng group, in 2020, demonstrated the conversion of ethanol to butanol
using a binary catalytic system comprising FeNiOx and LiOH [19]. Based on the
XRD and XRF data, they speculated that the FeNiOx catalyst is made up of FeNi
oxides with a Fe/Ni ratio of 4:1. With the goal of ethanol conversion, initially, they
tested a range of metal catalysts in the presence of NaHCO3.They discovered that
over the NiOx and CuOx catalysts, only 4.4%–4.6% ethanol conversions were
achieved with butanol selectivity of 53.0%, but with the FeNiOx catalyst, the butanol
selectivity increased to 68.3% with the same ethanol conversion rate. A maximum of
3% ethanol conversions were observed with other supported metal catalysts includ-
ing Ru/C, Pd/C, Rh/TiO2, NiIr/MC, and Ni/CeO2 (Fig. 9). In the presence of
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FeNiOx catalysts, various salts or bases with the same weight ratio were evaluated
for ethanol conversion in substitution of NaHCO3 (Fig. 9).

With the rest of the alkali metal carbonates, the butanol selectivity was lower than
60%. On the contrary, when alkaline earth metal carbonates like CaCO3 and BaCO3

were used in the process, they observed the major product changed to ethyl acetate
with a reduced ethanol conversion. When NaOEt was evaluated for ethanol conver-
sion, it demonstrated 54.9% butanol selectivity at 9.4% ethanol conversion. Hydrox-
ide bases were next put to the test in the conversion of ethanol. Low ethanol
conversion (3%) with 30% butanol selectivity was achieved over Mg(OH)2 and
NaOH; however, LiOH considerably increased the ethanol conversion to 11.2% with
a butanol selectivity of 56.1%. Next, they adjusted the base concentration and
discovered that, as LiOH content rose from 0.05 g to 0.8 g, the ethanol conversion
first climbed, then remained constant, before it declined, with the maximum conver-
sion of 28% and the highest butanol selectivity of 71% observed at 0.2 g. Here, they
proposed that LiOH catalyzed the aldol condensation reaction and also improved
ethanol conversion as a result of the synergistic interaction with FeNiOx, which
played a significant role in the hydrogen transfer reaction. At last, they showed seven
times recyclability of the FeNiOx catalyst which further indicated its stability.

Similarly, in 2021, the Metzker group also utilized Mg2+ and Al3+ containing
mixed metal oxide-based catalysts where 20 mol% Mg2+ was replaced by various
metals like Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ to make a series of heterogeneous
catalysts for the Guerbet reaction to transform ethanol (Fig. 10) [20]. After synthesis,
they checked the catalytic activity of these materials in a fixed-bed flow reactor at
450 °C where they found a maximum ethanol consumption was achieved after 1 h of
reaction for all the catalysts. Out of all these catalysts, highest activity was noticed
with Zn20MMO which showed 85% ethanol conversion whereas Fe20MMO pro-
vided the lowest ethanol conversion of 47%. They detected the presence of alcohols

Fig. 9 Zheng’s report on catalytic conversion of ethanol to n-butanol using a binary catalytic
system [19] (The plot corresponding to the ethanol conversion with different product selectivity was
reused with permission from [19])
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(95% n-butanol +5% n-hexanol), aldehydes, ethers, and esters as the products of
ethanol conversion. In terms of alcohol selectivity, the Ni20MMO catalyst provided
the best result with 60% selectivity.

In 2021, the Ni group used Cu@UiO-66 catalysts to effectively upgrade ethanol
to n-butanol [21]. They synthesized a variety of UiO-66 encapsulated Cu
(Cu@UiO-66) catalysts by adjusting the loading of Cu and were able to regulate
the interaction between Cu metal and Zr6 nodes. They discovered the close connec-
tion between internal Cu metal sites and Lewis acid-oxygen vacancy pairs in Zr
nodes, which are active sites, dominating the critical step reactions in the upgrading
of ethanol to n-butanol. Then, they tested the catalytic activity of these materials at
250 °C by taking 0.5 g catalyst in a flow reactor. An ethanol conversion of 2.6% was
obtained by using UiO-66 as the catalyst, indicating that the UiO-66 support is
virtually inert for ethanol dehydrogenation (Fig. 11). The addition of Cu metal
greatly boosted the efficiency of ethanol conversion as with the 1% Cu@UiO-66
catalyst, 23.8% ethanol conversion was observed with an n-butanol selectivity of
62.1%. Increasing the Cu loading, by using 2% Cu@UiO-66 as the catalyst,
provided the highest selectivity of n-butanol with a yield of 16.2% with 60.3%
selectivity. With additional Cu loading, even though ethanol conversion increased
slightly, selectivity also decreased a bit, resulting in a yield of butanol that is within
the same range. The Cu@UiO-66 catalysts were then tested at higher temperatures
(280 °C) and for longer periods, yielding up to 22.2% of n-butanol. They speculated
that the active sites for upgrading ethanol to n-butanol are Cu metal sites and Lewis
acid-oxygen vacancy pairs of Zr nodes within the pores ofUiO-66, as opposed to Cu
metal sites and Zr nodes on the outside of UiO-66. From the catalytic results, they
suggested that the catalyst’s structure only allowed for a maximum of 2% Cu to be

Fig. 10 Metzker’s report on various 3d metal-supported catalytic systems for the conversion of
ethanol to n-butanol by [20] (The plot corresponding to the ethanol conversion with different
product selectivity was reused with permission from [20])
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present on the internal surface of UiO-66 and that a larger Cu loading only caused
the development of larger Cu metal particles on the catalyst’s external surface which
were less involved in catalysis.

In 2022, the Ding group reported the conversion of bioethanol through the
Guerbet coupling process for MgAlOx and ZnAlOx mixed-oxides supported Cu
catalysts [22]. From the ICP-AES, they found similar Cu content inside the materials
with values of 1.11 wt.% and 1.35 wt.% respectively. They also calculated the
surface area of the Cu/MgAlOx and Cu/ZnAlOx catalysts which were 101.5 and
115.7 m2/g, slightly less than its precursors (119.7 and 155.9 m2/g, respectively).
From the XPS investigations, they found the presence of Cu+ and Cu0 species inside
both materials; however, for the Cu/ZnAlOx catalyst they detected the Cu

2+ species
also which was not present in the Cu/MgAlOx catalyst. Then using these catalysts,
the reaction for ethanol upgradation was performed in a fixed-bed reactor at 553 K
and 2 MPa of N2. In the absence of Cu support, only usingMgAlOx and ZnAlOx as
catalysts showed very less ethanol conversion (4.4% and 8.5%) with little selectivity
toward butanol (Fig. 12). The addition of Cu in these materials led to enhance the
ethanol conversion as for Cu/MgAlOx catalyst ethanol conversion was increased to
43.1% with n-butanol selectivity of 33.2% along with several other by-products.
Similarly, Cu/ZnAlOx catalyst showed 33.9% ethanol conversion but, in this case,
ethyl acetate was observed as the major product with a selectivity of 42.2%,

Fig. 11 MOF-based Cu catalyst for the catalytic conversion of ethanol to n-butanol showed by the
Ni group [21]

Fig. 12 Ding’s report on
catalytic conversion of
ethanol to n-butanol by
mixed-oxides supported Cu
catalysts [22]
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providing just 7.7% selectivity toward n-butanol. From these results, they concluded
that the addition of Cu in the mixed-oxides helped the ethanol conversion via
Guerbet reaction. However, difference in the product distribution suggested the
role of the solid support, implying a synergistic interaction among Cu and mixed-
oxides. After catalysis, they detected the larger Cu particles for both materials which
formed via aggregation and resulted in a decrease in the catalytic efficiency. They
proposed that the presence of Cu0/Cu+ species inside the materials promoted the
hydride transfer and improved the ethanol conversion.

Later in a work in 2022, the Ding group prepared a number of Cu/NiAlOx

catalysts that were formed from NiAl-hydrotalcite and demonstrated improved
activity in the continuous catalytic conversion of ethanol to produce butanol
[23]. The hydrothermal deposition precipitation technique was used to create the
set of Cu/NiAlOx catalysts with various Cu loadings. Well-dispersed Cu species
were contained in the pores of the HT-derived material, designated as Cu/NiAlOx,
formed by subsequent calcination. According to ICP-AES results, all samples had
Cu concentrations that fall between 0.15 and 7.36%. As the Cu loading increased, a
gradual drop in SBET (from 255.1 to 229.5 m2/g) and Vp (from 0.33 to 0.28 cm3/g)
was shown in Cu/NiAlOx catalysts. This was explained by the accumulation of the
Cu species within the small holes of NiAlOx. Next, the catalytic transformation of
ethanol to form butanol was evaluated with various Cu/NiAlOx catalysts in a
continuous fixed-bed reactor operating at a reaction temperature between 200 and
300 °C. Both butanol selectivity (about 12%) and ethanol conversion (around 15%)
for NiAlOx were comparatively poor. The ethanol conversion along with butanol
selectivity appeared to have improved with the addition of Cu, as the 0.15%Cu/
NiAlOx catalyst showed 22% conversion with 33% butanol selectivity. With a
butanol selectivity of 45% and an ethanol conversion of about 25%, the 0.75%
Cu/NiAlOx offered the best reactivity at 250 °C. Further raising the temperature to
300 °C, though ethanol conversion was increased to 55%, a concurrent decline in
butanol selectivity to 18% was observed. The catalytic performance was marginally
improved by raising the Cu loadings further to 1.5% and 7.5%, with an ideal balance
between butanol selectivity (45%) and ethanol conversion (30%) occurring at
250 °C. According to additional characterization tests, they proved that the addition
of Cu to the catalysts might not only offer redox sites to speed up the dehydroge-
nation and hydrogenation processes but could also control the base/acid character-
istic to reduce the likelihood of side reactions. Further from the EDX-mapping and
H2-TPR characteristic, they proved the improved interaction between Cu and Ni
species which was the proposed reason for the good stability.

Recently, in 2023, the Zheng group demonstrated the use of NiCeO2@CNTs
catalysts to convert ethanol into n-butanol [24]. For that, carbon nanotubes (CNTs)
with various outer diameters were employed in this study. Ethanol conversions were
considerably improved by anchoring a comparable quantity of Ni (11.3%) along
with CeO2 (16.8%) within CNTs. Using the NiCeO2@CNTs 30–50 nm catalysts,
they achieved an ethanol conversion of 12.6% with 54.1% n-butanol selectivity
whereas the ethanol conversion improved progressively as CNT pore size decreased,
reaching a maximum of 23.2% with 58.7% n-butanol selectivity over the
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NiCeO2@CNTs 4–6 nm catalysts (Fig. 13). From these results, they speculated that
the pore size of CNTs played a crucial role in regulating ethanol conversion and n-
butanol selectivity. To confirm that the CNTs’ pore structure was destroyed by ball
milling the CNTs for 12 h, which resulted in a 12.4% reduction in ethanol conver-
sion with 55.7% n-butanol selectivity. The disappearing promoting effect after
destroying the nanotube structure showed that the 4–6 nm nanotube structure was
essential for high ethanol conversions. For ethanol transformations, the location of
the metal centers within or on the CNTs was also crucial. Using Ni particles on
CNTs to bind CeO2 species, Ni/CeO2@CNTs catalyst was prepared for which the
ethanol conversion was found to be 27.0% with n-butanol selectivity of 61.9%.
However, after altering the loading method, they made CeO2/Ni@CNTs catalyst for
which the ethanol conversion and n-butanol selectivity decreased to 20.8 and 45.1%,
respectively. The catalytic results for the Ni/CeO2@CNTs and CeO2/Ni@CNTs
catalysts were different, suggesting that CeO2 species were preferentially placed
within the channels of CNTs for condensations and that this location subsequently
increased both the ethanol conversion and n-butanol selectivity. The fact that the
ethanol conversion and n-butanol selectivity remained at 22.7 and 56.2% after three
cycles showed the great stability of this catalyst in the ethanol to n-butanol conver-
sion process.

In 2023, the Lu group demonstrated the catalytic use of the ConMg3 - nAlOx

catalysts for the Guerbet reaction for the conversion of biomass-derived ethanol to
C4+ molecules in a fixed-bed reactor. They created the catalysts by dispersing Co2+

onMgAlOx, where the Co molar ratio had a crucial impact on the product selectivity
as well as ethanol conversion (Fig. 14). The ethanol conversion improved from
11.5% to 32.9% with an increase in the cobalt molar ratio, which ranged from 0.015
to 0.15; but after that, the ethanol conversion appeared to decline with further
increase in the cobalt molar ratio to 0.6. At 523 K and 0.1 MPa, the ethanol
conversion was achieved over the most optimal catalyst, Co0.15Mg2.85AlOx, with
a 95.4% selectivity for C4–10 alcohols. In contrast, theMg3AlOx catalyst without any
Co, demonstrated 14.0% ethanol conversion and an 83.3% selectivity for C4–10

alcohols. Further, they monitored the influence of reaction temperature on catalysis
and found that when the reaction temperature was lowered to 473 K, both the
generation of alcohol-selective products and the conversion of ethanol declined. In
addition, when the reaction temperature was raised to 623 K, the ethanol conversion
climbed to 41.4%, but the entire selectivity for the C4–10 alcohols dropped to 49.2%.

Fig. 13 Zheng’s report for the ethanol conversion into n-butanol over NiCeO2@CNTs catalyst
[24]
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For comparing the role of the Co oxidation states, the Co0.15Mg2.85AlOx catalyst
was reduced in order to acquire more metallic Co for this catalysis, where they found
that the conversion of ethanol dropped by about 7% while the selectivity remained
the same. From this result, they concluded that metallic Co can also promote this
reaction, though with somewhat less activity.

In 2023, the Wang group reported an amphiphilic NiSn@C-MgO catalyst to use
the Guerbet pathway to produce higher alcohols (C4+ alcohols) from ethanol
[26]. When the NiSn@C-MgO catalyst, consisting of NiSn nanoparticles (NPs)
encased with carbon shell and MgO nanoflakes support, was used to upgrade
aqueous ethanol, it was discovered that the carbonization temperature (400 to
700 °C) had an impact on the catalytic performance. The ethanol conversion
increased from 62.5% to 73.3% and subsequently decreased to 60.6% when the
carbonization temperature was increased from 400 to 700 °C. With an ethanol
conversion of 73.3%, the optimum catalyst NiSn@C-MgO-550 exhibited excellent
activity with selectivity for C6+ alcohols reached up to 60.9% along with a 36.0%
yield. Then, they investigated on how reaction temperature affected the upgrading of
ethanol over the NiSn@C-MgO-550 catalyst and found that as the reaction temper-
ature increased from 230 to 260 °C, the ethanol conversion steadily climbed from
56.0% to 76.1%, showing that the elevated reaction temperature was advantageous
for the conversion of ethanol.

Fig. 14 Lu’s report on the ethanol conversion to higher alcohols using ConMg3-nAlOx catalysts
[25] The plot corresponding to the ethanol conversion with different product selectivity was reused
with permission from [25])
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2.2 3d Metal-Based Homogeneous Catalysts for Ethanol
Upgradation

In 2017, the Liu group demonstrated the Guerbet-type condensation reaction to
show the formation of 1-butanol from ethanol by using Mn-based molecular homo-
geneous catalyst systems [27]. This was the first report where instead of using a
precious noble metal-based catalyst system, simply using base metal-based catalysts,
the upgradation of ethanol into higher alcohols under homogeneous conditions was
successfully demonstrated. For that, they used PNP and NNP-type pincer ligands
and synthesized a series of well-defined pincer complexes of Mn (Fig. 15). When
they checked the catalytic activity of these Mn-catalysts, they found similar activity
for bis- and tris-carbonyl PNP-based Mn(I) complexes (Mn-1a, Mn-1b, Mn-2a,
Mn-2b). It was ascribed to the formation of Mn(I) bis-carbonyl complexes from the
corresponding tricarbonyl Mn(I) complexes under the catalysis condition of high
temperature. However, when the bulkier ligand (tBuPNP)-containing complex
tBuPNP-Mn(I) was used as a catalyst for the same reaction, they did not observe
any catalytic activity. The same applied to tBu group-containing NNP-Mn
(I) catalysts also whereas the iPr group-containing NNP-Mn(I) catalysts showed
low activity for this catalysis. Additionally, the PNP-based Mn(II) catalyst and the
precursor complex Mn(CO)5Br led to no product formation signifying the important
role of auxiliary carbonyl and pincer ligands together.

After complete optimization of the reaction condition, they were able to achieve a
TON of 114,120 with 92% selectivity for the upgradation of ethanol (1,275 mmol)
into 1-butanol by using Mn-1 (0.00125 mmol) as the catalyst and EtONa
(150 mmol) as a base. Though high TON was achieved, yield was found in the

Fig. 15 Pincer Mn-complexes utilized by the Liu group for ethanol upgradation to 1-butanol [27]
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range of 10% only. The addition of Hg or PMe3 ligand did not hamper the catalytic
efficiency of the catalyst suggesting the homogeneous nature of the catalysis pro-
cess. To show the bifunctional nature of the catalysts, they prepared the
corresponding N-Me analogue of the PNHP-Mn catalysts (Mn-7 and Mn-8) and
found much lesser reactivity for this transformation with these catalysts. So, mech-
anistically, under the catalytic condition, at first, ethanol dehydrogenation took place
to form acetaldehyde which underwent aldol condensation reaction to form the
unsaturated crotonaldehyde from where further hydrogenation occurred to form
the final product 1-BuOH.

