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The progress of earth-abundant transitionmetal-based catalytic methodologies has driven growing interest

within the scientific community for the construction of bioactive organic molecules. Among the earth-

abundant transition metals, manganese is an attractive alternative to precious metals in synthetic

methodologies due to its availability, low toxicity, and variable oxidation states. Recently, there has been

considerable progress in manganese catalysis for the selective formation of diverse chemical bonds. This

review introduces recently developed techniques in manganese catalysis for various bond-forming

strategies, especially C–N, C–C, C–O, and C–S bonds, indicating the importance of manganese-based

methods in organic syntheses. Manganese-catalysed methodologies have also demonstrated

considerable efficacy in the construction of heterocyclic moieties. The synthesis of heterocyclic

compounds through manganese-based annulation, cyclization, and multicomponent techniques is

briefly summarized in this review. We also discuss the main catalytic structures, reaction variables, ligand

considerations, substrate scope, and functional group tolerance, and the importance of manganese

catalysis in terms of both economic viability and sustainability. The need for eco-friendly manganese

catalysts that can promote both diverse bond-forming approaches and the construction of heterocyclic

moieties further accentuates their emerging importance in modern synthetic methodology.
Introduction

The bond-forming strategies using transition-metal catalysts
are of fundamental importance in the construction of struc-
turally important organic frameworks and are extensively used
in the elds of medicine, agriculture, and other chemical
industries.1 Precious metals, such as palladium,2 iridium,3

rhodium,4 and ruthenium,5 have been utilized for diverse bond-
forming reactions, but signicant concerns have been raised
owing to their toxicity, high cost, limited availability, and
environmental impact. Chemists are constantly searching for
simple construction strategies with a wider range of substrates,
higher efficiency, and high selectivity for product generation.6

The introduction of sustainability in chemical manufacturing is
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highly essential to overcome the detrimental environmental
effects of manufacturing from the viewpoint of green chem-
istry.7 Therefore, earth-abundant transition metals, including
the rst row, have been recognized as attractive substitutes for
the existing precious metals.8 Manganese-mediated organic
synthesis has attracted immense attention because of its
natural abundance, eco-friendliness, economic viability, low
toxicity, and unique redox chemistry.9 Manganese complexes
have recently been found to be highly capable of constructing
diverse bond-forming reactions, particularly carbon–nitrogen,
carbon–carbon, carbon–oxygen, and carbon–sulfur bonds in
organic synthesis, which establishes an essential strategy for
assembling value-added organic molecules.10 In this regard, the
manganese-catalyzed acceptorless dehydrogenative coupling
(ADC) and borrowing hydrogen (BH) reactions have been
extensively explored in the formation of C–X bonds (where X =

C, N, O, and S) using alcohols or phenols as the substrates.11

Similarly, alkenes, alkynes, and carbonyl compounds have been
employed as versatile starting materials in manganese-
mediated bond-forming reactions, particularly annulation and
coupling reactions.12 The manganese-catalyzed atom-
economical bond-forming strategy through the C–H function-
alization of allylic and benzylic substrates has also attracted
great attention, which minimizes the necessity for pre-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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functionalized substrates.13 In parallel, the manganese-enabled
C–H functionalization of heterocyclic molecules has opened
new avenues for late-stage diversication of structurally signif-
icant organic molecules.14 Such functionalized heterocyclic
moieties are essentially valuable in pharmaceutical, agro-
chemical, and industrial research. Moreover, the manganese-
driven cleavage of strained rings for the construction of new
bonds has been developed as a powerful tool for skeletal rear-
rangement and molecular complexity generation, which
emphasizes the ability of non-toxic manganese catalysts in
unusual activation modes.15

Functionalized and fused heterocyclic frameworks have
been attracting considerable attention in recent times due to
their widespread biological applications, including anti-
tumour,16 anti-inammatory,17 neuroprotective,18 anti-
Suchandra Bhattacharjee

Dr Suchandra Bhattacharjee
completed her PhD at the Indian
Institute of Technology (IIT)
Guwahati, India, followed by
postdoctoral research at the
Fujian Institute of Research on
the Structure of Matter
(FJIRSM), Chinese Academy of
Sciences (CAS), Fuzhou, Fujian,
P. R. China. She is currently
serving as an Assistant Professor
at Chandigarh University,
Mohali, Punjab. Her primary
research interests include

multicomponent reactions using novel catalytic systems and the
synthesis of biologically active compounds through C–H activation
and C–C coupling strategies.

Asit Kumar Das

Dr Asit Kumar Das was born in
Kakdwip, West Bengal, India.
He obtained his BSc degree from
the University of Calcutta and
completed his MSc in Chemical
Sciences at the Indian Institute
of Technology Guwahati. He was
awarded his PhD from Jadavpur
University under the supervision
of Professor Sanjay Bhar. Dr Das
began his academic career as an
Assistant Professor in the
Department of Chemistry at
Krishnath College in 2017. He is

currently serving as an Assistant Professor of Chemistry at Mur-
shidabad University. His research focuses on the development of
innovative synthetic methodologies for constructing medicinally
signicant heterocyclic and carbocyclic frameworks, the advance-
ment of heterogeneous catalysis, and the exploration of sustain-
able approaches in chemical transformations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
convulsant,19 antiepileptic,20 anti-microbial21 and anti-dia-
betic22 activities. The construction of such heterocyclic
frameworks via manganese-driven annulation, cyclization,
and multicomponent reactions has emerged as a powerful
tool to access a wide variety of nitrogen-, oxygen-, and sulfur-
containing heterocyclic units. For example, PGL-135,23 fren-
tizole,24 riluzole,25 and R116010 (ref. 26) are extensively used
against various chronic diseases. Despite impressive prog-
ress in biological elds, heterocyclic scaffolds remain indis-
pensable in agrochemicals, including herbicides,
insecticides, and fungicides (Fig. 1).27 Various heterocyclic
skeletons play a crucial role in the efficient development of
agrochemicals due to their biological compatibility, chemical
exibility, and optimized performance, enabling the
advancement of benign and sustainable crop protection
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mediators. Therefore, the signicant utility of earth-
abundant manganese catalysts to assist both diverse bond-
forming reactions and the construction of heterocyclic
frameworks further underscores their emerging signicance
in modern synthetic methodology.

This review article provides a comprehensive overview of the
recent progress in manganese-catalyzed organic synthesis,
highlighting sustainable bond-forming strategies and the
construction of heterocyclic frameworks. It covers the substrate
classes and activation modes, along with C–X bond formation
using various functional groups, such as alcohols and phenols,
carbonyl compounds, and alkenes; allylic, benzylic, and
heterocyclic C–H functionalization; strained-ring cleavage-
driven bond construction; and manganese-catalyzed hetero-
cycle synthesis (Fig. 2). Selective mechanistic pathways and
corresponding examples are discussed to reveal the key devel-
opments, present challenges, and future scope in this rapidly
growing eld.
Mn-catalyzed C–X bond formation using alcohols and phenols

Morrill et al. developed the Mn-catalyzed N-alkylation of
sulfonamides. The yield of N-alkylated sulfonamides depends
on the concentration of catalyst (Mn: 5 mol%) and the base
(K2CO3: 10 mol%).28 Using the borrowing hydrogen strategy,
a series of alkylated alkyl and aryl sulfonamides were synthe-
sized (Scheme 1). Interestingly, electron-withdrawing groups
containing sulfonamides (e.g., 4-NO2, 4-CN) afforded poor
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yields. The authors used benzyl alcohol as the alkylating agent
in this reaction. A series of substituted benzylic alcohols was
successfully tolerated and produced the corresponding mono-
N-alkylated sulfonamides in good to excellent yields. The
authors observed that thiophene-3-ylmethanol was smoothly
transformed into its corresponding sulfonamide in 87% yield,
whereas thiophene-2-ylmethanol remained unreacted, inhibit-
ing the Mn catalysis via the weak coordination between
substrate and catalyst. The survival of benzyl alcohol, bearing
a reducible olen moiety, demonstrated the chemoselectivity of
the reaction.

The plausible catalytic cycle showed that the base-mediated
initial activation of the Mn precatalyst resulted in the active
manganese complex via the dehydrobromination reaction
(Scheme 2).28 An alkoxo-type complex was generated aer the
coordination of the alcohol, and then dehydrogenation of the
alcohol resulted in an aldehyde and manganese hydride
species. The condensation between aldehyde and sulfonamide
produced an N-sulfonylimine, which was then reduced by the
resulting manganese hydride species and provided the N-alky-
lated product with the regeneration of the catalytically active
manganese species.

Azofra et al. reported a unique hydrogen auto-transfer energy
pathway-based stereoselective amination of racemic alcohols.29

In order to produce optically pure products, the authors
employed readily available substrates and a commercially
available manganese complex as the catalyst. DFT studies
Sumit Kumar Panja
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Fig. 1 Biological and agrochemical applications of functionalized and fused heterocyclic molecules.
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indicate that using Mn as a precatalyst can result in optically
pure products by following the existing protocol. The chiral
imine intermediate can distinguish between the catalyst
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© 2026 The Author(s). Published by the Royal Society of Chemistry
racemic mixture and its corresponding enantiomer. For
example, if the catalyst's (S) enantiomer is present in the
hydride transfer step, the imine intermediate can recognize it
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Fig. 2 Mn-catalysed synthetic approaches for the formation of diverse bonds and heterocyclic frameworks.

Scheme 1 Mn-catalyzed alcohol-mediated N-alkylation of sulfonamides.
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Scheme 2 Plausible mechanism for the Mn-catalyzed N-alkylation of
sulfonamides via the borrowing-hydrogen strategy.
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and furnish the expected product with that specic congura-
tion of the catalyst's enantiomer. The catalyst serves as the
chiral reagent and efficiently yields enantioselective products
(Scheme 3). DFT analysis showed that the successive dehydro-
genation of alcohols resulted in chiral manganese alkoxide
intermediates. Only one among the four diastereomeric inter-
mediates generated reacts at a time. The electronic nature of the
groups attached to the alcohols has no inuence on the reac-
tion's stereochemistry.

The methanol-driven N-methylation of aromatic amines
using the second generation of manganese PNP pincer
complexes was developed by Beller and his group.30 Good yields
were obtained for various types of primary anilines by selective
methylation at 100 °C for 16 hours with Mn (2 mol%) and
potassium tert-butoxide (0.5 equiv.) as the base (Scheme 4). The
utility of this methodology is that it allows for the use of various
types of amines while requiring less catalyst and base loading.

The PN3-pincer ligand-supported Mn(I) complexes were
designed by Hultzsch et al. for the alkylation of amines with
primary and secondary alcohols.31 Most intriguingly, this
transformation was carried out under mild reaction conditions
(60–100 °C) and a low catalyst loading (0.5 mol%). Aromatic
amines afforded better yields with benzyl alcohol at 60 °C as
compared to aliphatic amines, which required 100 °C for good
© 2026 The Author(s). Published by the Royal Society of Chemistry
yields (Scheme 5). In contrast, the N-alkylation of aniline with
secondary alcohols requires a high temperature (100 °C), which
opposes substituted benzylic alcohols. This protocol has an
advantage in synthesizing the drug cinacalcet, which involves
the challenging alkylation of benzylamine under non-optimal
conditions.

Peng et al. developed the alcohol-driven N-alkylation of
aromatic amines using cheap and industrially available
manganese salts like MnCl2 or Mn(CO)5Br, and tri-
phenylphosphine (PPh3) as the ligand.32 Using this catalytic
concentration (10 mol% Mn antecedent, 20 mol% PPh3, 1.2
equiv. KOtBu, 130 °C, 20 h), a series of (hetero) aromatic and
aliphatic amines were specically alkylated in moderate-to-high
yields with aliphatic and aromatic alcohols (Scheme 6). By
extension, this methodology allows the synthesis of indole
through an intramolecular reaction and a resveratrol-derived
amine. This catalytic method cannot be applied to some func-
tional groups, such as nitro, ester, and hydroxy, and it does not
require manganese complexes.