For better understanding they performed few control experiments based on which
they proposed a catalytic cycle that showed the initial formation of ethoxide complex
[Mn]-1d from the pre-catalyst [Mn]-1a by using EtONa in ethanol (Fig. 16).

This [Mn]-1d complex was the active form of the catalyst that they isolated and
characterized properly. From the crystal structure, it was observed that the [Mn]-1d
complex has hydrogen bonding stabilization through N���H and O���H hydrogen
bonds due to the presence of a molecule of ethanol as the co-crystallized solvent
which designates the function of ethanol as the proton shuttle and facilitates the
deprotonation of the ligand N–H unit by the OEt group coordinated to Mn. The
[Mn]-1d complex was generated via the formation of amido complex [Mn]-1c
which was also isolated using EtONa, but in the presence of THF as a solvent
instead of ethanol. Then in the presence of a strong base, this [Mn]-1d complex
undergoes inner-sphere C-H bond cleavage which proceeds via coordination of Mn
to the ethoxide C–H bond and ultimately releases acetaldehyde and itself transforms
into Mn–H species [Mn]-1e. Under the basic condition, acetaldehyde undergoes
aldol condensation, which is an uncatalyzed process, and is transformed into

Fig. 16 Proposed catalytic cycle for Guerbet reaction of ethanol as shown by the Liu group [27]
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crotonaldehyde. Then, this unsaturated aldehyde is hydrogenated by the Mn–H
species [Mn]-1e to form 1-BuOH as the end product along with the formation of
amido complex [Mn]-1c which undergoes alcoholysis to regenerate the active
catalyst [Mn]-1d and restarts the catalytic cycle.

Nearly at the same time the Jones group also reported the utility of PNP-based Mn
pincer catalysts toward the ethanol upgradation to n-butanol (Fig. 17) [28]. Here,
they performed a detailed investigation based on reaction solvent, base, and temper-
ature as well as the role of ligand substituents on the catalyst backbone and
demonstrated its impact on the catalytic efficiency. They also began their investiga-
tion by taking [HN-(CH2CH2P

iPr2)2]Mn(CO)2Br (Mn-9) complex as the catalyst
and started with base optimization for the Guerbet reaction of neat ethanol. They
tested a series of bases like KOH, NaOEt, KOtBu, NaOMe, PhONa, and NaOAc, out
of which the best activity was observed with NaOEt. They found that under 0.5 mol
% loading of catalyst Mn-9, with 25 mol% NaOEt as the base, ethanol (6.85 mmol)
can be upgraded to n-butanol with 30% yield along with the formation of 10% higher
alcohols when the reaction was carried out at 150 °C for 24 h. The presence of
NaOAc did not provide any product formation while a weak base like PhONa
furnished only 5% of the desired product. In the absence of a base, no catalysis
was observed to proceed, whereas the rest of the bases provided moderate reactivity
with yields in the range of 10–20%. They also tried to investigate the impact of
catalyst/base ratio on the product activity and selectivity, but the best result was
observed with only 0.5 mol% catalyst loading in the presence of 25 mol% NaOEt.
Then keeping the catalyst and base loading fixed, they checked the impact of
reaction time and temperature for this reaction where they found that increasing
the reaction time to 48 h did not improve the yield significantly. By decreasing the
reaction temperature to 120 °C, they observed a decrease in product yield; however,

Fig. 17 Pincer Mn-complexes utilized by the Jones group for ethanol upgradation to 1-butanol [28]
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keeping the temperature at 120 °C for 48 h provided a yield of 28% of the desired
product. On the other hand, increasing the reaction temperature to 180 °C, a
significant drop of product formation was noticed. They also performed the reaction
in the presence of an additional ligand to check if any metal leached during catalysis
that would bind again with the ligand to regenerate the catalyst; however, only a
slight improvement in the product formation (31% yield) was noticed. After observ-
ing the reaction profile, they found that with time, the activity of the catalyst
decreased and after 24 h the catalyst seemed to be inactive. They suspected that
water formed as the by-product during the catalysis hampered the catalyst’s effi-
ciency and to prove that they performed the reaction in the presence of additional
water. They noticed that by increasing the water concentration in the reaction
mixture, the product formation decreased. So, they performed the reaction by adding
molecular sieves at the beginning and observed minor improvement with a 33%
yield of n-butanol.

After completing the optimization, they tested several Mn-PNP catalysts toward
the formation of n-butanol from ethanol (Fig. 17). Surprisingly the amido complex
Mn-10, which was supposed to be the active form of the catalyst Mn-9, provided
less reactivity which they ascribed to its poor solubility. ComplexMn-11, which was
the N–methylated analogue of complex Mn-9 offered only 6% product formation
and supported the importance of bifunctional cooperativity among the metal and
ligand backbone; however, the product formation, even in low amount, also
suggested an alternate route of the reaction. Then to monitor the steric and electronic
impact of the ligand substituents, they compared the catalytic activity with various
[(RPNP)-MnBr(CO)2] catalysts where R = iPr, Cy, tBu, Ph, or Ad. ComplexMn-12
with cyclohexyl substituents which offered more bulkiness afforded slightly less
activity than the iPr substituted catalyst Mn-9. The complexes with the larger
substituents tBu or Ad group provided further less activity and both offered only
10% yield of n-butanol. Out of all these complexes, the best result was shown by
catalystMn-13 comprising the Ph substituent on the ligand backbone which showed
a 34% yield of desired product along with 8% of higher alcohol.

In 2020, the Wass group utilized a series of chelating diphosphine and mixed-
donor phosphinoamine-based Mn-catalysts for catalytic conversion of ethanol and
methanol to higher alcohol i-BuOH [29] (Fig. 18). In this case, they wanted to
explore whether the simple bidentate chelating ligands containing P - P and P - N
donor sites can also lead to catalytic activity for this Guerbet-type condensation
reaction or if it is essential to have a pincer-based catalyst backbone, as demonstrated
earlier. For that, they synthesized a variety of mono- and bis-chelate complexes of
Mn and utilized them successfully to demonstrate the formation of i-BuOH by using
methanol and ethanol as the starting materials. Here first ethanol was coupled with
methanol to form n-propanol which reacted with another molecule of methanol to
make i-BuOH as the end product.

After synthesizing the Mn-complexes when they utilized them as catalysts toward
i-PrOH formation, the highest activity was achieved with catalyst Mn-18 with
around 11% yield associated with a TON of 113 (Fig. 18). The rest of the catalysts
provided poor to moderate reactivity with TON values in the range of 12–87. Then
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taking the most active catalysts Mn-18 and Mn-21, they also checked the
homocoupling reaction of ethanol to make n-butanol as the end product. But
surprisingly, the catalyst Mn-18 which showed the highest activity toward i-PrOH
formation showed very less activity in this case whereas catalyst Mn-21 showed
good activity and a TON of 100 was achieved. In this case, after the catalysis, they
observed a dark brown-colored solution for catalystMn-18, whereas catalystMn-21
remained bright yellow which indicated that the catalyst Mn-18 was decomposed
under the reaction condition but not the catalyst Mn-21 and that suggested their
catalytic efficiencies.

To check the mechanistic aspect of the i-BuOH formation, the most active
catalyst Mn-18 was treated with NaOMe where they found the phosphine ligand
dissociation and formation of the mono-chelate Mn-complex Mn-23. However,
when this complex was utilized as a catalyst, it showed lesser reactivity. Based on
the literature survey they found that treatment of complex Mn-23 with KHMDS
could make complex Mn-23b which could be converted to the hydride complex
Mn-23c under hydrogen pressure. They also found that this hydride complex
formation was more facile by substituting the –CH2– backbone with the –CH(Ph)–
backbone (Fig. 19). Based on that they prepared complex Mn-24, an analogue of
complex Mn-23 with just phenyl substituted backbone and when this complex was
tested for forming i-BuOH, they observed the highest yield of 21% with a TON
value of 206. Thus, they explained a ligand-assisted mechanism where the Ph
substitution on the ligand backbone accelerated the catalytic activity.

In 2023, the Shao group demonstrated the cross-coupling of ethanol with primary
alcohols, for its upgradation to linear alcohols via the Guerbet reaction [30]. At first,
they compared the catalytic activity between the various Mn-catalysts containing
PNP-based [HN(CH2CH2PR2)2] ligands and observed that the cyPNP-Mn
(I) complex showed the best activity at 140 °C under the solvent-free condition

Fig. 18 Chelated Mn-complexes utilized by the Wass group for Guerbet reaction [29]
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with a TON of 2,336 (Fig. 20). The reaction was optimized with 0.5 mol%
Mn-catalyst with excess amounts of benzylic alcohol (6 mmol) and ethanol
(1 mmol) as the model substrates in the presence of 1 equiv. of NaOEt as the base,
and they discovered high-yield production of phenyl propanol (82%) with 4%
by-product produced by ethanol homocoupling. Further, increasing the reaction
temperature did not lead to any improvement whereas decreasing the temperature
resulted in decreased activity. There were no appreciable alterations in the catalytic
outcome when the benzylic alcohol/ethanol ratio was raised, while a lower yield was
noted when the benzylic alcohol amount was lowered. For this reaction, the cyPNP-
Mn(I) complex outperformed the iPrPNP-Mn(I) and PhPNP-Mn(I) catalysts with only
a minor decrease in efficiency. By contrast, the activity of the tBuPNP-Mn(I) catalyst
was significantly lower (with 21% yield of phenyl propanol). When MnCl2 or Mn
(CO)5Br was employed as the catalyst, they did not observe any activity implying
the important role played by the pincer ligands. At last, a large variety of substrates
were demonstrated by cross-coupling of ethanol with aromatic primary alcohols.
1-hexanol, the aliphatic primary alcohol generated trace amounts of the desired
cross-coupling product along with ethanol in the presence of the cyPNP-Mn
(I) catalyst. But using the PhPNP-Mn catalyst at an elevated temperature of
165 °C, some good activity (40% yield) was observed for aliphatic primary alcohols.

In 2019, the Pathak group conducted theoretical analyses based on an Mn-PNP
complex to comprehend the molecular mechanisms for ethanol conversion to

Fig. 19 Formation of active Mn–H species as reported by the Wass group [29]

Fig. 20 Shao’s report on the cross-coupling of ethanol with primary alcohols [30]
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n-butanol [31]. They discovered that the conversion of ethanol to acetaldehyde
regulates the substrate conversion, whereas the aldol condensation and hydrogena-
tion of crotonaldehyde directly impact the product selectivity. Their research dem-
onstrates the significance of N–H functionality for illuminating the MLC mechanism
within the Mn-PNP complex. Overall, the catalytic process is completed in three
steps: (i) the dehydrogenation process, which converts ethanol to acetaldehyde
(Step-a), (ii) the C–C coupling process that converts acetaldehyde to crotonaldehyde
(C4 product) (Step-b), and (iii) the subsequent hydrogenation of crotonaldehyde to
the desired product, n-butanol (Step-d). They found that, in comparison with the
other steps, ethanol dehydrogenation (Step-a) step is energetically the most expen-
sive (20.4 kcal mol-1) (Fig. 21). Next, the rate associated with the aldol condensa-
tion process (Step-c) and hydrogenation of the C4 product (Step-d) determines how
selectively butanol is produced in comparison with C4+ products. In comparison
with the aldol condensation of the C4 product (19.5 kcal mol-1), the determined
energy range for the hydrogenation of C4 is 7.0 kcal mol-1 for C=C and
10.9 kcal mol-1 for C=O. Consequently, it was consistent with the earlier investi-
gations that revealed butanal and crotyl alcohol are produced as a result of hydro-
genation of C4 products. Next, butanal to butanol hydrogenation is 16.2 kcal mol-1

easier than crotyl alcohol hydrogenation. This indicates that two distinct products
(butanol and crotyl alcohol) were produced throughout the hydrogenation of
crotonaldehyde; however, only butanol was produced from butanal, as the conver-
sion of crotyl alcohol to butanol was unfavorable. Because of the efficient hydroge-
nation performed by the Mn-PNP catalysts due to the N–H functionality’s dual
activity, butanol is formed more selectively than higher C-based products.

3 Conclusions

The topic of this chapter covered the Guerbet coupling reaction for the formation of
butanol and higher alcohols from ethanol utilizing both homogeneous and hetero-
geneous catalysts based on 3d metals. The reaction proceeded with the

Fig. 21 Pathak’s report on theoretical investigation for upgrading ethanol to n-butanol [31]
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dehydrogenation of ethanol followed by aldol condensation to form unsaturated
aldehyde and the last hydrogenation of unsaturated aldehyde to make the saturated
alcohol. With that, some side reactions were also observed to proceed which led to
the formation of a diverse range of products along with the desired one. In this
regard, both the homogeneous and heterogeneous reactions had their unique advan-
tages. For heterogeneous catalyst systems, it was observed that based on the varia-
tion of catalyst support, both reactivity and selectivity of product changed. Similarly,
keeping the supported system fixed, with varying the catalytic 3d metal also affected
the reaction. The interaction between the catalyst and the support played a significant
role in governing the catalyst’s stability. Additionally, researchers observed how the
oxidation state of the catalytic metal center affected the reaction’s efficiency and
selectivity. Generally, for using the heterogeneous catalysts, high-temperature con-
ditions were required than the homogeneous catalyst systems. Researchers
highlighted the significant function of the ligand backbone in homogeneous catalyst
systems for this reaction. In this regard, metal-ligand cooperation within the catalyst
was a crucial factor. Interestingly, though the Guerbet reaction for benzyl alcohol
was known to be catalyzed by several base metals like Ni, Co, Mn, Fe, etc., however,
for upgrading ethanol to butanol, only Mn-based catalyst systems were known to
provide any reactivity. Though the Guerbet reaction can be a useful technique for
ethanol upgradation, still it has several drawbacks and restrictions. As a number of
products are formed in this reaction, the separation of the desired product can be
difficult, and specific methods may be necessary to separate the intended product
from the by-products. Managing selectivity remains difficult so far. Ethanol back-
bone can dimerize or trimerize as a result of the Guerbet reaction, which can decrease
the selectivity and yield of the desired product. Condensation and isomerization are
two related side reactions that can happen and can result in the production of
undesirable by-products. These unwanted side effects might be challenging to
manage and can reduce the reaction’s efficacy. Additionally, the Guerbet reaction
is carried out on a laboratory scale; however, scaling it up to an industrial level can
present additional challenges. The economic viability of the Guerbet reaction is
influenced by several variables, including the cost of the chemicals, catalysts, and
apparatus used, as well as the total yield and selectivity attained. It can be difficult to
balance these parameters in a way that makes the reaction economically viable.
Combining experimental and theoretical methods with a thorough knowledge of
organic chemistry and reaction mechanisms will be necessary to address these
practical problems. Researchers are still working on creating methods to increase
the Guerbet reaction’s effectiveness, selectivity, and usefulness for upgrading etha-
nol. Improvements in process intensification methods like continuous flow chemis-
try may improve the effectiveness and control of the Guerbet reaction of ethanol.
Continuous flow systems make it possible to precisely adjust reaction parameters,
thus improving yields and selectivity in the process. Joint efforts between profes-
sionals in engineering, organic chemistry, catalysis, and other fields could develop
creative ways of the ethanol Guerbet reaction.
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Abstract Dehydrogenative processes for the catalytic up-conversion of alcohols
into higher value products have continued to receive sustained attention over the past
few years with a drive towards the application of more sustainable transition metals
(i.e. earth-abundant metals) within these processes. This chapter discusses the recent
developments in the field of metal-ligand cooperative (MLC) and 3d transition metal
catalysts for alcohol reformation to various products such as esters, amines, acids,
ureas, polyureas and polyethyleneimines. These MLC facilitated dehydrogenative
processes are cost-effective and atom-economic routes to alcohol reformation prod-
ucts, often only producing hydrogen as the only by-product.
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1 Introduction

Alcohols as feedstocks have several advantages; for example, they are cost-effective,
commercially available and have low toxicity. Additionally, many alcohols can be
made from renewable feedstock, a fact that makes them attractive choices for further
valorisation to valuable organic compounds. For instance, the large-scale production
of methanol from the hydrogenation of CO2 has been demonstrated at an industrial
level by a number of companies such as Lurgi AG (Germany), NIRE and RITE
(Japan), Mitsui Chemicals (Japan), Carbon Recycling International (Japan), and Air
Company (USA) under 40–87 bar pressure and 225–260 °C temperature [1]. The
production of ethanol from microbial fermentation of sugars [2] has also been
demonstrated at the industrial level. Enzymatic routes to produce n-propanol, n-
butanol, isopropanol and isobutanol by the fermentation of sugars from lignocellu-
losic feedstock have been reported and recently reviewed by Schubert [3]. Methods
for the upgradation of ethanol to higher alcohols such as butanol, isobutanol and C4–
C16 alcohols have also been studied [4, 5]. Additionally, several diols and polyols
can also be sourced from biomass, e.g. ethylene glycol [6], propylene glycol [7],
1,4-butanediol [8], 1,5-pentanediol [9], 1,6-hexanediol [10], 2,5-bis(-
hydroxymethyl)furan [11] and isosorbide [12]. As a by-product of biodiesel indus-
try, glycerol is currently produced in surplus quantity, making it one of the most
widely produced polyols [13]. The production of polyethercarbonate polyol from
CO2 has also been commercialised [14, 15]. Considering these examples, it becomes
clear that alcohols are excellent choices of renewable feedstock and their transfor-
mation to valuable organic compounds will support a circular economy.

Processes based on catalytic dehydrogenation reactions involving alcohols are
atom-economic routes for the synthesis of various organic compounds such as esters,
acids, amides and urea derivatives. These reactions were first discovered using
precious metal-based homogeneous catalysts such as ruthenium-pincer catalysts
[16, 17]. However, in the past 8 years, organometallic catalysts involving earth-
abundant metals have emerged as attractive options to achieve such transformations
in a cost-effective manner. This chapter will discuss the reformation of alcohols to
esters, acids, amides, ureas, polyureas and polyethyleneimine using well-defined
molecular complexes of 3d-metals.

2 Ester Synthesis from the Transformation of Alcohols

Esterification is one of the most important synthetic transformations in modern
industry, with the annual market estimated at $89 billion USD in 2022 [18]. This
huge valuation results from the diverse range of applications esters are found in,
including, but not limited to: biodiesel [19], pharmaceuticals [20], plastics and
coatings [21, 22], solvents [23], flavourings [24], cosmetics [25], preservatives
[26] and perfumes [27]. Traditional Fischer esterification involves the condensation
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of an alcohol with a carboxylic acid, liberating water. However, this reaction is
typically slow and requires heating the mixture at reflux for hours in the presence of
an acid catalyst, typically conc. H2SO4, to achieve satisfactory yields [28]. Addition-
ally, to produce the required carboxylic acid substrates for this typically requires use
of a stoichiometric strong oxidising agent, such as KMnO4 [29]. A popular alterna-
tive method for alcohol esterification involves the application of acyl-halide species,
such as acyl chlorides, liberating, e.g., HCl (Scheme 1a). However, acyl chlorides
require stoichiometric reaction of the corresponding acid with thionyl chloride or
phosphorus trichloride [30].

An attractive alternative method for esterification is the catalytic acceptorless
dehydrogenative coupling (ADC) of alcohols (Scheme 1b) [31]. This is a simple and
elegant method for the synthesis of esters, without the need for external oxidant and
where the only by-product is hydrogen gas [31–33], rather than stoichiometric
metallic or corrosive waste as produced in traditional esterification routes. The
dehydrogenative coupling of alcohols is accepted to proceed through a three-step
process and is thermodynamically driven by the release of H2 gas: (1) alcohol
dehydrogenation to aldehyde; (2) reaction of aldehyde with a second equivalent of
alcohol to produce a hemiacetal intermediate; and (3) hemiacetal dehydrogenation to
yield ester.

In 2014, Schneider reported the first example of an earth-abundant 3d metal-
catalysed acceptorless dehydrogenative coupling of alcohols to esters, using an
Fe-MACHO catalyst, Fe(PNP-iPr)(CO)(H), (PNP-iPr = η3-P,N,P-[N,N′-bis
{diisopropylphoshinoethyl}amido]) [34]. While this study was largely focused on
acceptorless alcohol dehydrogenation (AAD) of secondary alcohols to ketones, the
authors also included some primary aliphatic alcohols within their study (Scheme 2).
They showed the successful dehydrogenative coupling of a few aliphatic alcohols
such as n-butan-1-ol, n-heptan-1-ol and 2-cyclohexylethanol to corresponding

Scheme 1 Traditional (a)
and dehydrogenative
coupling (b) routes for ester
synthesis

Scheme 2 Ester synthesis
from Fe-MACHO catalysed
acceptorless
dehydrogenative coupling
[34]
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symmetrical esters in up to 90% yield with remarkably low catalyst loadings
(0.1 mol%). They also noted the observation of heptan-1-al in the case of heptan-
1-ol dehydrogenative coupling, which supports the three-step process outlined
above. This study also included the generation of γ-butyrolactone from dehydroge-
nation and subsequent intramolecular cyclisation and dehydrogenation of butan-1,4-
diol.

In 2017, Gauvin and co-workers demonstrated the manganese-catalysed
dehydrogenative coupling of alcohols to esters using Mn-MACHO [Mn(PNP-iPr)
(CO)2] precatalyst under solvent-free conditions (Scheme 3) [35]. They demon-
strated the base-free ADC of various alcohols to corresponding symmetric esters,
with scope including various linear and 2° branched aliphatic substrates alongside
variously substituted benzylic alcohols using low catalyst loading (0.6 mol%) with
reasonable reaction conditions for this class of catalyst (150°C for 24 h). Gauvin
noted that for low boiling alcohols such as n-propanol and n-butanol, longer reaction
times (c.f. 72 and 24 h) were required to achieve acceptable yields. This is possibly
due to the lower temperature available for these reactions owing to the boiling point
of the substrates as the reactions were conducted under open flow of inert gas.
Indeed, the attempted dehydrogenative coupling of methanol returned only 3%
conversion under reflux conditions for 72 h. Since the reactions were carried out
under a stream of inert gas to allow for continuous hydrogen removal, it is possible
that higher conversions in shorter reaction times may be achieved through use of a
sealed system. This would allow higher temperatures to be used during reaction for
these low boiling alcohols; a strategy that has been employed in, for instance, the
dehydrogenative coupling of methanol [36]. In this study by Gauvin, the authors also
noted that increasing steric bulk corresponds to a reduction in the observed alcohol
to ester conversion. Very bulky substrates, such as neopentyl alcohol, remained
unchanged under Gauvin’s reaction conditions.

Importantly, the authors also examined the tolerance of this Mn-MACHO alcohol
esterification system towards impurities. For instance, bio-sourced alcohols may
contain water, methanol and acid impurities [37, 38], and common routes to
Mn-MACHO may result in salt impurities, i.e. KBr [39]. The authors found that
the presence of 5 mol% water or methanol (>8 equivalents vs [Mn]) has little effect
on the catalytic activity; however, the presence of KBr (2 mol%) did drop the activity
significantly (c.f. TON 83 and 153 with and without KBr, respectively) [35]. They
also found that the presence of butyric acid significantly reduced activity (TON 10),
which the authors attribute to the formation of a catalytically inactive carboxylate
manganese complex, formed through activation of the acid hydroxyl group [40].

The derivative complex, Fe-MACHO-BH (Fe(PNHP-iPr)(CO)(H)(η1-H-BH3)
where PNHP-iPr = η3-P,N,P-[N,N′-bis{diisopropylphosphinoethyl}amine]) was

Scheme 3 Mn-MACHO
catalysed dehydrogenative
coupling of alcohols to
esters [35]
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demonstrated by the Beller group (Scheme 4) to promote acceptorless alcohol
dehydrogenation to produce substituted γ-butyrolactones and varying ring-size/
substituted lactones from symmetric and asymmetric diols as well as lactams (cyclic
amides) from the acceptorless dehydrogenation of amino alcohols [41]. This study
significantly increased the substrate scope for these reactions, including variously
substituted alkyl and aryl γ-butyrolactone derivatives; aliphatic and aromatic lac-
tones with various substitution patterns, spirocyclic lactones and multiring lactones;
diversely substituted lactams of different ring size as well as the production of some
cyclic imines through an additional dehydration process. While the optimised
conditions reported by Beller for these transformations (Scheme 4) do include the
addition of catalytic quantities of base (10 mol%), they do report that this Fe--
MACHO-BH precatalyst is still active without base (loss of BH3 from Fe-MACHO-
BH generates a catalytically active iron-hydride species, Fe-MACHO-H), but with
slightly reduced activity: c.f. 99% and 82% yield obtained for phthalide synthesis
from 1,2-benzenedimethanol with and without K2CO3 after 18 h at 150 °C,
respectively [41].

Of note, the authors reported successful lactone synthesis from an unsaturated
diol substrate (cyclohex-4-ene-1,2-diyldimethanol) where the alkene moiety retains
unsaturation under their conditions, despite molecular hydrogen build up within the
sealed system used within these reactions. This chemoselectivity is in contrast to
what has been reported for ruthenium catalysed alcohol dehydrogenation reactions,
where alkenes are readily hydrogenated [42, 43].

In 2020 Funk et al. reported lactone synthesis from diol dehydrogenation
catalysed by a (cyclopentadienone)iron precatalyst in a transfer dehydrogenation
process using acetone in a dual role as both solvent and hydrogen acceptor [44]. This
class of catalyst requires trimethylamine N-oxide for pre-activation through oxida-
tive removal of a carbonyl ligand (Scheme 5). While these reactions do require a
hydrogen acceptor in place, the previous examples release molecular hydrogen as
the only by-product, lactone formation here is accessible at lower temperature
(90 °C). Funk and co-workers show five-, six- and seven-membered lactone forma-
tion from a variety of symmetric and asymmetric diol substrates in high yield.
Furthemore, they expanded the scope of this transformation to include a variety of
mixed primary and secondary diols bearing aromatic and aliphatic substituents in
good yield (69–91%). Prior to this report, there was only a single previous example
for lactone synthesis using base-metal catalyst: Beller’s Fe-MACHO-BH catalysed

Scheme 4 Lactone and lactam syntheses from Fe-MACHO-BH catalysed diol/amino alcohol
dehydrogenation [41]
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lactone formation via acceptorless alcohol dehydrogenation of 1-phenylbutane-1,4-
diol [41].

To date, there remain no reports of the successful synthesis of four-membered
β-lactones or β-lactams from the dehydrogenative cyclisation of diols or amino
alcohols, respectively [41]. This is likely due to the high ring strain in these
compounds and their susceptibility towards hydrolysis [45, 46]. β-Lactones are
important synthetic intermediates with a wide application of uses [47].

3 Amide Synthesis from the Dehydrogenative Coupling
of Alcohols and Amines

The formation of amide/formamides is one of the most important reactions in
organic chemistry, not least due to their widespread occurrence in pharmaceuticals
and biologically active compounds [48]. Indeed, amide linkages are found in 25% of
all available drugs [49]. Amide preparation is such an important transformation that
the ACS Green Chemistry Institute placed “General methods for catalytic/sustain-
able (direct) amide or peptide formation” in the second place of their list of key
green chemistry research areas from an industrial perspective [50]. Vital to the
progress of sustainable amide bond formation is an atom-economic transformation,
as traditional amide syntheses employ coupling agents, generating stoichiometric
waste (Scheme 6a). A 2016 article from the Stahl group does demonstrate the
generation of amides from alcohols and amines applying a copper catalyst; however,

Scheme 5 Lactone synthesis from [FeCp] catalysed diol dehydrogenation [44]. DMPh = 3,5-
dimethylphenyl

Scheme 6 Traditional
(a) and dehydrogenative
coupling (b) approaches to
amide bond formation
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this oxidative amination process requires an atmosphere of oxygen and a radical
co-catalyst (e.g. ABNO) for amide selectivity [51].

A more elegant approach for the preparation of amides or formamides is the
dehydrogenative C-N coupling of amines and alcohols. This process follows a
similar stepwise mechanism as seen in ester bond formation: (1) dehydrogenation
of an alcohol to aldehyde; (2) reaction of aldehyde with one equivalent of amine to
generate a hemiaminal intermediate; (3) dehydrogenation of hemiaminal to produce
amide [52]. There is abundant literature on the homogeneous dehydrogenative
coupling of amines and alcohols to amides using precious metal catalysts, in
particular, ruthenium [53–62], along with examples using rhodium [63] and rhenium
[64]. However, reports on this transformation using 3d metals are more limited as
described below.

Using amanganese hydride pincer precatalyst,Mn(PNP-H)(CO)2(H) (PNP-H= 2-
(diisopropylphosphino)-N-(2-(diisopropylphosphino)benzyl)ethanamine, Milstein
and co-workers demonstrated the first example of a 3d metal-catalysed formamide
synthesis from methanol and amine (Scheme 7) [52]. This Mn-PNP-H precatalyst
promotes the coupling of methanol and amine through successive dehydrogenation
steps, in line with those outlined above. The authors tested a variety of amine
substrates, primary and secondary amines, including cyclic secondary amines (piper-
idine, pyrrolidine, morpholine), and achieved excellent conversion (83–99%) in all
cases under their optimised catalytic conditions. These reactions were carried out in
sealed pressure tubes to allow for higher temperatures (relative to the boiling point of
methanol) to be used; however, no additional hydrogen acceptor was required
despite build-up of molecular hydrogen gas within the reaction vessel. Indeed,
molecular hydrogen within the reaction headspace was detected by GC gas analysis,
supporting the proposed dehydrogenative pathway.

Here, the authors propose dihydrogen loss from Mn-PNP-H (Scheme 7; insert) to
generate an intermediate Mn-amido species, Mn-PNP-N, that then undergoes intra-
molecular C-H activation to produce the thermodynamically stable metalated amino
complex, Mn-PNP-C. Both dihydrogen loss organometallic products fromMn-PNP-
H were demonstrated to activate methanol to a Mn-alkoxy-amino complex through
MLC amino-amido functionality [65], which can then undergo dehydrogenation to
formaldehyde [52].

At a similar time, Bernskoetter and co-workers published a report detailing
Fe-MACHO catalysed dehydrogenative coupling of secondary amines with alcohols
to form amides using low catalyst loadings (0.1 mol%) and relatively mild

Scheme 7 Mn-catalysed dehydrogenative coupling of methanol and amines to formamides [52]
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conditions (Scheme 8) [66]. The scope of both secondary amine and alcohol sub-
strates was explored. Of note, a relationship between the steric bulk of the amine
substrate with the relative TON calculated was determined, where increasingly
sterically congested amines strongly correlated to decreasing TON. For instance, a
TON of 600 was calculated for 1,2,3,4-tetrahydroisoquinoline, where the TON
calculated for N,N′-bis(phenylmethyl)amine is 126 under the same reaction condi-
tions. Attempts to generate diamides from cyclic amide substrates were unsuccessful
under these conditions. Furthermore, the authors also note that attempts to generate
amides from the dehydrogenative coupling of primary amines with methanol ini-
tially formed formamides and then ureas, a reaction they exploit (vide infra) [67].

Variations to the alcohol substrate within these reactions revealed a similar trend
as Bernskoetter observed amine variation. Increasing steric profiles of the alcohol
also results in a dramatic decrease to the observed TONwhile using this Fe-MACHO
catalyst [66]. These observations support their claims that the activity of this
Fe-MACHO catalyst is strongly constrained by steric effects at both sides of the
product carbonyl moiety, a fact they attribute to steric congestion around the
Fe-centre imposed by MACHO phosphine isopropyl moieties.

In the direction of the dehydrogenative amidation reactions, Milstein in 2017
reported the first example of the synthesis of cyclic amides using a catalyst of earth-
abundant metals. A manganese precatalyst in the presence of catalytic quantities of
base was used for the preparation of various succinimide derivatives from reaction of
primary amine with butan-1,4-diol (Scheme 9i) [68]. This reaction requires long
reaction times (40 h), but can be carried out under toluene at reflux conditions, i.e. no
sealed vessel required and dihydrogen is continuously removed. The catalyst applied

Scheme 8 Fe-catalysed dehydrogenative coupling of secondary alcohols to amides [66]

Scheme 9 Mn-catalysed dehydrogenative coupling of diols and amines to cyclic imides [68]
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here, (Mn(PNNH)(Br)(CO)2 [(Mn-PNNH-Br), where PNNH = N-
(6-{(ditertbutylphosphiomethyl)pyridin-2-yl}-methyl(tertbutyl)amine)], requires
activation with base to generate the catalytically active dehydrohalogenated product,
Mn-PNN (Scheme 9; insert). Worth mentioning, mechanistic studies by the authors
determined this catalyst requires amine/amido-MLC to successfully mediate alcohol
dehydrogenation and subsequent cyclic imide formation. This is in contrast to
related Ru-PNN systems, which have been demonstrated to facilitate amine and
alcohol coupling to amides proceeding via aromatisation/dearomatisation of the
methylpyridinyl moiety [53].

The precatalyst, Mn-PNNH-Br, mediates the dehydrogenative synthesis of
succinimide derivatives bearing a myriad of substituted methylphenyl primary
amines in high yield when used at 5 mol% loading in the presence of 2 equivalents
(to [Mn]) of potassium hydride [68]. However, it was noted that no reaction was
observed when either aniline or tertbutylaniline was tested in this reaction. Interest-
ingly, γ-butyrolactone and δ-lactones were also converted to cyclic imides under the
same reaction conditions (Scheme 9 ii). In fact, lactones were observed during in situ
reaction monitoring, suggesting that these could be an intermediate on the reaction
pathway to cyclic imides. However, as hydroxyamide species were present from the
early stages of these reactions, the authors propose there are competing mechanisms
for initial hydroxyamide formation after initial diol dehydrogenation to a
hydroxyaldehyde (Scheme 10).

The fundamental mechanistic steps proposed for cyclic imide formation are thus
as follows: 1) alcohol dehydrogenation to hydroxyaldehyde A; then either of: 2a)
dehydrogenation and intramolecular cyclisation of A to lactone B1 and subsequent
reaction with amine to generate hydroxyamide C, or 2b) amine reaction with A to
form a hydroxyhemiaminal intermediate B2 and subsequent dehydrogenation to C;
then 3) dehydrogenation of C to aldehyde D; intermolecular cyclisation to
hemiaminal E; 4) dehydrogenation of E to generate cyclic imide product [68]. Over-
all, this reaction releases 4 mol of hydrogen per mole cyclic imide produced.

Amide bond formation and the reverse reaction, amide hydrogenation to regen-
erate amine and alcohol, is a particularly attractive method for hydrogen storage
materials; liquid organic hydrogen carriers (LOHCs) [69]. Several groups have
realised the potential of these (de)hydrogenative process for prospective LOHCs;

Scheme 10 Proposed pathway for the formation of cyclic imides from diols and amines [68]
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however, these typically apply precious metal catalysts based on Ru-pincer systems
[70–73].