Daw et al. published the rst study on the construction of
secondary amides using the dehydrogenative coupling of benzyl
alcohol and ammonia.33 The amount of base (KH) used in this
manganese-catalyzed technique was discovered to be crucial to
the selectivity of amide formation, in which the electron-
efficient benzyl alcohol showed high reactivity (Scheme 7).
The research offered a potential mechanistic path whereby
potassium hydride combines with alcohol to produce an
alkoxide ion that may be in equilibrium with an excess quantity
of NH3 in order to produce potassium amide (Scheme 8). The
nal product aldehydes were found through the dehydrogena-
tion of the revived alcohol using an Mn catalyst. A hemiaminal
intermediate is formed when ammonia or potassium amide
attacks an aldehyde; this intermediate then undergoes depro-
tonation by potassium hydride to furnish an amino alkoxide
intermediate (II). The nal amide salt product (VI) is produced
by N-alkylation of the resulting amide with the alcohol aer
a second manganese-catalyzed dehydrogenation of (II) results
in the selective synthesis of primary amide salts (IV or V).

Sortais et al. described numerous Mn-catalyzed methanol-
mediated N-methylations of primary amines using catalytic
amounts of base. The researchers developed a new Mn(I)
complex with a bis(diaminopyridine)phosphine ligand (PN3P)
and studied N-methylation reactions with potassium tert-but-
oxide (20 mol%) in toluene at 120 °C for 24 h.34 This method-
ology might be applicable for a variety of functional groups like
esters, nitro, ketones, and amides, and afforded moderate to
high yields (42–98%) of mono-N-substituted products (Scheme
9). Intriguingly, during the mechanistic investigation, the
dearomatized intermediate was isolated from the base-Mn
reaction and characterized using X-ray analysis.

A unique method for creating C–N bonds using aromatic
amines was presented by Elangovan et al. in 2016.35 It was
discovered that the catalytic system was very effective for both
RSC Adv., 2026, 16, 19920–19968 | 19925
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Scheme 3 Manganese-catalysed asymmetric amination of sec-alcohols.
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inter- and intramolecular N-alkylation reactions under favour-
able conditions and exhibited excellent chemoselectivity. The
catalysts become active in the presence of a base, which leads to
the deprotonation of the coordinated amines and decoordina-
tion of the halide ion. As a result, the formed amido manganese
complexes engage in a b-hydrogen elimination reaction with the
alcohol to produce the corresponding carbonyl molecule.
Manganese hydride complexes eventually lead to imine reduc-
tion. Various amines bearing both electron-donating and
electron-drawing groups are selectively alkylated with benzyl
alcohol to produce N-monoalkylated anilines in high yields
(Scheme 10).

Madsen's group proposed a manganese(III) porphyrin system
as an Mn catalyst for the BH methodology to achieve C–N
coupling reactions.36 Several tertiary amines were synthesized
19926 | RSC Adv., 2026, 16, 19920–19968
by combining secondary amines and benzylic alcohols with Mn
catalyst (3 mol%) in the presence of K2CO3 (20 mol%) in
mesitylene under reux conditions (Scheme 11).

Kempe et al. demonstrated that Mn-pincer catalysts are
effective in the BH method for the generation of amines and
imines (Scheme 12).37 They obtained different products
depending on the base used. Alcohol played the role of an
alkylating agent when KOtBu (1 equiv.) was used as a base, but
alkylated imine products were obtained when NaOtBu (1.5
equiv.) was used as a base (Scheme 13). This indicates the
important contribution of the cation-coordinative interactions.
Furthermore, the mechanistic investigation indicates that
potassium manganate hydride is more reactive than its sodium
counterpart in the transformation of imines into amines via
hydrogenation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Manganese-catalysed methanol-mediated N-methylation of amines.

Scheme 5 Manganese-catalyzed primary and secondary alcohol-mediated N-alkylation of amines.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19927
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Scheme 6 Manganese-catalysed, alcohol and triphenylphosphine-mediated N-alkylation of amines.

Scheme 7 Manganese-catalyzed amidation of benzyl alcohol with ammonia.
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In 2023, Royo et al. developed the alcohol-mediated N-
alkylation of amines using bis-triazolylidene manganese
complexes.38 Complex Mn shows surprising activity with the
cheap catalyst packing (1.5 mol%) and base (50 mol% of KOtBu)
at 100 °C for 2 h to produce the N-alkylated products (Scheme
14). Under similar conditions, substrate scopes were performed
19928 | RSC Adv., 2026, 16, 19920–19968
for the synthesis of N-alkylated amines with several benzyl and
aliphatic alcohols and afforded moderate to good yields.
Aliphatic amines like isopropylamine and cyclohexylamine were
less reactive towards this N-alkylation reaction.

The selective N-alkylation of various aromatic amines by
benzyl alcohol (Scheme 15) demonstrated the effectiveness of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Probable mechanistic pathway for the synthesis of secondary amides.33

Scheme 9 Amines and methanol-mediated PN3P–Mn complex-catalysed C–N-bond formation.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19929

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 9
:4

3:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02092e


Scheme 10 Manganese-catalyzed selective N-alkylation reaction of aromatic amines by benzyl alcohol.
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the catalytic system.35 Benzyl alcohol, bearing both electron-
donating and electron-withdrawing substituents, participated
nicely in this reaction, and the desired N-alkylated products
were obtained with good to high yields. Hetero-aromatic amines
were also equally efficient in this reaction.

In synthetic organic chemistry, C–C bond formation is
always challenging. Several cross-coupling named reactions
have been reported in the literature for the C–C bond formation.
The catalytic cross-coupling reaction between secondary alco-
hols and different substituted primary alcohols under similar
conditions afforded the desired derivatives in excellent yields
(Scheme 16).39 The electron-withdrawing substituent-contain-
ing substrate showed comparatively poor yields; however, the
overall yields of the products for all substituents were
comparable.