In 2020 Liu reported the first use of 3d metal (manganese) precatalysts for the
reversible (de)hydrogenative coupling of N,N′-dimethylethylenediamine (DMEDA)
with methanol to form N,N′-(ethane-1,2-diyl)bis(N-methylformamide) [69]. This
remarkable work achieves 97% maximum selectivity for DMEDA/MeOH (de)-
hydrogenation demonstrating a system with 5.3 wt% H2 storage capacity (Scheme
11). Reaction of DMEDA with methanol (6 equivalents to DMEDA; 3 × excess) in
the presence of catalytic Mn(PNHP-Ph)(CO)2 (Mn-1; PNHP-Ph = η3-P,N,P-[N,N′-
bis(diphenylphosphinoethyl)amine]) and base at elevated temperature (165 °C)
generates the desired diformamide in 98% yield via acceptorless dehydrogenative
coupling through amino/amido-MLC at manganese. This dehydrogenation is
performed in a sealed vessel, allowing dihydrogen to build up during the reaction.
The authors note that the build-up of dihydrogen within the vessel decreases the
selectivity of the reaction, resulting in the observation of decarbonylation products,
N-methyl-N-[2-(methylamino)ethyl]formamide and 3-methyl-1-
methyleneimidazolidin-1-ium. However, this issue is overcome through stopping
the reaction after 2 h and removing the dihydrogen atmosphere, before continuing
the reaction for 6 further hours. This hydrogen release during the reaction course also
had the benefit of increasing the yield obtained from 92% (after 16 h reaction) to
98% (after 8 h) as dihydrogen inhibition of the dehydrogenation reaction is
decreased [69].

The reverse reaction, hydrogenative cleavage of diformamide, N,N′-(ethane-1,2-
diyl)bis(N-methylformamide), was most successful when a different precatalyst,
[Mn(PNN-Ph)(CO)3]Br (Mn-2, PNN-Ph = η3-P,N,N-[N-
{diphenylphosphinoethyl}-N′-(2-{methylpyridyl})amine]) was used, releasing
DMEDA and MeOH products in a 99% yield [69]. This hydrogenation reaction is
performed with 60 bar H2 overpressure along with temperature of 110 °C. Impor-
tantly, the activity of this hydrogenation reaction is unaffected by the presence of
Mn-1, as determined by the performance of sequential dehydrogenation then hydro-
genation reactions under optimised conditions. Finally, this reaction can also be

Scheme 11 Optimised conditions for formation and hydrogenation of amides for hydrogen storage
[69]
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carried out using Mn-1 precatalyst, but this requires harsher conditions (180 °C,
80 bar H2) to attain 94% yield. This work on Mn-based LOHC systems is an
important step with regard to realising a hydrogen economy, however, as it stands,
these 3d metal systems do require harsher reaction conditions and higher catalytic
loading when compared to analogous Ru-systems [73]. As such, there remains work
to be done to improve the efficiency of these systems.

4 Acid Synthesis from the Transformation of Alcohols

Carboxylic acid derivatives such as butyric acid (BA) and lactic acid (LA) are useful
feedstock for chemical industry. Butyric acid is an industrially important chemical,
with ~80,000 metric tons produced each year [74]. It has uses in the chemical [75],
food [76], pharmaceutical [77], perfume [78] and animal feed [79] industries as well
as increasing interest in the possibility of its use as a feedstock for biobutanol fuel
[77]. Lactic acid has a considerably larger demand, with annual production volume
~1.4 million metric tons and has various applications including within food [80],
pharmaceutical [81], cosmetic [82], textile [83] and fine chemical [84] industries.

Butyric acid is produced chemically from hydroformylation of propylene (orig-
inating from fossil fuels) to butyraldehyde and subsequent oxidation to BA (Scheme
12a) [85]. While the hydroformylation step is 100% atom economic, it typically
requires a rhodium catalyst (although cobalt can also be used) along with harsh
reaction conditions (high temperatures and pressures) [86]. From a chemical process
perspective, the most economically feasible route to LA production begins with
reaction of acetal aldehyde (a by-product of the acrylonitrile industry) with hydrogen
cyanide to generate a lactonitrile intermediate, subsequent acid hydrolysis produces
lactic acid alongside ammonium salt waste (Scheme 12b) [87]. However, over 90%
of lactic acid production comes from the microbial fermentation of sugars [88]. The

Scheme 12 Industrial (a,
b) and AAD (c) routes to
butyric acid (BA) and lactic
acid (LA)
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high cost of the refined sugar feedstocks required for fermentation routes to LA has
resulted in a renewed drive to advance LA production technologies [88].

A general approach for the preparation of carboxylic acids from sustainable
alcohol sources is found in metal-catalysed acceptorless alcohol dehydrogenation
(AAD) and base-initiated aldehyde-water shift (AWS) [89] to generate the desired
carboxylic acid product through catalytic dehydrogenation of the intermediate gem-
diol (Scheme 13). Various homogeneous precious metal catalyst systems (ruthenium
[63, 90–95] and rhodium [96–98]) have been developed for the oxidation of alcohols
to carboxylic acids. Selectivity in these processes can suffer from a competing
Cannizzaro reaction [99], whereby an aldehyde with no α-hydrogens can undergo
intermolecular disproportionation to produce the desired carboxylic acid alongside
the analogous alcohol product [100]. A good approach to avoid unwanted side
reactions along with allowing easy product separation is to isolate the product as
the carboxylate salt through addition of stoichiometric base [101, 102] before work-
up to the carboxylic acid.

Both manganese and iron complexes bearing MACHO ligand motifs have been
shown to be active in the efficient AAD transformation of alcohols to carboxylate
salts in the presence of base [101]. Gauvin and co-workers obtained 95% and 96%
yields for the AAD of butan-1-ol to potassium butyrate mediated by Fe-MACHO-
BH and Mn-MACHO catalysts, respectively (Scheme 14i). Interestingly, the authors

Scheme 13 Proposed mechanism of AAD preparative route to carboxylic acids. [93] AWS= alde-
hyde-water shift

Scheme 14 AAD for Mn- or Fe-catalysed transformation of butan-1-ol and analogues to derivative
acids [101, 103]
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note that carrying out this reaction in the presence of water (2 equivalents to alcohol)
resulted in a decrease in observed yield (c.f. 12% with water and 95% in the absence
of water).

The substrate scope of this transformation was also extended to include several
bio-sourced alcohols, including fatty acid terpenoic derivative alcohols, of which the
authors report NMR yields of 50–91% with Mn- and Fe-precatalysts [101]. Typi-
cally, Mn-MACHO catalysed reactions gave better yields which is attributed to the
higher robustness of Mn complexes versus analogous Fe complexes under the
conditions used. Also of note, these AAD transformations are tolerant of
unsaturation within the alcoholic substrate. This concept has been recently expanded
by Maji and co-workers (Scheme 14 iii) for the synthesis of α-hydroxycarboxylic
acids from the dehydrogenative coupling of ethylene glycol and primary alcohols
using Mn-PN5P-Br (Mn(PN5P)(CO)2Br, where PN5P = κ3-P,N,P-(2,4-[bis(-
diisopropylphosphino)-λ2-azenyl]-6-phenyl-1,3,5-triazine) precatalyst [103]. Vari-
ous α-hydroxycarboxylic acids including lactic acid, α-amino acid,
α-thiocarboxylic acid, and several pharmaceutically relevant molecules were
synthesised with a TON in the range of 200–10,000.

Hazari and co-workers have further extended this chemistry to the impressive
AAD transformation of glycerol to sodium lactate for lactic acid preparation using a
series of Fe-MACHO analogues [102] in a rare example of glycerol upgrading using
a base-metal catalyst. Optimising the reaction using Fe-MACHO-BH, the efficiency
of this transformation was determined to be conditional upon temperature, base
loading, and solvent, with the optimal conditions shown in Scheme 15, achieving a
TON of 770 for modest yield, ~17% using 1:1 NMP:water after 6 h. Interestingly,
the authors also report a base initiated side reaction where NMP (solvent) undergoes
ring-opening to give sodium-4-N-methylaminobutanoate via hydroxide nucleophilic
attack. The reported TON does decrease as the concentration of NMP is increased:
TON 360 with 2:1 NMP:water. However, no reactions with >1 equivalent of base
are reported, therefore the effect this side reaction has on the obtainable yield cannot
be commented upon. Under these conditions, catalyst deactivation is significant after
0.5 h (as indicated by hydrogen evolution monitoring) and is complete after 3 h. This
is in line with previous reports of Fe-MACHO complex instability at elevated
temperatures [101].

The proposed mechanism for lactic acid formation from glycerol dehydrogena-
tion is shown in Scheme 16. There are 4 major steps to generate lactic acid from
glycerol: 1) AAD of glycerol to glyceraldehyde; 2) base catalysed dehydration; 3)

Scheme 15 Fe-catalysed glycerol to lactic acid AAD [102]

Reformation of Alcohols to Esters, Acids, Amides, Ureas, Polyureas. . . 239



tautomerisation to 2-oxopropanal; 4) an intramolecular Cannizzaro reaction of
2-oxopropanal to lactic acid. Under these basic conditions, lactic acid is then rapidly
deprotonated to produce sodium lactate.

5 Urea Derivatives from Dehydrogenative Coupling
of Methanol and Amines

Urea derivatives are ubiquitous organic compounds widely applied for use in
pharmaceutical drugs [104–106], pesticides [107, 108], fertilisers [109–111], dyes
[112] and resin precursors [113–115]. Currently, urea derivatives are produced
industrially from the reaction of amines with phosgene gas [116] or isocyanates
(Scheme 17a) [117]. However, these starting materials are both toxic, with phosgene
gas falling into the extremely toxic category [118]. As such, there is a need to replace
these substrates with greener, less toxic and more sustainable alternatives.

Several examples of the dehydrogenative coupling of amines directly with
formamides have been reported; however, these typically employ precious metal
catalysts, in particular, ruthenium-based systems [119–122]. While dehydrogenative
coupling of amines with formamide is preferable to the use of isocyanates or
phosgene, the preparation of formamide for use as a substrate in these reactions
typically requires harsh formylation agents [123] or precious metal catalysts [124].

Better still is the metal-catalysed dehydrogenative coupling of amines with
methanol to generate urea derivatives (Scheme 17b). Methanol can be produced
through completely renewable processes, making it a particularly attractive feed-
stock [125]. This transformation was initially reported using ruthenium-based sys-
tems [42, 126], but has recently been expanded to include both iron [67] and
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Scheme 16 Proposed mechanism for AAD pathway for glycerol to lactic acid transformation.
(i) dehydration; (ii) tautomerisation; (iii) intramolecular Cannizzaro; (iv) deprotonation/metalation
[102]

Scheme 17 Traditional
(a) and dehydrogenative
coupling (b) routes to urea
derivatives
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manganese [36, 127]. The preparation of urea derivatives from methanol and amines
is suggested to proceed via three steps, releasing three equivalents of hydrogen gas
(relative to urea) as a by-product: (1) methanol dehydrogenation to formaldehyde;
(2) dehydrogenative coupling of formaldehyde and amine to produce formamide in
situ; and (3) dehydrogenative coupling of formamide with a second equivalent of
amine to generate the urea product. The final step of the process has been postulated
to proceed via two possible mechanisms, either proceeding via (a) reaction of
formamide with amine to produce an aminal intermediate and subsequent dehydro-
genation to urea [128], or (b) dehydrogenation of formamide to an isocyanate
intermediate which produces urea upon reaction with amine [36, 67, 129].

The first report of base-metal catalysed dehydrogenative coupling between meth-
anol and primary amines came from the group of Bernskoetter in 2018 using a base-
free Fe-MACHO (Fe(PNHP-iPr)(CO)H, PNHP-iPr = η3-P,N,P-[N,N′-bis
{diisopropylphosphinoethyl}amine]) catalyst (Scheme 18) [67]. This Fe-MACHO
catalyst was employed in the preparation of various symmetrical ureas, with the
authors noting that the conditions used did not tolerate primary amines bearing an
aryl substituent. The lack of reactivity observed towards aryl-amine dehydrogenative
coupling was attributed to poor nucleophilicity, an observation that has been noted
previously [59].

Bernskoetter and co-workers report isolated urea yields between 11 and 80% with
TON calculated between 12 and 160. Low TON was typically observed for sterically
demanding substrates, such as cyclohexylamine or 2-aminoheptane (TON 66 and
12, respectively), with the highest TON corresponding to terminal, sterically
undemanding aliphatic amines. The electronic effect of the amine upon reactivity
was also probed through a short series of benzyl-amine derivatives and found that, in
line with previous reports [59], increasing the nucleophilicity of the amine corre-
sponds to an increase in TON. The authors also attempted to prepare a cyclic urea
from 1,2-diaminocyclohexane, and while successful, yielded little product (11%
isolated yield), which they speculate may be due to additional amine coordination
effects decreasing catalytic turnover.

In 2022, Kumar and co-workers expanded the catalytic space for the
dehydrogenative coupling of methanol and amines to include various manganese
pincer complexes (Scheme 19) [36]. They found that under the reaction conditions
used, Mn-MACHO-Br, Mn(PNHP-iPr)(CO)2Br, was the most effective precatalyst
trialled for the generation of urea derivatives (where R= n-octyl in Scheme 19). The
authors also found it beneficial to use a higher reaction temperature (c.f. 120°C for
Fe-MACHO and 150°C for Mn-MACHO-Br) to obtain quantitative conversion,
resulting in the requirement for use of a sealed reaction vessel. Additionally, they

Scheme 18 Preparation of
symmetrical urea
derivatives mediated by
Fe-MACHO [67]
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also reported a requirement to use methanol in excess to amine; when 0.5 equivalents
of methanol to amine was used, they found that the yield dropped from 98% to 45%,
a fact they attribute to the low boiling point of methanol (MeOH b.p. 64.7 °C at
1 atm).

In quick succession, a significant expansion to the substrate scope came from the
group of Liu in 2022, demonstrating successful urea formation from 29 amine
sources, including: aliphatic amines, substituted benzyl-amines and, notably,
heteroaryl substituted methylamines such as pyridyl, furanyl and thienyl
[127]. They applied various manganese catalysts including, and analogous to, Mn-
MACHO-Br (see Scheme 20) and found the most productive precatalyst trialled
under their conditions to be Mn(PNHP-m-xyl)(CO)2Br (where PN

HP-m-xyl = η3-P,
N,P-[N,N′-bis{di-m-xylylphosphinoethyl}amine]), obtaining an 84% conversion of
benzyl-amine and methanol to N,N′-dibenzylurea, with analogous Mn-complexes
generating the same product in 39–76% yields.

The optimised conditions determined by Liu and co-workers are similar to those
used by Kumar et al.; however, they found they could achieve high yields at lower
temperature (here, 130 °C). As in the report by Kumar and co., Liu also used
methanol in excess (1.5–2 equivalents versus amine) and performed the reactions
in sealed systems. The authors also reported that attempts to generate urea from
secondary amines (e.g. N-methylbenzylamine) were unsuccessful, instead producing
formamide. This observation supports the proposed mechanism of urea formation
proceeding via formamide dehydrogenation to an isocyanate intermediate, in line
with previous reports [36, 67, 129]. Also noted, substrates bearing a strong electron
withdrawing group (e.g. CF3, NO2) failed to produce urea product.

The expansion of the chemical space to allow synthesis of urea derivatives from
the dehydrogenative coupling of methanol and amines using earth-abundant cata-
lysts is an important step towards a sustainable synthetic future. However, at the
present time, the methodologies discussed do not currently allow for the preparation

Scheme 19 Preparation of symmetrical urea derivatives mediated by Mn-pincer catalysts [36]

Scheme 20 Preparation of symmetrical urea derivatives mediated by Mn-pincer catalysts [127]
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of asymmetric urea derivatives using a catalyst of earth-abundant metal, instead
requiring the use of formamide and amine substrates for dehydrogenative coupling
[36, 67]. As such, further development of this transformation to include asymmetric
urea preparation remains sought after.

In addition, the current reports also typically require these reactions to be
performed in sealed systems. This is to allow the reactions to reach the desired
temperatures that are typically greater than the boiling point of the solvent used.
While these batch reactions are suitable for small scale (reported scales are
2–10 mmol), it is likely that there will become a requirement for careful engineering
upon scale up. Finally, there is also a need to expand this work to tolerate aromatic
amine substituents to expand the substrate scope considerably, although this may
prove difficult due to the poor nucleophilicity of these amines, for instance
Ru-MACHO catalysed MeOH and aniline coupling produces 1,3-diphenylurea in
2% yield [122].

6 Polyurea Synthesis from Dehydrogenative Coupling
of Methanol and Diamines

An important class of plastic, polyureas find applications in coatings [130], adhe-
sives [130], construction materials [131] and drug delivery systems [132]. The
annual global market for polyurea coatings in 2022 was $1.2 billion USD
[133]. The synthesis of polyureas is analogous to that of urea derivatives (see Sect.
5). As such, there exists the same requirement for the development of a greener, less
toxic synthetic approach to prepare polyurea as industrially they are made from the
reaction of diamines with diisocyanates that are made from phosgene gas (Scheme
21) [134].

Applying the same strategy as in urea preparation, Kumar [36] and Liu [127] have
both reported the preparation of polyurea by the manganese-catalysed
dehydrogenative coupling of methanol with diamines. These reactions proceed in
an analogous manner to the formation of urea in a three-step process, each of which
releases an equivalent of hydrogen gas as the by-product, making this approach

 

Scheme 21 Traditional (a) and dehydrogenative coupling (B) routes to polyurea
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green and sustainable: (1) dehydrogenation of methanol to formaldehyde;
(2) dehydrogenative coupling of formaldehyde and diamine to generate a formamide
intermediate; (3) dehydrogenative coupling of formamide with another equivalent of
diamine to provide a urea linkage in polyurea. This final step is proposed to proceed
through dehydrogenation of formamide to isocyanate before reaction with amine, as
opposed to going via an aminal-type intermediate [36, 127].

The initial reports (published at the same time) of the manganese catalysed
dehydrogenative coupling of methanol with diamines for polyurea synthesis use
very similar reaction conditions, requiring 1 mol% Mn-MACHO-Br or analogous
precatalyst, base for precatalyst activation, 150 °C for 24 h in sealed vessels using
solvents typical for these processes, i.e. Toluene, THF, Anisole, and obtaining high
yields of polyurea product (68–99%) for a variety of aliphatic substrates (Scheme
22). Kumar also noted that aromatic diamines such as p-xylenediamine and m-
xylenediamine were found to be unreactive, in line with the reduced nucleophilicity
of these substrates.

Typically, the polyureas produced from methanol and diamine coupling have
poor solubility. This adds a complication when it comes to accurately determining
molecular weight of the polymeric products produced within these reactions
[36]. Both Matrix Assisted Laser Desorption Ionisation (MALDI) mass spectrome-
try [36] and 1H NMR spectroscopic end-group analysis [127] have been used to
estimate molecular weight. However, observation of fragments with m/z > 5,000 by
MALDI-MS is known to be difficult [135, 136] and solubility limits the accuracy of
NMR spectroscopic end-group analysis. The molecular weights reported for
polyurea samples produced from the dehydrogenative coupling of methanol and
diamines are moderate: Mn 1,500–15,000 g mol-1. Indeed, a recent report that
includes the synthesis of a 100% water soluble polyurea from the Mn-catalysed
dehydrogenative coupling of diamine with diformamide suggests a significant
underestimation of molecular weight as determined by gel permeation chromatog-
raphy (GPC) analysis vs MALDI-MS (×8) and end-group (×2) molecular weight
determination techniques.

Scheme 22 Mn-catalysed preparation of polyurea from diamine and methanol [36, 127]
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Of particular importance, Kumar and co-workers included priamine™ 1,074
(8,8′-(4-hexyl-3-octylcyclohexyane-1,2-diyl)bis(octylamine) in their substrate
scope, obtaining polyurea in 80% yield. This diamine is commercialised by Croda
and is fully renewable, being produced from vegetable oil [137], as such, it allows
for the possibility of a 100% renewable polyurea product when coupled with
methanol produced from sustainable sources [36].

This method of polyurea synthesis from sustainable alcohol dehydrogenation is a
promising stepwise development in the preparation of these commercially important
plastics. However, some work remains to be done, as for instance, these reactions do
not tolerate aromatic amine substrates. This will be particularly important for the
preparation of polyureas with mixed backbone functionality, e.g. both flexible and
rigid backbone sections, to control their physical and mechanical properties
[138, 139].

7 Polyethyleneimine Derivatives from the Coupling
of Ethylene Glycol and Ethylenediamine

Branched polyethyleneimine (PEI) and polyethyleneimine ethoxylated (PEIE) have
an annual global market estimated at $400 million USD [140] due to their wide range
of applications, such as: textiles [141], cosmetics [142], adhesives [143] and water-
treatment agents [144]. They have also been applied as the gold standard in CO2

capture [145] and gene delivery [146], alongside uses in solar cells [147], tissue
culture [146] and optoelectronic devices [148]. The current industrial preparation of
PEI involves the acid-catalysed ring-opening polymerisation of aziridine (Scheme
23), that is an extremely toxic, carcinogenic and volatile liquid substrate [149]. This
hazardous substrate is itself produced industrially one of two ways: (1) the Wenker

Scheme 23 Traditional routes to polyethyleneimine (PEI) and polyethyleneimine ethoxylated
(PEIE)
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process (BASF) that involves the reaction of ethanolamine with sulphuric acid at
100–200 °C to give 2-aminoethyl hydrogen sulphate, that is subsequently reacted
with aqueous sodium hydroxide to produce aziridine [149]; or (2) the Nippon
Shobukai process that involves the dehydration of ethanolamine at high tempera-
tures (350–450 °C) using a heterogeneous SixBayNazZrw catalyst [150]. PEIE is
produced through ethoxylation of PEI with epoxide [151]. These processes either
produce stoichiometric metal waste or require high energy conditions, and both have
the disadvantages in the production of highly toxic aziridine. As such, there is a need
for an alternative, less toxic and sustainable preparation of PEI and PEIE. There is
some precedence in the form of registered technology from BASF for the coupling of
amines and alcohols to generate PEI derivatives; however, these require precious
metal catalysts, such as iridium or ruthenium, and a hydrogen atmosphere to ensure
saturation within the product [152, 153].

A recent report from Kumar et al. demonstrates the synthesis of a derivative to
PEI and PEIE, a partially ethoxylated polyethyleneimine (PEI-1, shown in Scheme
24) [154]. The authors exploit the (de)hydrogenative coupling capabilities of the
well-known Mn-MACHO-Br precatalyst to successfully polymerise ethylene glycol
and ethylenediamine to generate a branched polyamine structure in high molecular
weight (>50,000 g mol-1) with narrow polydispersity (Ð 1.1), releasing water as the
only by-product.

Reaction monitoring, stoichiometric and computational experiments suggest a
borrowing hydrogen mechanism is in place for the observed C-N bond formation
through a cascade (de)hydrogenative condensation process consisting of four steps:
(1) dehydrogenation of ethylene glycol to glycol aldehyde; (2) reaction of glycol
aldehyde with amine to form a hemiaminal; (3) dehydration of hemiaminal to
generate an imine; (4) hydrogenation of imine to amine using the hydrogen produced
in the initial alcohol dehydrogenation step.

This method for Mn-catalysed polyethyleneimine formation from ethylene glycol
and ethylene diamine is attractive as it negates the need for the use of toxic aziridine
and prevents the generation of stoichiometric waste that would be produced during
aziridine production. Additionally, this 3d metal-catalysed system used feedstocks
which are sustainable and renewable.

Scheme 24 Mn-MACHO catalysed preparation of polyethyleneimine derivative, PEI-1 [154]

246 C. Brodie and A. Kumar



8 Summary and Outlook

In conclusion, metal-ligand cooperative (MLC) complexes of the 3d transition
metals allow facile bond activation of alcohols. The synergy between ligand and
metal within MLC processes facilitates alcohol activation without the need of noble
metals as the requirement for changes to metal oxidation state is removed. These
earth-abundant metal-catalysed dehydrogenative alcohol transformations have been
successfully applied to produce a wide range of alcohol up-conversion products such
as esters, amides, acids, ureas, polyureas and polyethyleneimines. As can be seen
above, manganese has been used more widely for various dehydrogenative trans-
formations in comparison with iron, cobalt and nickel which have also been studied
for dehydrogenative reactions. Key to this success lies in the use of the precursor Mn
(CO)5Br that allows facile synthesis of stable manganese precatalysts containing
bromide, and carbonyl ligands which are capable of exhibiting metal-ligand coop-
eration and have the desired electronic and steric effects. It is worth noting that
activity of some of the base-metal catalysts are comparable or even higher in
comparison to the precious metals such as ruthenium for some dehydrogenative
reactions. However, some work does remain to be done to further expand the
substrate scopes within some of these developments. There are a few
dehydrogenative reactions that have been reported with precious metals such as
ruthenium but not yet using a catalyst of base-metals, for example, (a) synthesis of
primary amines from alcohols and ammonia, (b) synthesis of polyesters from the
dehydrogenative coupling of diols, (c) synthesis of polyamides from the
dehydrogenative coupling of diols and diamines. Additionally, the development of
catalytic protocol to use other precursors such as MnCl2 instead of Mn(CO)5Br will
make the processes more cost-effective.
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Abstract Over the past decade, the dominance of first-row transition metals in
catalytic dehydrogenation reactions has outpaced traditional precious metal-
catalyzed processes. This progress has been made possible by the implementation
of bifunctional catalysts, where both the metal and ligand actively contribute to the
reaction’s outcome. Insights into the behavior of first-row transition metals in
catalytic dehydrogenations are being continually upgraded through a combination
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of experimental and computational studies, thus, greatly advancing our understand-
ing of the underlying reaction mechanisms. In this chapter, we aim to offer a
comprehensive perspective on the evolution of rational catalyst design with 3d
metals in dehydrogenation reactions, specifically focusing on their preferred mech-
anistic pathways, thus laying the conceptual groundwork for future developments.

Keywords Chromium · Cobalt · Dehydrogenation · Iron · Manganese ·
Mechanism · Nickel · Zinc

1 Introduction

1.1 3d Metal-Based Dehydrogenation Reactions: A General
Overview

The chemistry of first-row transition metal compounds is often intriguing as it may
involve variable oxidation states, one-electron changes, paramagnetism, weak metal-
carbon bonds, and radical intermediates, which in turn pose unique opportunities and
challenges for the rational design of well-defined catalytic systems [1]. Mechanistic
understanding of the catalytic cycle is crucial in finding novel reactivity aided by
conceptual catalyst design for future developments. It is essential to consider here
that the intrinsic properties and the coordination geometry of the 3d transition metal
can significantly influence the catalytic processes [2]. In general, transition metals in
different groups have a rich diversity in oxidation states, electronic structures, and
atomic radii [3]. These differences have an important impact on the geometry,
reaction mechanism and catalytic activity [4].

Over the years, transition metal-catalyzed dehydrogenation reactions have capti-
vated researchers with their continuous evolution and intrigue. Traditionally, it was
believed a “classical” metal hydride formation through β-hydride elimination was
the only potent catalytic intermediate in alcohol dehydrogenation. But, especially
with first-row transition metals, this is not always the case. Sometimes, it is not
favorable, and even when it happens, these first-row metal hydrides can be tricky due
to their low stability. This is because 3d metal complexes have weaker M-H bonds
than their 4d and 5d counterparts [5], adding complexity. Hence, the catalytic
pathway may often involve other intermediates in equilibria facilitated by
non-innocent ligands. The ancillary ligands in any 3d-metal catalyst have much
more to offer than just provide an electronic environment [6–9]. Traditional organ-
ometallic catalysts operate via single-site mechanisms in which all key transforma-
tions occur exclusively at the metal center and the ligands act as mere spectators.
However, with the advent of redox active ligands [8] or structurally responsive
ligand systems [9], the reactivity is no longer restricted to the metal center alone,
and the concept of metal-ligand cooperativity (MLC) came into light. While the
mechanistic pathways of 3d-metal complexes in (de)hydrogenation catalysis is not
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entirely mapped out, unlike their noble metal counterparts, reasonable progress has
been made. This perspective analyses successes in this area from a mechanistic point
of view.

1.2 Scope of This Chapter

The primary purpose of this chapter is to highlight the mechanistic landscape of
non-precious transition metal complexes with respect to dehydrogenation reactions
and to showcase the opportunities and challenges that lie therein. The impact of the
substrate-catalyst interaction mode, metal-ligand cooperativity and their conse-
quences will be considered. With focus on underlying concepts, this chapter is
essentially categorized into dehydrogenation pathways for each metal, followed by
some representative prominent examples of a broad diversity of ligand types and
promoted reaction pathways. A selection of examples will be drawn from stoichio-
metric reactions that are relevant to the catalytic pathway and the connection
between ligand dynamics and reaction intermediates will be looked into.

1.3 Substrate Interaction with Catalyst in Dehydrogenation
Reactions

In non-precious metal-catalyzed dehydrogenation, alcohols are extensively investi-
gated, while substrates like formic acid or heterocycles have received more limited
attention. The activation of the substrate by the metal complex can involve two
possible pathways: outer-sphere or inner-sphere. In the outer-sphere pathway, for
instance with alcohols, the proton and C-H atom transfer to the catalyst occurs
simultaneously via a four-membered transition state. Alternatively, a stepwise pro-
cess can occur, involving separate proton and hydride transfers, or proton delivery to
an external base (Scheme 1). In the inner-sphere mechanism, it is a stepwise process
where a ligand initially withdraws a proton to form a metal alkoxide intermediate,
which then transforms into a metal hydride. Variants with external base assistance
also exist. Thus, a myriad of different mechanisms of substrate interaction is
available in this area of catalysis [10]. A dehydrogenation catalyst’s activity
(in other words, TOF) hinges on two crucial structures: the resting state
(TOF-determining intermediate, TDI) and the transition state that governs the
turnover frequency (TDTS) [11]. There have been multiple research studies in this
realm throughout the past decade that challenge the traditional notion of concerted
reactions and investigate the actual stepwise nature of key transition states in a much
more complicated mechanistic pool [12].
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1.4 Cooperative Effects in 3d Transition Metals

The bifunctional pathway is possible for catalysts that possess a Lewis acidic metal
center and a Brønsted basic cooperative site in a ligand. (De)hydrogenation reactions
by metal-ligand cooperativity (MLC) typically involve polar substrates (e.g., alco-
hols, formic acid) that utilize the combination of proton and hydride transfers
[13, 14]. Most explored MLC systems are based on N-donor ligands or other
donor atoms (carbon, oxygen, sulfur, and boron). This characteristic cooperativity
plays a vital role in the enhancement of the performance of first-row transition metal
catalysts, where both the metal and ligand work synergistically in the bond activation
process [15]. Multifunctional ligands of such kinds can be broadly divided into three
categories based on their mode of action: (a) cooperativity via C-H/N-H (de)-
protonation (b) hemilability via coordination/decoordination, and (c) redox activity
(Scheme 2). First-row transition metals are also capable of existing in multiple spin-
states and favorable electronic structures, which can effectively aid catalysis. Thus,
not only this is a more attractive option, but also a promising ground for novel
reactivities and selectivities [16].

Coined by Jeffrey and Rauchfuss in 1979 [17], the term hemilability in a ligand
refers to a hybrid polydentate ligand where one donor atom can reversibly dissociate
in solution to open up a coordination site, while maintaining at least one group firmly
bound to the metal center to stabilize reactive catalytic intermediates. The prime
advantage in this strategy is that the labile donor group can re-associate rapidly to the
metal center when needed as compared to dissociation of a monodentate ligand.
Hemilability of a bidentate chelate leaves the ligand vulnerable to further dissocia-
tion, but in case of a pincer the hemi-dissociated state is still firmly held by the
chelate effect and is thus expected to be much more robust [18].

Scheme 1 Mode of alcohol activation either by an inner-sphere or an outer-sphere pathway
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Redox non-innocent ligand systems are characterized by their ability to facilitate
distinct electronic events directly involved in catalytic cycles or stoichiometric
transformations [19, 20]. These redox-active ligands play an active role in catalytic
reactions, as they can either donate or accept single electrons within their framework,
ensuring that the metal center remains in a constant oxidation state throughout the
entire process.

2 Case Studies on the Mechanism of Manganese-Catalyzed
Dehydrogenation Reactions

As the third most abundant transition metal, manganese (Mn) has proved its mettle to
be one of the best contenders for replacement of noble metals for catalyst develop-
ment. Incidentally, Mn-pincer complexes in dehydrogenation reactions that are a
rage (intensively investigated) now, were barely explored up until 2016. Active
manganese complexes reported prior to that are mainly based on salox/salen ligands
or redox-active bis(imino)pyridine (PDI) ligands. Such ligands act as electron
reservoirs, enabling the metal center to maintain common oxidation states and
undergo two-electron redox processes to equate catalytic performance with noble-
metal catalysis [16, 21, 22].

2.1 Bifunctional Manganese(I) Complexes

An in-depth literature survey shows that Mn(I) complexes dominate the contribu-
tions in the field of dehydrogenation reactions. Among them, alcohol dehydrogena-
tion is one of the largest-volume applications till date (2016–2023). While many

Scheme 2 Modes of cooperative effects in transition metal catalysis involving multifunctional
ligands
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established Mn(I) catalyst systems with a symmetric ligand scaffold are well
explored for dehydrogenation reactions, nonsymmetric variants have been compar-
atively studied less. In 2016, Kempe introduced triazine base Mn(I)-PNP pincer
complex for the acceptorless dehydrogenative coupling of alcohols and amidines
[23]. Simultaneously, the groups of Milstein and Beller also reported Mn(I) pincer
complexes for alcohol dehydrogenation [24, 25]. Since then, phosphine-based Mn
(I)- (PNP or NNP) pincer complexes have gone through rapid development as an
emerging field in alcohol dehydrogenation as summarized in (Scheme 3). In the
reaction pathway these Mn(I) complexes initially leads to the formation of stable
alkoxide-Mn species which is the resting state of the catalytic cycle. A couple of
pathways for converting alkoxide-Mn intermediates into catalytically active
Mn-hydride species have been proposed. The most widely accepted among them
are (a) concerted proton/hydride transfer (outer sphere) and (b) stepwise activation
(inner-sphere β-H elimination mechanisms) assisted by an internal base.