The manganese-catalyzed mono-methylation reaction was
developed in the presence of KOtBu as the base. The catalyst was
highly active for the methylation of both aromatic and hetero-
19930 | RSC Adv., 2026, 16, 19920–19968
aromatic amines. The reaction was favorable for substrates
bearing both electron-donating and electron-withdrawing
substituents (Scheme 17).35

In 2018, Milstein and coworkers described a partial
hydrogen borrowing strategy with a Mn-pincer complex by
mixing alcohols and hydrazine to furnish N-substituted hydra-
zones. Both aliphatic and benzylic alcohols were successfully
reacted with hydrazine using Mn(t-Bu-PNN)(CO)2Br (Mn 10,
3 mol%) and a catalytic amount of KOtBu (5 mol%) at 110 °C.40

Benzylic alcohols bearing electron-donating or electron-
withdrawing substituents afforded 65–92% yields of the
product within 24 h (Scheme 18). Nonetheless, aliphatic alco-
hols such as 1-octanol and 1-hexanol needed 36 h to give the
analogous products with 65% and 77% yields, respectively.

In 2020, Morrill et al. developed a methanol-mediated one-
pot synthesis of N-methylarylamines using nitroarenes as the
starting material.41 When substituted nitroarenes were meth-
ylated with methanol under optimized conditions (5 mol% Mn,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 Synthesis of tertiary amines using a manganese(III)–porphyrin catalyst.

Scheme 12 Formation of amines using a manganese catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19931
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Scheme 13 Manganese-catalyzed synthesis of imines.

Scheme 14 Alcohol-mediated N-alkylation of amines using a bis-triazolylidene–manganese-catalyst.

19932 | RSC Adv., 2026, 16, 19920–19968 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Manganese-catalyzed N-alkylation of hetero-aromatic amines with hetero-aromatic as well as aliphatic alcohols.
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2 equiv. of KOH at 110 °C for 16 h), moderate to good yields ofN-
methylamines were furnished (Scheme 19).

Recently, the organosols of transition-metal oxides have
attracted considerable interest in synthetic organic chemistry.
The authors successfully prepared superparamagnetic b-MnO2

nanoparticles in toluene solvent with a specic size and band
gap. The Mn-catalyst-based nanoparticles were used as the
photocatalyst for the oxidative phenol coupling reaction
between b-naphthol, which afforded BINOL in a reasonable
yield at room temperature (Scheme 20).42

Ke et al. demonstrated an interesting example of alcohol-
mediated N-alkylation of amines using a phosphine-free
Mn(I)–NHC catalyst at room temperature.43 The coupling of
different aromatic amines with aliphatic and benzylic alcohols
was investigated using a bis-NHC–manganese complex. The
combination of 1.5 mol% of catalyst and potassium tert-but-
oxide (1 equiv.) as base was used as the standardized reaction
condition to afford N-alkylated amines in 40–93% yield (Scheme
21). For the selective N-methylated products, a temperature of
100 °C was used.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The same group identied an attractive opportunity for the
N-alkylation of amines using alcohols in the presence of
phosphine-free Mn(I)–NHC catalyst at room temperature.43 The
bis-NHC–manganese complex was efficiently employed for the
coupling of different aromatic amines with aliphatic and
benzylic alcohols. It was observed that 1.5 mol% of Mn catalyst
loading in the presence of potassium tert-butoxide (1 equiv.) at
room temperature furnished the desired N-alkylated amines in
good yield (Scheme 22). However, the N-methanol-mediated
methylation of anilines required a temperature of 100 °C to
yield the selective N-methylated products.

Selective construction of carbon–carbon single and double
bonds is of paramount interest in organic synthesis. Werner
and their co-workers reported the manganese-catalysed selec-
tive formation of C]C and C–C bonds through the reaction
between alcohols with phosphorus ylides via borrowing
hydrogen as well as acceptorless dehydrogenative coupling
(Scheme 23).44 The excess amount of KOtBu was required for
completion of the reaction. Different kinds of alcohols reacted
with various phosphorous ylides under the optimized reaction
conditions, and the desired products were obtained in good to
RSC Adv., 2026, 16, 19920–19968 | 19933
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Scheme 16 Alcohol-mediated manganese-catalyzed N-methylation of primary anilines.

Scheme 17 Methanol-mediated manganese-catalyzed N-methylation of primary anilines.
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Scheme 18 Manganese-catalyzed coupling of primary alcohols and hydrazine.

Scheme 19 Methanol-mediated manganese-catalyzed N-methylation of nitroarenes.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19935
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Scheme 20 MnO2-catalyzed oxidative phenol coupling reaction.

Scheme 21 Alcohol-mediated N-alkylation of amines using a manganese catalyst.
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high yields. The conversion of secondary ylides with alcohols
led to good yields of the unsaturated products. These observa-
tions show that the borrowing hydrogen technique is disad-
vantaged owing to the failure of the aforesaid manganese
catalyst to hydrogenate the highly substituted a,b-unsaturated
carbonyl compound.
19936 | RSC Adv., 2026, 16, 19920–19968
In 2020, Maji and his research group developed bidentate
amine-based ligands containing manganese(I) catalyst and
performed the N-alkylation reaction of aromatic amines with
benzylic alcohols (Scheme 24).45 Under the optimized reaction
conditions (140 °C, 24 h), the Mn catalyst (2 mol%) was
successfully utilized for the coupling of several electron-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 N-alkylation reaction of amines with alcohols using the Mn–NHC catalyst.
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donating and withdrawing groups containing primary amines
and aromatic alcohols, using KOtBu (40 mol%) in toluene to
furnish the corresponding secondary amines in up to 98% yield.
Mn-catalyzed C–X bond formation from carbonyl compounds

Escande et al. reported an eco-catalyst obtained using a low-cost
photo extraction method in alignment with green chemistry
principles.46 Compared to other catalysts such as Cu(OAc)2,
ZnCl2, and InCl3, which rely on solvents to facilitate the reac-
tion, this study demonstrated Eco-Mn's high catalytic efficiency
in facilitating reductive amination processes. Ketones were
reductively aminated in a solvent-free procedure using Eco-Mn
derived from a plant growing onmining sites in New Caledonia.
The reducing agent in this transformation is the Hantzsch ester
(HEH). When cyclic and aliphatic ketones were combined with
© 2026 The Author(s). Published by the Royal Society of Chemistry
cyclic and aliphatic amines, the catalyst demonstrated excellent
functional group tolerance and was extremely productive. Cyclic
ketones produced the highest yields for anilines with electron-
withdrawing and electron-donating substituents, whereas
aliphatic ketones provided only limited yields (Scheme 25).