In the concerted pathway, the key species for Mn(I) pincer complexes is the
generation of a Mn(I)-hydride via a deprotonated PNP ligand in the presence of base.
Upon comparison of Kempe’s [Mn]-1 [23] and Kirchner’s [Mn]-4 [26], both
complexes feature almost the same ligand framework with the important difference
that the former contains a halide ligand, and the latter in its hydride form. This detail
makes the two complexes follow different pathway for alcohol dehydrogenation. In
the first case, complex [Mn]-1a is generated by salt elimination which in the
presence of an alcohol undergoes concerted activation to form alkoxy complex
[Mn]-1b (Scheme 4a). The alkoxy complex is then proposed to undergo a
β-hydride elimination liberating the aldehyde and the hydride complex [Mn]-1c.
Proton shuttle liberates H2 and thereby regenerating [Mn]-1a [27–33]. In the latter
case, the precatalyst [Mn]-4 undergoes a proton transfer to the hydride forming a
dihydrogen complex [Mn]-4a [26]. H2 liberation generates the active catalytic
species [Mn]-4b which subsequently dehydrogenates the incoming alcohol in a
concerted approach (Scheme 4b). It is noteworthy to mention here that in a separate
report by Kempe, complex [Mn]-1 showcases a cation (K or Na) dependent switch-
able reactivity between borrowing hydrogen or hydrogen-autotransfer reaction under
identical catalytic conditions [28]. Mechanistic study by an in-depth DFT calcula-
tions showed direct impact of the potassium ion on lowering energy of the involved
transition states thereby providing stability to promote borrowing hydrogen
reactivity [34].

PNP-Mn(I) complex [Mn]-3 as mentioned earlier was first introduced by Beller
for dehydrogenation [15]. The precatalyst [Mn]-3 undergoes an initial base mediated

Scheme 3 Phosphine-based Mn(I)- (PNP or NNP) pincer complexes in alcohol dehydrogenations
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debromination to form a Mn-amido complex [Mn]-3a which is the key active
catalytic intermediate in the mechanistic pathway (Scheme 5a) [15, 35–39]. This
amido complex activates an external alcohol to give [Mn]-3b.At this stage, owing to
the lack of a vacant site in the coordination sphere, Beller proposed the formation of
the Mn-hydride [Mn]-3c to proceed by internal base assisted β-H abstraction via an
amidate transition state [Mn]-3b-TS followed by protonation. Liberation of H2

regenerates [Mn]-3a. This amido pathway, as originally proposed, has later been
proved by other groups on multiple occasions [40–42]. However, there is still no
direct evidence for the involvement β-H transfer to an internal base. All the reports in
the subsequent years, have suggested the formation of [Mn]-3c directly from
[Mn]-3b [40, 43–46].

In 2017, Gauvin used DFT calculations to uncover the true pathway of alcohol
dehydrogenation in a Mn-amido-mediated mechanism involving [Mn]-3 [47]. As
proposed, the alkoxy species formed after alcohol activation with amido complex
[Mn]-3a is energetically stable (considered resting state). In this context, Gauvin
found that hydrogen release from the amino-hydride intermediate was found to be
more energetically determining. Instead, a pathway involving an outer-sphere dehy-
drogenation of the alcohol into aldehyde via [Mn]-3b’ was found to be less
energetically demanding (Scheme 5b). Thus, the Mn-amido pathway for alcohol
dehydrogenation, particularly in case of [Mn]-3, does not involve the formation of
an “Mn-alkoxy intermediate.” This behavior was attributed to trans effect of the
strongly π-accepting carbonyl groups.

In 2017, Milstein introduced a Mn(I)-PNP [Mn]-6 complex featuring a benzylic
backbone structure that enables activation of the benzylic C–H bond within the

Scheme 4 Comparative catalytic pathway of alcohol dehydrogenation between phosphine-based
Mn(I)-PNP pincer complexes (a) [Mn]-1 and (b) [Mn]-4
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ligand framework. [Mn]-6 dehydrogenates methanol in a metal-amido pathway but
via an inner sphere mechanism. It was found that [Mn]-6 favors the formation of a
thermodynamically stable C-metalated complex [Mn]-6′ attained via intramolecular
C–H bond activation (Scheme 6) [41]. Under stoichiometric reaction conditions, the
catalytic intermediates [Mn]-6 and [Mn]-6’ were isolated and structurally

Scheme 5 (a) Mechanism of internal base assisted β-H abstraction pathway for phosphine-based
Mn(I)-PNP pincer complex [Mn]-3. (b) Computed mechanistic pathway of [Mn]-3 for alcohol
dehydrogenation
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characterized High level DFT calculations reveal that a polar molecule (water or an
alcohol) has prominent role in facilitating the proton transfer for the interconversion
between the kinetic complex [Mn]-6 and its thermodynamic isomer [Mn]-6′ [48].

In the same year, Milstein introduced Mn(I)-PNN complex [Mn]-7 wherein he
proposed an inner sphere dehydrogenation pathway [49, 50]. Given the ligand
structure, it can be expected to exhibit MLC via aromatization/dearomatization as
known in literature [51, 52]. Nonetheless, according to stoichiometric NMR exper-
iments, the deprotonation took place on the NH site rather than at CH2 position of the
ligand arm, to form an amido complex [Mn]-7a, which after alcohol activation gave
the intermediate [Mn]-7b, undergoing β-hydride elimination of the bound alkoxy
group likely via amine “arm” opening intermediate [Mn]-7c (Scheme 7). Thereby,
making this pathway different from those of PNP systems which do not bear a
potential hemilabile pincer amine arm, wherein an outersphere mechanism has been
proposed to be operative (e.g., Mn(I)-PNP complex [Mn]-3). It is noteworthy to
mention here that in complex [Mn]-6, despite having a PNP ligand system, the
alcohol dehydrogenation is proposed by an inner sphere mechanism aided by
hemilability of central NH coordination site (intermediate [Mn]-6b, Scheme
Mn-6) [41].

In another interesting variant of Mn(I) complexes, Milstein demonstrated the
synthesis of acridine-based Mn-PNP complex [Mn]-8 [53]. Reaction with an excess
of sodium borohydride leads to formation of a novel azaborametallacyclic complex
[Mn]-8a which was found to be active for dehydrogenation reactions (Scheme 8a).
To isolate the possible active organometallic amido intermediate, without the boron-

Scheme 6 Mechanism of Mn(I)-PNP benzylic pincer complex [Mn]-6 for alcohol
dehydrogenations
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bridged moiety, stoichiometric experiments conducted in the presence of NH3 gas as
external ligand, yielded valuable insight. This experiment indicated towards the fact
external alcohol can be the driving force for generation of a five-coordinated amido
active species [Mn]-8c from either [Mn]-8a or [Mn]-8b. Owing to the less basic
nature of the amido nitrogen of the ligand, alkoxide-assisted alcohol dehydrogena-
tion via a six-membered transition state and dihydrogen liberation mechanism is
proposed (Scheme 8b).

Speaking of phosphine free Mn(I)-(NNN or NNS) catalytic systems (Scheme 9),
initially Maji described a Mn complex derived from hydrazone type NNN pincer
ligand [54, 55]. Deprotonation in presence of base generates the active catalyst
[Mn]-9 which undergoes alcohol activation in an inner-sphere concerted pathway
(Scheme 10a). The prime advantage is that such nitrogen donor-based ligands
[56, 57] are bench stable, and in situ catalyst formation provides opportunity rapid
optimization without any loss in activity. Srimani introduced NNS pincer Mn
(I) complex [Mn]-11 which participates in dehydrogenation involving an amido
pathway (via intermediate [Mn]-11a) which is discussed in detail in the previous
examples [58–61]. DFT calculations carried out by Srivastava and Srimani revealed
that the amide complex [Mn]-11a dehydrogenates alcohol by forming a hydrogen
bonded alcohol adduct [Mn]-11b followed by an outer sphere hydride and proton
abstraction (Scheme 10b) [62].

The dehydrogenation of formic acid is highly significant due to its abundant
hydrogen content and its ability to provide hydrogen storage with zero carbon
emissions. By catalytically decomposing formic acid, an ideal mixture of carbon

Scheme 7 Mechanistic
pathway of a Mn(I)-PNN
complex [Mn]-7 bearing a
hemilabile arm for alcohol
dehydrogenation
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Scheme 8 (a) Formation of a novel azaborametallacyclic complex [Mn]-8a and its reactivity (b)
Proposed mechanistic pathway of acridine-based Mn(I)-PNP complex [Mn]-8 for alcohol
dehydrogenation

Scheme 9 Phosphine free Mn(I)- (NNN or NNS) pincer complexes in alcohol dehydrogenations
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dioxide (CO2) and hydrogen gas (H2) can be obtained, which has diverse applica-
tions, including fuel cell technology [63]. In this context, Tondreau and Boncella
were the first to report on the utilization of the Mn(I)-PNP complex [Mn]-3 for
catalyzing formic acid (FA) dehydrogenation [64]. Subsequently, the same research
group introduced an enhanced system for FA.

Dehydrogenation using the Mn(I)-PNNOP complex [Mn]-13 can achieve signif-
icantly higher turnover numbers (TON) (Scheme 11a) [65]. The catalytic mechanism
of this transformation involving [Mn]-13 was investigated by Marino et al. through
computational studies [66]. These studies revealed the essential role of an amine
base not only in facilitating the deprotonation of formic acid (FA) but also in
enabling the liberation of H2, acting as a proton-donor species (Scheme 11b).
Computational analysis indicated that the reaction proceeds through the formation
of a formate complex [Mn]-13a, which subsequently releases CO2 and forms the Mn
(I)-hydride intermediate [Mn]-13c. The liberation of H2 then takes place via an
amine-assisted pathway. In the following years, additional reports on Mn
(I) complexes employing both phosphine-based [67] and phosphine-free [68, 69]
ligands have emerged.

2.2 Manganese(II/III) Complexes

In the context of a continuous quest for methods that can apply non-precious metals
and simpler ligands, Kaur introduced the use of 2,2′:6′,2″-terpyridine (Terpy)

Scheme 10 Mechanistic pathway of alcohol dehydrogenation for phosphine-free (a) Mn(I)-NNN
type pincer complexes and (b) Mn(I)-NNS type pincer complexes
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ligands with Mn(II) salts in dehydrogenative functionalization of alcohols [70]. The
Mn-Terpy system was speculated to form a dinuclear complex, which can control the
necessary oxidation state change during dehydrogenation. Independently, Banerjee
[71] and Balaraman [72] have also developed and disclosed inexpensive manganese-
catalytic systems, free of phosphine ligands, which effectively facilitate the dehy-
drogenation of alcohols. However, no experimental or theoretical investigations
have been conducted to gain a deeper understanding of the underlying mechanism
at play. Later, Balaraman et al. reported a NNN-Mn(II) pincer complex [Mn]-16 for

Scheme 11 (a) Mn(I) complexes employed for dehydrogenation of formic acid. (b) Proposed
mechanistic pathway of Mn(I)-PNNOP complex [Mn]-13 for FA dehydrogenation
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dehydrogenation of secondary alcohols [57]. The proposed mechanistic pathway is
similar to the one followed by Mn(I)-NNN complexes except the initial precatalyst
activation occurs by a base assisted dehalogenation and an Mn(II)-amido complex
formation [Mn]-16a (Scheme 12). The amido complex [Mn]-16a activates the
alcohol by a β-hydride elimination to give the Mn(II)-hydride [Mn]-16c via Mn
(II) alkoxy intermediate [Mn]-16b. Subsequent H2 liberation completes the cycle.

In an intriguing publication, the Madsen et al. presented the first example of
acceptorless alcohol dehydrogenation catalyzed by a Mn(III)-salen complex
[Mn]-17 (Scheme 13) [73]. For the mechanism, Mn(salen)OBn complex
[Mn]-17a generation under basic conditions was considered the first step. Initially,
it was hypothesized that the complex would undergo β-hydride elimination. How-
ever, it was calculated that the activation energy for this process was excessively
high (37.9 kcal mol-1), which was primarily attributed to the absence of an available
coordination site. Consequently, an alternative reaction pathway was identified,
where the β-hydride was abstracted by the imine carbon of the salen ligand (inter-
mediate [Mn]-17c). Thus, the key active catalytic species [Mn]-17d, where one
imine is hydrogenated to the amine and the other is reduced to an amide ligand
formed. Subsequently, [Mn]-17d dehydrogenates another unit of alcohol by an
outer-sphere hydrogen transfer pathway leading to the formation of a Mn(III)
hydride [Mn]-17i. Liberation of hydrogen gas from the Mn(III) hydride intermediate
completes the cycle. The same group has also reported the use of Mn(III) porphyrin
chloride complexes in dehydrogenation of both primary and secondary
alcohols [74].

Scheme 12 Mechanistic pathway of a Mn(II)-NNN dichloride complex [Mn]-16 for dehydroge-
nation of secondary alcohols
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3 Case Studies on the Mechanism of Iron-Catalyzed
Dehydrogenation Reactions

The abundance of iron (Fe) in earth’s crust and it being an integral part of metabolic
processes including non-toxic disposal pathways in biological systems has prompted
a renaissance in the use of Fe-catalysts [75]. Notably, iron is hailed as the most
versatile catalytic metal next to palladium in homogeneous catalysis as it finds uses
in diverse areas of organic synthesis [76]. Nonetheless, its reactivity and selectivity
currently exhibit comparable performance to state-of-the-art catalysts based on
precious metals [77]. Iron-catalyzed synthetic transformations have demonstrated
remarkable efficiency, making them a prominent subject of focus in contemporary
scientific research. Contrary to their widespread applicability in other fields such as
catalytic hydrogenation, the development of homogeneous Fe-catalytic systems for
the dehydrogenation process has been comparatively limited [78].

Scheme 13 Proposed mechanistic pathway of a Mn(III)-salen complex [Mn]-17 for dehydroge-
nation of alcohols
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3.1 Bifunctional Iron(II) Complexes

In bifunctional catalysis, the [P,N] multidentate scaffold has been continually at the
forefront of MLC. Isoelectronic and isolobal to Mn(I) pincer complexes, Fe
(II) pincer complexes have same amido/amine hydride in situ generated catalyst
states as the key intermediates. The mainstay behind the accomplishments of this
strategy are the σ-donating strong-field phosphine ligands which stabilize the active
catalyst species in low spin states [particularly with d6 manganese(I) and iron
(II)] [79].

In 2013, Beller reported the first PNP Fe-borohydride complex [Fe]-1a for the
dehydrogenation of methanol [80] followed by other reports in alcohol dehydroge-
nation [81, 82]. The authors established external base assisted formation of Fe-amido
complex [Fe]-1 as the catalytically active intermediate based on initial mechanistic
experiments (Scheme 14a). The same Fe-borohydride complex was utilized by Jones
and Schneider in the dehydrogenation of primary and secondary alcohols
[83]. Detailed DFT-based energy calculations for the possible intermediates
reconfirmed the critical role of MLC involving the N–H moiety in the alcohol
dehydrogenation. The Fe-amido active complex was suggested to dehydrogenate
alcohol either in a stepwise or concerted fashion. Although experimentally incon-
clusive, DFT calculations highlighted the concerted pathway to form a Fe
(II) dihydride species has a lower activation barrier over a stepwise alkoxide
formation pathway (Scheme 14b). Also, based on stoichiometric experiments it
was found that under low H2 concentrations, the Fe(II) dihydride complex can
undergo decomposition to Fe(0) species via reductive elimination of H2.
Bernskoetter et al. subsequently reported an improved procedure for the direct use
of catalytically active PNP Fe-amido complex [Fe]-1 for methanol reformation [84].

In a separate study, Kirchner presented the application of a comparable
Fe-complex containing his triazine-based PNP pincer ligand framework (Scheme
14c) [85, 86]. The precatalyst [Fe]-2a dehydrogenates alcohol in the presence of
base and forms the active hydride complex [Fe]-2 through an alkoxy intermediate
[Fe]-2b. The active hydride complex [Fe]-2 is regenerated by H2 liberation via a
dihydrogen complex [Fe]-2d initiated by another molecule of incoming alcohol.

Redox-noninnocent azoaromatic pincers featuring NNN donor atoms represent
an intriguing category of Fe(II)-catalytic systems for alcohol dehydrogenations
[87]. The iron(II) catalyst [Fe]-3 was shown to undergo one-electron reduction on
the ligand framework to form [Fe]-3a as the catalytically active species. Mechanis-
tically the reaction proceeds by coordination of the deprotonated alcohol to the
active catalyst [Fe]-3a followed by hydrogen atom abstraction by the azo framework
from the α-carbon of the coordinated alcohol (Scheme 15). The generated
O-coordinated ketyl radical anion [Fe]-3c is proposed to undergo rapid
one-electron oxidation to afford the desired carbonyl compound. Intermediate
[Fe]-3d activates another incoming molecule of alcohol forming the anionic Fe
(I) complex [Fe]-3e. The Fe(I) intermediate is oxidized back to Fe(II) by aerobic
oxidation leaving H2O2 as the by-product. On the basis of kinetic and spectroscopic
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Scheme 14 (a) Fe-amido complex [Fe]-1 as the in situ catalytically active intermediate (b) General
mechanistic pathway for PNP Fe(II)-pincer complexes for alcohol dehydrogenation. (c) Pathway
for triazine-based Fe-PNP complex [Fe]-2a in alcohol dehydrogenation
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data, this 2e-/2H+ oxidation reaction via stepwise HAT process is satisfactorily
established. Nevertheless, additional information regarding the electronic structures
of the putative iron(I) intermediates is necessary to obtain a conclusive understand-
ing of the mechanistic framework at play. Further investigations and clarifications
are needed to elucidate this aspect.