Among the C–C bond formation methods, the alkylation of
ketones at the a position is a signicant route for the synthesis
of several biologically active, heterocyclic compounds and
natural product building blocks. Gunanathan and coworkers
reportedMn(I)-catalyzed C–C bond formation to obtain selective
a-alkylated products (Scheme 26).39 Catalytic cross-coupling of
aromatic ketones with the substituted primary alcohols affor-
ded the desired products with good to excellent yield.

The plausible reaction mechanism for this manganese-
catalysed borrowing hydrogen approach is depicted in Scheme
RSC Adv., 2026, 16, 19920–19968 | 19937
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Scheme 23 Manganese-catalyzed construction of carbon–carbon single and double bonds.

Scheme 24 The alcohol-mediated N-alkylation reaction of primary anilines using a bidentate Mn-catalyst.

19938 | RSC Adv., 2026, 16, 19920–19968 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 25 Eco-Mn/HEH-mediated reductive amination of ketones with amines.

Scheme 26 Manganese-catalyzed C–C bond formation between carbonyls with alcohols.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19939
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Scheme 27 Plausible mechanism for the Mn-catalysed cross-coupling of primary alcohols with ketones via the borrowing-hydrogen approach.
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27.39 The base-mediated deprotonation and debromination of
the Mn catalyst resulted in the dearomatized coordinatively
unsaturated complex [A]. The activation of alcohol by complex
[A] forms the alkoxo complex [B] via proton transfer to complex
[A]. The resulting alkoxo complex [B] produces aldehyde and
a saturatedmonohydridomanganese complex [C]. Then, a base-
catalysed aldol condensation between aldehyde and
acetophenone produces an a,b-unsaturated carbonyl
compound, which is then hydrogenated by the manganese
hydride complex [C] and affords the alkylated product with the
regeneration of the catalytically active complex [A].

Wei et al. described a simple alkylation pathway for amines
in the presence of a precatalyst that utilized molecular di-
hydrogen as a reductant.47 To enable alkylation, aldehydes were
reductively aminated, with the manganese pyridinyl phosphine
complex acting as a pre-catalyst (Scheme 28). Here, the reaction
temperature decreased to 80 °C and even 50 °C without having
any negative effects on the catalyst's activity, and an adequate
19940 | RSC Adv., 2026, 16, 19920–19968
yield was still attained. To achieve the best results, the two-step
alkylation procedure began with the condensation of an alde-
hyde and amine, and the resulting imine was treated with
a precatalyst, a base, and H2. Fortunately, this reaction delivers
high yields for the alkylation of a variety of amines containing
both electron-donating and electron-withdrawing groups.
Mn-catalyzed C–X bond formation from alkenes and alkynes

Alcohols and alkenes are the most frequently used functional
groups in synthetic organic transformations. The Zhang group
reported Mn-catalyzed coupling between vinylarenes and
aliphatic alcohols for the rst time to afford oxyalkylated
products of the vinylarene in a moderate yield (Scheme 29).48

TBHP played the role of oxidizing agent and radical initiator, as
suggested by the proposed mechanism. From the above reac-
tion, it was found that the presence of one extra alkyl group in
the alcohol provided a higher yield.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 28 Manganese-mediated reductive amination of aldehydes with amines.

Scheme 29 MnCl2-catalyzed C–C bond formation through the coupling reaction between vinylarenes and aliphatic alcohols.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19941
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Scheme 30 Manganese-catalyzed hydroperoxidation of olefins.

Scheme 31 Mn(II)-catalysed ortho-alkenylation of aromatic amines.

19942 | RSC Adv., 2026, 16, 19920–19968 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 32 Mn(salen)Cl-complex-catalysed C–H azidation using NaN3.
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In recent times, transition metal-based hydroperoxidation
under aerobic conditions has been frequently used. Makino
et al. developed the Mn-catalyzed hydroperoxidation of carbon–
carbon double bonds of olens using N-hydroxyphthalimide
and molecular oxygen to afford the oxidized product (Scheme
30).49 The reaction was performed at room temperature with the
direct involvement of molecular oxygen present in the air. The
required catalyst amount for this reaction was very low. In
general, the substituted benzene afforded the product with
excellent yield as compared to the unsubstituted one.

Alkenyl arylamines are very important precursors for the
synthesis of pharmaceutically active ingredients like carba-
mazepine, opipramol and indopan. Also, the presence of this
moiety in various heterocycles, which are a part of various
biologically active compounds, has drawn much attention.
Here, Sun and coworkers reported the Mn(II)-catalysed ortho-
alkenylation of aromatic amines (Scheme 31), which has
© 2026 The Author(s). Published by the Royal Society of Chemistry
signicant application potential in reproductive diseases.50

Various aromatic amines and aromatic alkynes were reacted
using MnCl2 as a catalyst to afford vinyl N-substituted aniline
derivatives. These derivatives are useful for the growth of sperm;
this was investigated through experiments on male rats as
a mammalian model. The presence of the substituents on the
aromatic amines or aryl acetylenes mutually affected the yield of
the products.
Mn-catalyzed C–X bond formation through benzylic and
allylic C–H functionalization

Huang et al. published a sophisticated procedure for the
aliphatic C–H oxidation reaction using an Mn catalyst and
sodium azide as the azide source.51 This technique is precise
and has a straightforward operational process for converting
C–H bonds from a wide range of primary, secondary, and
benzylic compounds to their corresponding azides (Scheme 32).
RSC Adv., 2026, 16, 19920–19968 | 19943
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Scheme 33 Manganese-catalyzed intermolecular benzylic C–H
amination reaction.

Scheme 34 [Mn(tBuPc)]Cl-catalyzed C–H amination.