Beller et al. made a nice contribution to the field of formic acid dehydrogenation
by developing an iron-catalyzed process with high catalytic efficiency [88]. They
utilized Fe(II) salts in combination with PP3 (tris[(2 diphenylphosphino)ethyl]phos-
phine) ligands. This opened new avenues for efficient hydrogen generation from
formic acid and advanced the understanding of catalytic systems for this reaction
[89]. Based on high pressure in situ NMR studies and DFT insights, the authors

Scheme 15 Mechanistic pathway for NNN Fe(II)-azoaromatic pincers for dehydrogenation of
alcohols via aerobic oxidation
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proposed two possible catalytic routes as shown in (Scheme 16) both of which
involves [FeH(PP3)]

+ [Fe]-4 as the catalytically active species. In first case, initial
coordination of FA leads to a formate species [Fe]-4a along with the concerted
liberation of H2. Further β-hydride elimination followed by CO2 elimination regen-
erates the active species [Fe]-4. Alternatively, initial coordination of FA can lead to
hydrido formate species [Fe]-4d which was computationally found to be much more
energetically stable than formate complex [Fe]-4a. Another β-hydride elimination
accompanied by protonation, releases CO2 to form species [Fe]-4e. Subsequent
elimination of H2 completes the cycle.

Use of Iron pincer catalysts for selective FA decomposition was first demon-
strated by Milstein et al. by employing a trans dihydride Fe(II)-PNP complex [Fe]-5
[90]. Following this, Kirchner and Gonsalvi also described the use of Fe(II)-PNP
pincer hydrido carbonyl complex [Fe]-6 based on the 2,6-diaminopyridine scaffold
for decomposition of formic acid under similar catalytic conditions [91]. Mechanis-
tically, both these reactions rely on the formation of η1-O hydrido formate interme-
diate for efficient activity. In the first case, since the precatalyst [Fe]-5 is a dihydride
complex, there is a need for generation of vacant side for dehydrogenation to occur.
Therefore, the authors proposed that an initial protonation assisted by formic acid
occurs leading to the formation of a σ-H2 complex [Fe]-5a. Subsequent H2 liberation
creates a vacant site for the coordination of formate to form [Fe]-5c (Scheme 17a). It

Scheme 16 Mechanistic pathway for Fe(II) and PP3-catalyzed dehydrogenation of FA
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is noteworthy to highlight here that [Fe]-5c is a coordinatively saturated species and
a traditional β-hydride elimination is unlikely unless there is another hemilabile
ligand involved. Based on computational calculations, the authors proposed a
non-classical β-hydride elimination wherein regeneration of the dihydride complex
[Fe]-5 from η1-O hydrido formate species [Fe]-5c involves a η1-H hydrido formate
intermediate [Fe]-5c’ (Scheme 17b). Although there is no isolated structural evi-
dence, this η1-H hydrido formate intermediate for facile CO2 elimination is also
proposed by Kirchner and Gonsalvi [91].

Here the precatalyst [Fe]-6 activation occurs by bromide abstraction giving a
coordinatively unsaturated cationic species [Fe]-6a (Scheme 18a). Similar to
Milstein’s proposed mechanism, formate coordination followed by η1-O to η1-H
coordination switch gives dihydride intermediate by CO2 elimination. Finally, a
protonaion and subsequent release of H2 completes the cycle. In a seminal report,
Hazari and Schneider showed that the use of catalytic amounts of Lewis acid as the
co-catalyst can dramatically increase the turn over number (TON) of the formic acid
decomposition when an PNP type Fe(II) pincer complex [Fe]-7 is used [92]. With
the support of stoichiometric experiments, it was reasoned that Lewis acid assists in

Scheme 17 Mechanistic pathway for (a) PNP-Fe(II)-trans dihydrido complex for formic acid
decomposition. (b) non-classical β-hydride elimination from [Fe]-5
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the stabilization of the H-bound formate intermediate prior to decarboxylation
(Scheme 18b).

Dehydrogenation of nitrogen-containing compounds has garnered significant
attention as well in the recent years. Dehydrogenation of ammonia-borane (AB) is
of interest owing to its hydrogen storage capability. In a mechanistic study report,

Scheme 18 Mechanistic pathway for (a) Fe(PNP) pincer hydrido carbonyl complexes for formic
acid decomposition. (b) Lewis acid as co-catalyst along with Fe(PNP) pincer complexes
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Guan demonstrated the use of a POCOP-pincer ligand in Fe catalysis employing
[Fe]-8 for improved stability in AB dehydrogenation [93]. As seen from mechanistic
cycle (Scheme 19a), the dissociation of the trans-Pme2Ph (relative to the hydride)
provides a vacant coordination site for the AB substrate activation. The borane
coordinated Fe-intermediate [Fe]-8b undergoes simultaneous cleavage of both the
N – H and B – H bonds of AB, which in turn causes the protonation of the ipso
carbon of the aryl ligand via [Fe]-8c and liberation of Fe-dihydride species [Fe]-8d
along with free aminoborane. This particular step, proposed as the rate-determining
step, is consistent with kinetic isotope experiments (KIE). Subsequently, the elim-
ination of H2 from the dihydride intermediate [Fe]-8d restores the iron ipso-arene
bond.

Schneider also illustrated the use of the aliphatic PNP pincer Fe-dihydrido
carbonyl complex [Fe]-1a’ as a highly active catalyst AB dehydrogenation at
room temperature. Investigating the dehydrogenation mechanism via DFT led the
authors to propose a bifunctional MLC catalytic cycle in which the dehydrogenation
of AB proceeds via an outer sphere stepwise 1,2 hydride addition to across the Fe-N
bond of the catalyst (Scheme 19b) [94]. It is essential to note here that ligand
cooperativity plays a crucial role in elimination of H2 as well as in stabilizing
intermediates through hydrogen bridging of the pincer ligand. The aliphatic PNP
pincer Fe-hydrido carbonyl complex is also utilized for dehydrogenation of
tetrahydroquinoline, wherein it follows a similar mechanistic pathway with
dihydrido Fe-complex as the key intermediate [95].

Scheme 19 Proposed mechanistic pathway for (a) POCOP-Fe pincer complex for dehydrogena-
tion of ammonia boarane (AB). (b) Fe(PNP) pincer hydrido carbonyl complexes for ammonia
borane dehydrogenation
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3.2 Bifunctional Iron(0) Complexes

Following the groundbreaking studies on Shvo’s highly effective catalytic system
[96], the utilization of cyclopentadieneone ligand systems has undergone significant
development into various reaction platforms. Considering its abundance and
non-toxic nature, iron emerged as the primary candidate for incorporating
cyclopentadienone ligands. The Fe(0) complex [Fe]-9, initially synthesized by
Knölker [97], has found versatile applications in diverse reactions. Guan demon-
strated the initial Fe-based dehydrogenation of alcohols, which was accomplished in
the presence of acetone acting as both the solvent and hydrogen acceptor (Scheme
20a). Thereafter, various other Knölker type Fe(0) complexes has been reported and
extensively studied for alcohol dehydrogenations, particularly in borrowing hydro-
gen reactions [98–105]. In all these cases, the proposed mechanism for alcohol
activation primarily centers around an outer-sphere dehydrogenation pathway, as
illustrated in Scheme 20b.

Upon thermal or photolytic treatment of [Fe]-9, mono decarbonylation takes
place, leading to the formation of a vacant site [Fe]-9a. The presence of a base
(particularly its cationic part) facilitates an outer-sphere concerted alkoxy dehydro-
genation process by lowering the activation energy of relevant transition state
[Fe]-9e. This leads to the liberation of corresponding carbonyl product along with
the formation of an active Fe-H catalyst [Fe]-9f with an ƞ5-cyclopentadienyl ligand.

Scheme 20 Mechanistic pathway of Knölker type Fe(0) complexes bearing cyclopenadieneone
ligands for (a) dehydrogenation of alcohols in presence of hydrogen acceptor (b) acceptorless
dehydrogenation of alcohols
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4 Case Studies on the Mechanism of Cobalt-Catalyzed
Dehydrogenation Reactions

Cobalt is another base metal that enjoyed persistent attention ever since many
developed techniques by the noble metals were reinvestigated with base metals to
achieve the same or the unique reactivity offered by the 3d metals [106]. This has
resulted in notable advancements and led to the discovery of uncharted mechanistic
pathways in the realm of catalysis. The reason being that cobalt complexes can
exhibit variety of oxidation states (+3, +2, +1, 0, and -1) and can proceed through
both one- and two-electron redox processes [107]. This ability to undergo multiple
oxidation and spin states is a unique characteristic of cobalt complexes and contrib-
utes to their exceptional catalytic activity and selectivity.

Owing to such unique reactivity, researchers across the world continue to inves-
tigate the potential of cobalt-catalyzed reactions, seeking new applications and
uncovering novel reaction mechanisms. In particular, among many other reactions,
cobalt-catalyzed alcohol dehydrogenations and related transformations have also
emerged as a stirring area of research [108].

4.1 Bifunctional Cobalt(II/III) Complexes

In literature, a significant portion of the catalytically active complexes involved in
dehydrogenation reactions are Co(II)-pincer complexes [109]. While many of these
complexes feature a phosphine ligand framework, there have also been instances
where phosphine-free NNN tridentate pincer ligand systems have been utilized. In
2013, in a seminal work Hanson presented the first cobalt(II)-PNP alkyl pincer
complex ([Co]-1) for the dehydrogenation of primary alcohols [110]. In a stoichio-
metric experiment targeted at trapping reactive intermediate, the formation of the
cobalt(III) acetylphenyl hydride complex was observed [111] (Scheme 21a). Fur-
thermore, a reaction with 1-phenylethanol-d8 reconfirmed the source of hydride
(Scheme 21b).

Contrary to an outer-sphere mechanism that requires participation of the central
nitrogen on the pincer ligand (as discussed in cases of Mn and Fe; Scheme Mn-5 and
Scheme Fe-1b respectively), in this case of cobalt catalytic system, alcohol dehy-
drogenation pathway did not proceed by the traditional MLC pathway. The PNHPCy
backbone behaved only as a spectator ligand and the innocence of NH moiety was
confirmed by other spectroscopic techniques as well. Thus, [Co]-1a as the catalyst
resting state was validated. The reaction proceeds as follows: Reductive elimination
from [Co]-1a produces a cobalt(I) intermediate and acetophenone, which allows for
ligand exchange at the cobalt center. Subsequently, 1-phenylethanol enters the
cobalt(I) coordination sphere, leading to the oxidative addition of the O - H bond
and the formation of a cobalt(III) alkoxide complex [Co]-1c. This complex then
undergoes β-hydride elimination, resulting in the generation of a cobalt(III)
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dihydride complex [Co]-1d. The catalytic cycle is completed by the loss of hydrogen
and the coordination of either acetophenone or 1-phenylethanol (Scheme 22). The
detailed energetics is studied by Yang in a separate report which confers with these
observations [112]. It is worth noting that the overall reaction was found to be
reversible, as experimental evidence had demonstrated. Such a two-electron cobalt
(I)/(III) redox cycle has previously been reported by Caulton et al., wherein the
unusual unsaturated, paramagnetic and a high-spin triplet configuration cobalt(I)
(PNP′) complex showed similar cobalt(I)/(III) redox cycle upon hydrogen addition
[113]. Later, [Co-1] was also explored for various other applications involving
alcohol dehydrogenations [114–116] and heterocycle dehydrogenation [117].

Kempe [118, 119], Kirchner [120], and Milstein [121, 122] have each reported on
the application of Co(II)-PNP complexes for the dehydrogenation of primary alco-
hols (Scheme 23a). Notably, these ligand frameworks have been previously
employed with both Mn and Fe (refer to Sects. 1.1 and 2.1). What is intriguing is
despite having bifunctional ligand backbone, Kempe and Kirchner’s cobalt catalytic
systems require the use of stoichiometric amounts of base to activate the precatalyst,
whereas Milstein’s Co(II)-PNP complex does not. Although it would have been
insightful to explore the behavior of these complexes through stoichiometric reac-
tions, a limitation of these reports is that none of them offer a plausible catalytic
cycle or any stoichiometric experimental justification for the observed reactivity.

Scheme 21 (a) Formation of cobalt (III) acetylphenyl hydride complex in the dehydrogenation of
secondary alcohols. (b) Experimental evidence for the source of the hydride
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In 2019, Madsen revealed a rigid Co(II)-PNP catalytic system ([Co-6]) that was
formed in situ through the combination of cobalt salts and a specific ligand
[123]. Catalytic amounts of base and reductants were enough to drive the reaction.
Contrary to the previously proposed Co(I)-Co(III) catalytic cycle where the alcohol
first undergoes oxidative addition to the Co(I) complex to form a Co(III) alkoxide,
the alcohol dehydrogenation was proposed to proceed through an outer-sphere
hydrogen transfer mechanism instead (Scheme 23b). The initially formed Co
(II) complex is reduced in the presence of Zn to an unsaturated Co(I) intermediate.
Outer sphere alcohol activation generates a monohydride intermediate assisted by
the involvement of the NH moiety in the ligand. Following this, hydrogen gas is
eliminated to regenerate the active catalytic Co(I) species.

Ding demonstrated the use of a iPrPPPNHPyMe tetradentate tripodal ligand fea-
turing MLC by introducing a N-H linker in the dehydrogenation of both secondary
and primary alcohols [124–127]. As a part of initial study to understand reaction
mechanism, the authors synthesized the derivative complex [Co]-8 bearing a
dearomatized pyridine arm which showed comparable activity with the precatalyst
[Co]-7 and KOtBu as base (Scheme 24a). The findings suggested the involvement of
species [Co]-8 in the generation of the actual catalyst via dehydrohalogenation by
the base. Intriguingly, a N - Me substituted complex [Co]-9 exhibited similar
activity, indicating that the N - H linker does not play a crucial role in the metal-
ligand cooperation (MLC). Despite [Co]-7 being paramagnetic, the detection of a
diamagnetic hydride signal suggests the possible generation of a Co(I) or Co(III)
hydride [128] (Scheme 24b), which aligns with the mechanistic investigation
conducted by Hanson [111]. However, given that the N - H linker does not involve
in metal-ligand cooperativity, the mode of alcohol activation remains elusive.

Scheme 22 Proposed mechanism for Co(II)-(PNP) alkyl pincer complex [Co-1] for alcohol
dehydrogenation
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Commercially available Co(II) salts and a tetradentate phosphine ligand P
(CH2CH2PPh2)3(PP3) along with a base, is also a highly efficient catalytic system
in alcohol dehydrogenation, especially methanol. Liu utilized this catalytic system
for dehydrogenations applied in methylation reactions [129, 130]. Kundu studied
this catalytic system in detail leading to useful insights into the behavior of the Co
(II)/ PP3 system [131, 132] (Scheme 25). According to the proposed mechanism, the
initial step involves the base-assisted formation of a Co(I)-alkoxy intermediate.
Again, DFT calculations indicated that β-hydride elimination necessitates the disso-
ciation of one phosphine arm to create a vacant site. After the β-hydride elimination,
a Co(I)-H intermediate is formed which proceeds further in the catalytic cycle. The
existence of the Co(I)-H species is experimentally supported and validated.

The effectiveness of phosphine-free Co(II)-NNN pincer complexes has been
comparable to complexes containing PNP ligands. In 2018, Kundu [133, 134] and
Balaraman [135] independently reported on the use of Co(II)-NNN complexes for
alcohol dehydrogenation. Subsequently, Li [136] and Gupta [137] disclosed the

Scheme 23 (a) Phosphine-based Co(II) pincer complexes employed for dehydrogenation of
alcohols. (b) Proposed mechanism for Co(II)-(PNP) pincer complex [Co-5] for alcohol
dehydrogenation
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activity of various nitrogen-containing proton-responsive ligands and their
corresponding Co(II)-NNN complexes in dehydrogenation reactions (Scheme
26a). However, none of these studies invoked a detailed investigation into the
mechanistic pathways involved. In 2020, Gunanathan proposed a plausible mecha-
nism for the dehydrogenation process using a similar Co(II)-NNN complex [Co]-15
[138] (Scheme 26b). Initial base promoted dehydrohalogenation provides
coordinatively unsaturated intermediate [Co]-15a. This intermediate upon subse-
quent interaction with alcohol, results in O - H bond activation via MLC, and
generates alkoxy-complex intermediate [Co]-15b. Following this, β-hydride elimi-
nation of the alkoxy ligand in leads to formation of a monohydrido cobalt interme-
diate [Co]-15c and liberation of aldehyde. Intermediate [Co]-15c is proposed to be in
equilibrium with the nonclassical hydrogen-coordinated [Co]-15d, which can regen-
erate [Co]-15a by liberation of molecular hydrogen.