Scheme 35 Manganese-catalyzed asymmetric amination of indan.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 9
:4

3:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
This methodology has vast applications in organic synthesis,
chemical biology, and drug development. In the azidation of
celestolide, the chiral Mn-salen catalyst exhibited an enantio-
selectivity of about 70%, which motivated them to try to
broaden the substrate range of the catalyst to produce more
enantioselective products in the future.

Clark et al. designed a [MnIII (ClPc)] catalyst that was used for
an intermolecular benzylic C–H amination, having excellent
selectivity as well as tolerance for a wide range of functional
groups.52 When the substrate contains a variety of benzylic sites,
the reaction demonstrates site preference by specically ami-
nating at the least hindered andmost electron-rich site (Scheme
33).

Paradine et al. reported an unusual manganese-based C–H
amination catalyst [Mn(tBupc)] in 2015 that can functionalize
several types of C(sp3)–H bonds inside the molecule, including
primary aliphatic and propargylic C–H bonds, which are oen
challenging to achieve with metallonitrene-based catalysis
(Scheme 34).53 [Mn(tBuPc)] promotes intramolecular C–H ami-
nation while maintaining strong chemoselectivity for allylic
C–H bonds, which is a selectivity pattern typically associated
with iron catalysts; it has a broad range of functional group
resistance and displays stereospecicity in a complex molecular
environment.
19944 | RSC Adv., 2026, 16, 19920–19968 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 36 Manganese-complex-catalysed asymmetric C–H ami-
nation reaction in the presence of 1,1,2,2-tetrachloroethane.

Scheme 37 Mn(OAc)3-mediated selective amination of benzylic C(sp3)–

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A chiral Mn(salen) complex was synthesized by Kohmura
and Katsuki and used to catalyze the asymmetric sp3 C–H bond
amination reaction.54 Themost effective catalyst for the benzylic
amination of indan with Mn (salen) was the chiral 3,30,5,50-
tetrabromosubstituted (salen)manganese(III) complex (Scheme
35).

The catalyst efficiently achieves high enantioselectivity for
structurally different substrates through benzylic or allylic
amination instead of aziridination. The yield was determined
using the amount of PhINTs in the reaction mixture (Scheme
36).54 This strategy may proceed via nitrene transfer, in which
nitrene is produced by coordinating PhINTs with an Mn
catalyst.

The Mn(OAc)3-catalyzed selective amination of benzylic
C(sp3)–H bonds was discovered by Zhang et al.55 The authors
observed that the selectivity of the reaction increased with the
addition of DDQ. The secondary amides with good to excellent
yields were produced under ambient conditions (Scheme 37).
The reaction performs well in producing a wide range of func-
tional amides in appropriate yields, using a diverse set of
primary, secondary, and tertiary alkyl, alkenyl, benzyl, and aryl
nitriles. Interestingly, this amidation reaction results in a broad
range of secondary amides.

The process occurs through a radical mechanism, with DDQ
mainly oxidising the substrate (Scheme 38). This route utilizes
TFA to activate the hydrolysis of the nitrilium cation for the
synthesis of the amide. The amination of inert C(sp3)–H bonds
H bonds.

RSC Adv., 2026, 16, 19920–19968 | 19945
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Scheme 38 Proposed mechanistic pathway for the selective amination of benzylic C(sp3)–H bonds.54
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using this synthetic methodology is superior to the existing
methods.55

The catalyst, in addition to Brønsted and Lewis acids,
effectively prevents C–H amination of unavailable tertiary
amines and heterocycles (Scheme 39).52 The procedure suggests
that the main intermediate is an electrophilic metallonitrene.
The reaction proceeds in a sequential C–H amination, with the
breaking of the C–H bond being the slowest step, which deter-
mines the rate of the reaction.

The catalytic application of MnBr(CO)5 as a catalyst for the
C–H sulfoxidation of different aromatic ketones was developed
by Kong and Xu in 2018.56 Regardless of the type of substituents,
aromatic ketones with electron-donating and electron-
withdrawing groups at the meta and para positions produced
the required sulfonamides in good yields when they were
combined with phenyl sulfonyl azide (Scheme 40). Both
aliphatic and aromatic sulfonyl azides were employed as ami-
nation reagents, and major amounts of sulfonamidated
19946 | RSC Adv., 2026, 16, 19920–19968
compounds were produced (Scheme 41).56 The produced
nitrene intermediate is inserted into the ketone's C–H bond to
carry out this reaction. The critical phase in the MnMe(CO)5
reactive intermediate that was created in the reaction mixture is
used in the aromatic metalation process, which is driven by the
ketone. It is interesting to note that this technique has a high
functional group tolerance, and the ortho C–H bond sulfox-
idation shows good regioselectivity.

Mn-catalyzed C–X bond formation through heterocyclic C–H
functionalization

Though it is difficult to directly functionalize indoles to indolyl
benzothiazoles via Mn-catalysed C–H amination, the authors
designed appropriate surfactants to make it possible. However,
the presence of a Mn(II) catalyst was discovered to be necessary
for the additional functionalisation of indolyl benzothiazoles in
order to construct biologically relevant tris-heterocyclic frame-
works. This synthetic methodology started from 2-(indol-3-yl)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 39 C–H amination reaction catalysed by a manganese
complex.
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benzothiazole and enabled the chemoselective and regio-
selective construction of the C–N bond (Scheme 42).57 The
reaction involves a sp2 C–H amination catalysed by MnBr2
(10 mol%) in the presence of BathoPh (bathophenanthroline)
ligand. The reaction involves an sp2 C–H amination catalysed by
Mn(II). When Mn catalysts coordinate with nitrogen atoms in
substrates, they form a ve-membered intermediate. This
intermediate then coordinates with pyridone through nitrogen
and oxygen atoms to form a Mn(III) complex. This intricate nal
product is produced by an irreversible proto-demetalation and
C–H amination of this complex.

In 2010, Kim et al. discovered a Co and Mn-based catalytic
system for the direct formation of the C–N bond in azoles using
amines as the nitrogen source.58 For this reaction to proceed
smoothly, the authors used peroxide and an acid additive under
mild conditions. Tert-butyl hydroperoxide solution (T-HYDRO)
was the most productive oxidant in this reaction and the
products were obtained in high yields. The Mn catalyst reacts
with T-HYDRO to generate radicals, and therefore, T-HYDRO
© 2026 The Author(s). Published by the Royal Society of Chemistry
behaves as a powerful oxidant. The reaction occurred via
a simple radical mechanism. The resultant radical is highly
responsible for the construction of the C–N bond of the desired
product. Interestingly, the Mn(OAc)2 catalyst was found to be
the most effective catalyst, rather than Co(OAc)2, for productive
amination products using primary amines as the nitrogen
source (Scheme 43). The products were successfully obtained
when 2-amino benzoxazole derivatives were substituted with n-
pentyl, n-isobutyl, and cyclohexyl groups. The authors also re-
ported that when optically active primary amines were used as
the amine source in the reaction with benzoxazoles, no race-
mization products were obtained.

Singh et al. utilised molecular oxygen as the only oxidant for
producing biologically active 2-aminoazole derivatives, estab-
lishing the process as environmentally friendly.59 The hetero-
geneous Cu–MnO catalyst was easily separated from the
reaction mixture aer the completion of the reaction and
produced comparatively higher yields than the g-MnO2 catalyst
(Scheme 44). The incorporation of catalytic copper in g-
manganese oxide improves azole oxidative amination activity,
highlighting the importance of copper percentage. Amination
of benzothiazole and benzoxazole with –Cl and –CH3 substitu-
ents produced good yields using both cyclic and acyclic
secondary amines.

The catalyst was most effective with benzoxazole; however, it
can also react with primary amines for higher yields. The
investigation demonstrated that both O2 and catalyst are
required for benzothiazole amination, and a tentative mecha-
nism is proposed (Scheme 45).59 The Cu–MnO catalyst allows
for the coordination of azoles with copper, resulting in this
reaction. The hydrogen released in the initial stage might be
utilised in the third step to produce intermediate (III) by reg-
enerating the catalyst Cu–MnO.

Synthetically signicant organic transformations for the
formation of novel C–C bonds via Mn-catalysed C–H activation
reaction have drawn immense attention from synthetic chem-
ists. McGlacken and co-workers reported an efficient synthetic
methodology for the manganese-catalysed C2 allylation of
indoles in an eco-friendly aqueous medium (Scheme 46).60

Indoles bearing various electron-donating and electron-
withdrawing substituents participated efficiently and gave the
desired products in moderate to good yields. Indoles bearing
the –NO2 group also participated in the reaction, but the desired
product was obtained in only 20% yield. Various sensitive
functional groups such as –CHO, –CONH2, and –CO2Et were
well tolerated, exhibiting their potential for synthetic utility in
pharmaceutical chemistry.

A straightforward and practically simple method for the
amination of 2-amino benzoxazole derivatives, which are the
main building blocks of a signicant number of physiologically
active compounds, was described by Pal et al. in 2014.61 Using
molecular oxygen as an eco-friendly oxidant, the authors
developed a heterogeneous porous MnO2 catalyst for the
RSC Adv., 2026, 16, 19920–19968 | 19947

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02092e


Scheme 40 Sulfonamidation of aromatic ketones catalysed by a manganese catalyst.
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formation of C–N bonds via the direct amination of benzoxazole
through C–H activation (Scheme 47). The heterogeneous cata-
lyst was easily separated from the reaction mixture and can be
used repeatedly to produce C–N bonds. The authors observed
that when substituted and unsubstituted benzoxazole were
reacted with various primary and secondary amines, the corre-
sponding products were obtained in good to excellent yields,
but the reactions with sterically inhibited secondary amines
generated poor yields.

The reaction is also compatible with alcohol functional
groups, demonstrating the broad utility of this amination
reaction strategy. The authors also proposed a contingent
mechanism in this reaction, where the 2-amino benzoxa-
zolidine intermediate was obtained via amine attack on benz-
oxazole (Scheme 47).61 The resultant 2-amino benzoxazolidine is
then re-aromatized in the presence of aerial oxygen as an eco-
friendly oxidant and MnO2 as a heterogeneous catalyst.
The Mn-catalyzed formation of the C–X bond through the
cleavage of a strained ring

Various natural products contain cyclopentene precursors that
have been frequently used in pharmaceutical and medicinal
19948 | RSC Adv., 2026, 16, 19920–19968
chemistry. Hence, cyclopentene is of signicant interest. The
Mn-catalyzed acceptorless-dehydrogenative coupling through
a radical-initiated ring expansion rearrangement of cyclo-
propylmethanol with methyl ketone under basic conditions
afforded a plethora of acyl cypentene derivatives in reasonable
yields, with water and hydrogen gas as side products (Scheme
48).62 It was observed that the products were obtained in higher
yields with electron-donating substituents than those with
electron-withdrawing substituents.

Alkylamines are the fundamental structural unit in natural
products, biologically active compounds and pharmaceutically
active ingredients. An effective Mn(III)-catalyzed hydrazination
of cyclobutanols was reported, which involved C–C bond
cleavage, where cyclobutanols afforded a series of alkyl hydra-
zines (Scheme 49).63 The depicted mechanism involves the
addition of an alkyl carbon radical to the azodicarboxylate
(Scheme 50). The naphthalene moiety containing cyclobutanol
afforded the desired product in a smaller yield than the
substituted or unsubstituted aryl groups.