Now, in the context of alcohol dehydrogenation, Co(III) complexes have been
relatively less explored in the literature. Bala introduced an Im-NHC-based cationic
Co(III) complex that exhibits transfer hydrogenation (TH) activity [139]. A major
advantageous feature of Im-NHC ligands is their ability in fine-tuning the steric and
electronic properties of bound metal centers utilized in homogeneous catalysis. In
the presence of catalytic amounts of KOH as a base, the aforementioned Co(III)
complex demonstrated dehydrogenation of isopropanol. Based on insights from
liquid chromatography-mass spectrometry (LC - MS) data, the authors proposed
a mechanistic pathway as follows: the hemilabile imine N-donor allows for the
coordination of isopropanol, resulting in the formation of a metal alkoxy complex
[Co]-16a. Simultaneous formation of a metal hydride via β-hydride elimination and
external carbonyl insertion releases acetone along with intermediate [Co]-16c
(Scheme 27). Importantly, the presence of two hemilabile donor ligands in this

Scheme 24 (a) Tripodal Co(II) pincer complexes employed for dehydrogenation of alcohols. (b)
Cobalt hydride species detected by 1H NMR from the in-situ amine forming reaction in a J. Young
NMR tube
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saturated Co(III) system is crucial for creating vacant site enabling the formation of
the alkoxy complex and subsequent hydride generation. The cycle is completed
through subsequent hydride transfer and alkoxide exchange. Fang and Yang also
demonstrated the use of phosphine-free cobalt-NHC pincer complex in TH
reactions [140].

In a seminal report, Sundararaju reported on the dehydrogenation of secondary
alcohols using Cp*Co(III) complexes in the presence of acetone as solvent
[141]. These high valent coordinatively saturated Cp*Co(III) complexes have
found diverse applications, especially in borrowing hydrogen reactions [142–
144]. Owing to the lack of a vacant site at the metal center (which is crucial, as
established already in the aforementioned example), stoichiometric KOtBu as base
assists in the dehalogenation via the formation of KI. For elucidating the mechanistic
pathway involved in high-valent Cp*Co(III)-catalyzed dehydrogenations, detailed
and comprehensive energetic calculations using DFT on a well-defined Cp*Co(N,O)
I catalytic system by Poli and Sundararaju provided deeper insights [145]. Prelimi-
nary DFT calculations suggested the possibility of a catalytic resting state involving
the formation of a formally charged Co(I) species [Co]-17c (Scheme 28a).
According to the proposed mechanism, from the Co(III)-alkoxy intermediate (stable

Scheme 25 Proposed reaction pathway for a Co(II)/ PP3 catalytic system for dehydrogenation of
primary alcohols
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in the spin triplet state) [Co]-17a, the oxygen atom of the ligand arm abstracts the
β-hydride as a proton while simultaneously transferring 2 electrons to the metal
center. The metastable Cp*Co(III) alkoxy complex [Co]-17a-ii was spectroscopi-
cally characterized by utilizing alcohols containing electron-withdrawing CF3
groups (Scheme 28b).

This stabilization was subsequently verified in the established DFT pathway,
which reconfirmed that electron-withdrawing groups imparted stability to the inter-
mediates with energies up to -27.3 kcal/mol. Although direct evidence for the
electron-rich Co(I) resting state species is lacking, it was successfully trapped by
the subsequent addition of CO, resulting in the formation of an unusual spin-triplet

Scheme 26 (a) Phosphine-free Co(II)-NNN pincer complexes employed for alcohol dehydroge-
nation. (b) Proposed mechanism for Co(II)-NNN complex [Co]-15 in dehydrogenation of primary
alcohol
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20-electron adduct [Co]-17c-i that was characterized conclusively. Overall, the
combined findings from DFT calculations and experimental investigations provide
a robust confirmation of each other’s outcomes, shedding light on the previously
unexplored reductive alcohol activation pathway in metal-catalyzed dehydrogena-
tions. Also, this pathway, as supported by the findings, further reinforces the validity
of a Co(III)/Co(I) redox mechanism similar to the one proposed by Hanson [111].

In a recent study, Tang reported the use of a high-valent Cp*Co(N,N)I catalytic
system [Co]-18 for acceptorless dehydrogenation of alcohols, specifically targeting
coupling reactions to produce diverse heterocycles [146]. The complex incorporates
an NH group in the pyrazole unit, which serves as the site for metal-ligand cooper-
ation (MLC). This was confirmed by the isolation of a neutral complex [Co]-18a
after treatment with a base. Interestingly, when a catalyst with a methyl-substituted
pyrazole was employed, it exhibited poor reactivity, indicating the absence of MLC.
In contrast to the earlier proposed reductive activation pathway in Scheme Co-8, the
authors propose an outersphere metal-ligand synergistic dehydrogenation mecha-
nism similar to the one proposed by Madsen [123] (Scheme 29). According to this
proposal, the authors suggest the formation of a Cp*Co(III)-hydride via an interme-
diate of the type [Co]-18c, wherein dehydrogenation is proposed without the
generation of a coordinatively saturated alkoxy complex. However, no direct evi-
dence is provided for the generation of a cobalt-hydride species. The diversity of

Scheme 27 Proposed mechanism of a high valent NHC-based Co(III) complex for dehydrogena-
tion of isopropanol

A Mechanistic Analysis of Dehydrogenation Reactions with First-Row. . . 287



reaction pathways observed in cobalt-catalyzed dehydrogenation reactions, as
discussed here, underscores the intricate nature of these mechanisms. This complex-
ity emphasizes the range of possibilities for cobalt and probably other first-row
transition-metal complexes.

Scheme 28 (a) A new reductive activation computed pathway for dehydrogenation of secondary
alcohols using high valent Cp*Co(III) catalysts. (b) Trapping of the Co(III)-alkoxy and Co
(I) resting state by electron withdrawing groups/stabilizing agents
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5 Case Studies on the Mechanism of Nickel-Catalyzed
Dehydrogenation Reactions

5.1 Bifunctional Nickel(II) Complexes

The prominence of 3d-metal homogeneous dehydrogenation catalysis surged after
2013; however, the utilization of nickel in such reactions commenced at a much later
stage [147]. Nickel is known for its distinctive redox properties, which make it an
excellent candidate for catalysis and provide a range of rewarding and unique
reactivity. Nickel can readily switch between different oxidation states, such as Ni
(0), Ni(I), Ni(II), and Ni(III), enabling it to participate in various catalytic processes.
Despite being the second most abundant transition metal present in the earth’s crust
and having other promising attributes, the true potential of nickel is yet to be fully
realized. In a significant development, the research groups of Banerjee [148–150],
Bo Tang [151], Maji [152], and Baidya [153] independently put forth reports on the
application of Ni(II) salts, combined with bidentate or tridentate ligands, for the
dehydrogenation of alcohols. This marked the beginning of nickel catalysis in this
domain of dehydrogenation reactions (Scheme 30). In the following years, two other
commercially available Ni(II) systems were also demonstrated to be applicable
[154, 155]. To date, no experimental or theoretical investigations have been under-
taken to shed light on the mechanism of dehydrogenation by these systems, thereby
limiting a comprehensive understanding on the catalytic cycle.

Scheme 29 Proposed mechanism for acceptorless dehydrogenative coupling of alcohols using a
Cp*Co(N,N)I catalyst with a proton responsive unit
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In a seminal contribution, Adhikari presented the use of phosphine-free,
azo-phenolic Ni(II) complex [Ni]-6 bearing a redox-active ligand backbone
[156]. Although the redox non-innocence of this azo motif was previously recog-
nized, the authors demonstrated its application in dehydrogenation catalysis by
exploiting its close proximity to metal center. This proximity allowed the azo
functionality to participate directly in alcohol dehydrogenation, thereby
circumventing the need for the involvement of relatively unstable nickel hydride
intermediates. During the mechanistic investigation, it was found from DFT calcu-
lations that the binding of an alkoxide to an already tetra coordinated nickel complex
is not feasible due to the very high affinity for square planar geometry. Rather, one of
the phenolate arms of the ligand in [Ni]-6 was found to act as a hemilabile ligand
upon protonation, facilitating substrate(alcohol) binding (Scheme 31). Simultaneous
monoreduction of the azo ligand in presence of base generates intermediate [Ni]-6a.
At the right alignment of β-hydrogen with the azo backbone, hydrogen atom transfer
(HAT) occurs to generate ketyl radical intermediate [Ni]-6b which was trapped as a
TEMPO adduct. Unstability of [Ni]-6b leads to one electron transfer to the azo
backbone leading to [Ni]-6c. Subsequently, protonation of the anionic azo motif by
the phenolic proton occurs which generates [Ni]-6d and along with the release of
ketone. Another incoming alcohol unit completes the catalytic cycle. Later, the same
group utilized this nickel catalytic system for dehydrogenation of alcohols applicable
to diverse reactions [157–160]. In 2023, Erande and Metre reported a modified
catecholaldimine-based azo-phenolic Ni(II) complex, that participates in alcohol
dehydrogenation in a similar pathway [161].

Over time, stable and catalytically active Ni(II)-(NNO, NNN, PPP) pincer com-
plexes have emerged, showcasing their potential in alcohol dehydrogenation. As this
field is still in its early stages of development, these complexes hold the promise of
diverse applications, potentially even in unprecedented new reactions. In 2020,
Ramesh first reported the synthesis and utility of Ni(II)-NNO complex [Ni]-7
bearing hydrazone ligands with N^N^O donor atoms in dehydrogenation of primary
alcohols [162]. Following this, Liang Lu also reported another acetate bound Ni(II)-
NNO pincer complex [Ni]-8 for the same [163]. As shown in Scheme 32a, both
[Ni]-7 and [Ni]-8 complexes share a common feature: each possesses a labile
spectator ligand that creates an available site for coordination, to facilitate the
formation of a Ni(II)-alkoxy species. This alkoxy species is proposed to undergo a
β-H elimination to generating a Ni - H intermediate and releases the aldehyde
(Scheme 32b). Another molecule of alcohol completes the catalytic cycle. The

Scheme 30 Ni(II) salts and simple commercially available ligands for alcohol dehydrogenation
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authors also state that despite multiple attempts, isolation of the Ni-hydride species
from the reaction mixture remained unsuccessful due to its unstable nature
[162]. Ramesh et al. also investigated the application of Ni(II)-N^S bis-chelated
complexes in the dehydrogenation of primary alcohols, following a similar mecha-
nistic pathway [164].

Srivastava and Kumar [165, 166], followed by Balaraman [167] introduced
penta-coordinated Ni(II)-NNN pincer type complexes for use in the dehydrogena-
tion of primary alcohols. Notably, both complexes bear ligand framework capable of
participating in metal-ligand cooperativity via aromatization/dearomatization. It is

Scheme 31 Proposed mechanism for redox-active azo-phenolic Ni(II)-catalyzed alcohol
dehydrogenation
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worth mentioning that Kumar’s system [Ni]-9, in contrast, does not engage in such
cooperativity despite its ligand’s potential for this interaction (Scheme 33a).
According to DFT calculations, the formation of the 18-electron trigonal-bipyrami-
dal complex [Ni]-9a is significantly more stable than the formation of its
corresponding square planar complex. As a consequence, trigonal-bipyramidal
complex [Ni]-9a is the catalytic active species that participates in reaction mecha-
nism. It is to note here that the formation of the Ni(II) alkoxy species [Ni]-9a occurs
through salt metathesis due to the absence of a vacant coordination site, rather than
by metal-ligand cooperation. A β-hydride elimination leads to Ni-hydride species
[Ni]-9c and liberates the product. The regeneration of the catalytic active species is
facilitated by another incoming alcohol and subsequent liberation of H2. Whereas in
Balaraman’s system [Ni]-10, the Ni-hydride [Ni]-10c (generated after a β-hydride
elimination from the alkoxy intermediate) undergoes metal-ligand cooperativity to
release H2 and form intermediate [Ni]-10d which continues further in the catalytic
cycle (Scheme 33b).

Scheme 32 (a) Ni(II)-NNO type pincer complexes for dehydrogenation of primary alcohols. (b)
Proposed mechanism for the catalytic pathway of [Ni]-8
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5.2 Low Valent Nickel(0/I) Complexes

The utilization of Ni(0) and Ni(I) complexes for catalyzed conversions is relatively
uncommon and challenging due to their scarcity and inherent instability. These
species, featuring low oxidation states of nickel, often possess high reactivity and
tend to undergo rapid transformations or decompose under typical reaction condi-
tions. Consequently, their practical application in catalysis requires careful design
and precise control to harness their potential for promoting specific reactions effec-
tively. The use of such complexes in catalyzed dehydrogenation is very rare, with
two reports till date. In 2019, García published a study detailing the utilization of an
in situ-generated Ni(0) system, in the presence of Ni(COD)2 and a bisphosphine
catalyst, for transfer hydrogenation employing ethanol as the hydrogen source
[168]. The authors postulate the development of a crucial Ni(II)-dihydride species
during the dehydrogenation process, which serves as the pivotal intermediate in the
transfer hydrogenation reaction. Very recently, Zhang et al. reported a novel pincer
nickel(I) complex [Ni]-11 based on the 1,2,4-triazole backbone ligand system for
dehydrogenation of primary alcohols [169]. Based on initial preliminary control
studies, an inner sphere β-hydride elimination pathway via intermediate [Ni]-11b is
proposed (Scheme 34).

Scheme 33 Proposed mechanistic pathway of alcohol dehydrogenation for (a) Kumar’s Ni(II)-
NNN pincer complex [Ni]-9 (b) Balaraman’s Ni(II)-NNN pincer complex [Ni]-10

A Mechanistic Analysis of Dehydrogenation Reactions with First-Row. . . 293



6 Miscellaneous Case Studies

In the past 2–3 years, there has been a growing interest among research groups to
explore the untapped potential of 3d metals such as chromium, copper, and zinc in
dehydrogenation reactions (Scheme 35). This pursuit of lesser-known metals leads
to exciting new opportunities and advancements in the fields of coordination chem-
istry and catalysis. In 2020, Kempe [170] and Kumar [171] demonstrated the
compatibility of their respective ligand systems with chromium in catalyzing alcohol
dehydrogenation. However, due to the nascent stage of this research, the true
mechanistic behavior of these reactions stands elusive. The proposed mechanism
based on initial control experiments is analogous to other 3d-metals with these
ligand systems. Among other reports, Ping-lang reported a copper(I) N-heterocyclic
thiolate complex [172] and Mannath reported a ligand free zinc hydrate complex in
the presence of base to be active for dehydrogenation of primary alcohols [173]. In
2023, Paul put forth a well-defined Zn(II)-NNN pincer catalyst [Zn]-1 featuring an
azo backbone applied in an elegant approach for pyridine synthesis by alcohol
dehydrogenation [174]. In the proposed mechanism, the active intermediate is
[Zn]-1b generated in a similar way as discussed in Scheme 31. The one electron
reduced azo-chromophore abstracts the β-hydrogen atom of the Zn-alkoxy

Scheme 34 Proposed reaction pathway of a quadridentate N4 type Ni(I)-complex in dehydroge-
nation of primary alcohols

Scheme 35 Chromium, copper and zinc complexes utilized for alcohol dehydrogenation
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intermediate forming a ketyl radical intermediate [Zn]-1c (Scheme 36). Subsequent
rapid one-electron oxidation under air liberates the desired carbonyl product, along
with the formation of intermediate [Zn]-1d. For the regeneration of catalyst, activa-
tion of another incoming alcohol occurs leading to a dihydrazo intermediate [Zn]-1e.

Scheme 36 Proposed mechanism of the Zn(II)-NNN pincer complex-catalyzed alcohol
dehydrogenation
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This intermediate [Zn]-1e then reacts with aerial oxygen, resulting in the production
of H2O2 and its transformation into [Zn]-1f. Finally, a base-mediated single-electron
reduction of [Zn]-1f completes the cycle.

7 Summary and Outlooks

This chapter illustrates that in the development of base metal dehydrogenation
catalysts throughout the past decade, the predominant approach thus far has been
bifunctional catalysis, which relies on the collaborative efforts of both metals and
ligands. The mechanisms of metal-ligand cooperative bond activation exhibit
remarkable diversity, with variations dependent on the specific characteristics of
the metal and ligand structures involved. Understanding the accessibility of a
catalytic cycle is crucial when designing new catalysts based on earth-abundant
metals. The initial mechanistic understanding with first-row transition metals con-
tinuously refined through a combination of experimental and computational studies
has significantly enriched our knowledge of the underlying processes. This progress
has empowered the scientific community with essential tools to propose a more
comprehensive and precise representation of the true mechanisms at play. The
incorporation of redox-active ligands in 3d metal catalysis has opened up new
avenues for more sustainable chemical processes as well. However, their application
in dehydrogenation catalysis remains rather limited. Currently, compatibility with
nickel has been established, but there is considerable potential for further develop-
ment with other metals.

It is also understood that a “catalytic mechanism” is not solely dictated by the
ligand structure but also heavily influenced by the electronic configuration of the
metal center. This electronic configuration, in turn, determines the coordination
status of the catalyst and significantly impacts the mechanism of the entire catalytic
cycle. Additionally, spectator ligands, such as pincer ligands and/or carbonyl
ligands, can also exert an influence by maintaining the stability of the complex.
These significant findings provide valuable insights for the rational design of
catalysts, taking into account the various electronic configurations of transition
metal center, in future endeavors.

During the early part of the previous decade, iron catalysts held a dominant
position in 3d metal dehydrogenations. However, towards the end of the decade,
manganese emerged as a frontrunner, surpassing iron in terms of its diverse reactiv-
ity. Thanks to the support from structures of isolated catalytic intermediates, the
possible mechanistic pathways for iron and manganese are now fairly well-
established. Conversely, cobalt’s open-shell electronic states present challenges,
hindering the development of a comprehensive mechanistic understanding similar
to iron and manganese. In recent years, the use of other remaining 3d-metals has
started to gain momentum, offering ample opportunities for future explorations in
this domain. Thus, the first-row transition metals, with their distinctive redox
properties and readily switchable range of oxidation states, although extensively
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investigated, still hold significant potential to unlock new applications in dehydro-
genation catalysis, making them an exciting area for further research and discovery.
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