The C–S bond is very common in natural products, phar-
maceutically active compounds, and organic materials. Mn(III)-
catalyzed regioselective C–S bond formation was developed via
C–C bond cleavage of cyclobutanols (Scheme 51).64 Differently
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 41 Manganese-catalysed scope for the sulfonamidation of different sulfonyl azides.
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substituted cyclobutanols were reacted with bisaryl disulfanes
using Mn(III) catalyst to afford a group of thioether derivatives.
The plausible mechanism involves radical-mediated tandem
C–C bond cleavage and C–S bond formation (Scheme 52). The
substrates containing substituents in the ortho or para (except p-
tolyl) positions have lower yields.
Mn-catalyzed synthesis of heterocyclic frameworks

Heterocyclic frameworks are essential to functional mate-
rials, pharmaceuticals, and natural products. Manganese-
driven organic synthesis has appeared as an economically
efficient and environmentally benign approach for synthe-
sizing a wide range of nitrogen-, oxygen-, and sulfur-
containing heterocyclic frameworks. Annulation, cycliza-
tion, or multicomponent strategies are involved in con-
structing the complex ring systems under mild reaction
conditions. Organic synthesis using manganese catalysis
provides cost-effective and eco-friendly substitutes for
precious noble metals and also offers exceptional reactivity
patterns, including the functionalization of C–H bonds and
dehydrogenative coupling strategies.
© 2026 The Author(s). Published by the Royal Society of Chemistry
There were no literature reports on the manganese catalytic
cycle for the reactions between ketones and isocyanates using
transition metal catalysts, but recently, Wang et al. developed
a trio of Me2Zn/AlCl3/AgOTf that activates manganese catalysis
for the further reaction between ketones and isocyanates under
heating conditions to afford functionalized phthalimidines
(Scheme 53).65 The reaction involved [3 + 2] cyclization via inert
C–H activation. Interestingly, the products with electron-
donating or electron-withdrawing substituents have lower
yields than the unsubstituted ones.

A simple chemical pathway for the synthesis of 1-unsub-
stituted-2-aryl-1H-indazoles was revealed by Cao and Duan.66

This efficient approach involves microwave irradiation of N-
acetyl hydrazones with MnO2 supported on silica as the catalyst,
followed by C–H amination (Scheme 54). The generation of
cyclized products in this reaction was found to require a high
loading percentage of easily accessible MnO2 at higher
temperatures. Moreover, unfavorable products are produced
when MnO2 is present and acting as an oxidant. However, the
use of silica-supported MnO2, which acts as a heterogeneous
Mn catalytic system in the reaction, allows for the efficient
oxidation of the substrate at lower temperatures under
RSC Adv., 2026, 16, 19920–19968 | 19949
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Scheme 42 MnBr2-catalyzed construction of tris-heterocyclic frameworks via the indole C2–H amination process.

Scheme 43 Mn(OAc)2-catalyzed C–H amination of benzoxazoles using primary amines.

19950 | RSC Adv., 2026, 16, 19920–19968 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 44 Heterogeneous Cu–MnO-catalyzed direct oxidative C–H amination of azoles.

Scheme 45 Proposed reaction pathway for the oxidative C–H amination of azoles.59
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microwave irradiation. The silica-supported MnO2 allowed the
reaction to continue with full reactant consumption. The elec-
tronic effects of the substituents play an important role in
determining the regioselectivity of the reaction. The orientation
of cyclization is governed primarily by the electronegativity of
the substituents rather than the conguration of the starting
materials. Substituents on the phenyl rings inuence both the
direction of cyclization and the E–Z isomerization.
© 2026 The Author(s). Published by the Royal Society of Chemistry
An effective method was developed for generating pyrroles
from amino alcohols and secondary alcohols using an Mn
catalyst under environmentally friendly conditions.67 A range of
amino alcohols were investigated with Mn catalyst (0.5 mol%)
and KOtBu (1.5 equiv.) in 2-MeTHF under reux conditions, and
the analogous pyrroles were isolated in up to 93% yield (Scheme
55). It should be noted that the same pincer ligand-containing
RSC Adv., 2026, 16, 19920–19968 | 19951
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Scheme 46 MnBr(CO)5-catalyzed C2 allylation of indoles with ester.

Scheme 47 MnO2-catalyzed C–H amination of benzoxazole.
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Scheme 48 Manganese-catalyzed ring expansion of cyclopropylmethanol through the acceptorless-dehydrogenative coupling strategy.

Scheme 49 Manganese-catalyzed synthesis of alkyl hydrazines through the C–C bond cleavage of cyclobutanols.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19953
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Scheme 50 Proposed reaction pathway for the C–C bond cleavage of cyclobutanols.63

Scheme 51 Mn(III)-catalyzed regioselective formation of C–S bonds via C–C bond cleavage of cyclobutanols.
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Co and Fe complexes were inactive in pyrrole synthesis under
similar reaction conditions.

The rst chiral manganese(III) porphyrin catalyst to use
aziridination of styrene-like substrates was described by Lai
et al. in 1997.68 The investigation showed that alkenes without
an allylic hydrogen atom produce aziridine, while alkenes with
an allylic hydrogen yield allylic amination. The reaction
19954 | RSC Adv., 2026, 16, 19920–19968
provided only mild enantioselectivity (up to 40% to 68%). The
position and electronic nature of substituents affected
enantioselectivity, and o-bromostyrene (Scheme 56) produced
a satisfactory outcome. This method was found to be the most
effective for the catalytic allylic amination of alkenes at the time,
based on yield and turnover numbers.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 52 Proposed reaction pathway for C–S bond formation via C–C bond cleavage of cyclobutanols.64

Scheme 53 MnBr(CO)5-catalyzed [3 + 2] cyclization of ketones with isocyanates.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19955
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Scheme 54 Heterogeneous SiO2-supported MnO2-catalysed construction of 3,6 di-substituted indazoles.

Scheme 55 Alcohols and aminoalcohol-mediated pyrrole synthesis using a manganese catalyst.
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Scheme 56 Chiral manganese(III) porphyrin-catalyzed asymmetric
aziridination reaction using PhINTs.

Scheme 57 Proposed reaction pathway for the Mn-catalyzed
enantioselective aziridination reaction.68
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Mixing the catalyst and PhINTs in CH2Cl2 at room temper-
ature generates a novel Mn species, MnIV-PhINTs, that can
transfer nitrene to an alkene. The spectroscopic and organic
© 2026 The Author(s). Published by the Royal Society of Chemistry
product analyses indicate the presence of a MnIV intermediate
in the reaction process that can successfully catalyse nitrene
transfer to alkenes (Scheme 57).68

Isonitriles are used as versatile building blocks for the design
of nitrogen-containing compounds, especially amides and
various heterocycles, which are of great signicance in biolog-
ical and pharmaceutical chemistry. Liu et al. introduced
a Mn(III)-catalyzed radical-promoted cyclization reaction to
afford a series of 2-functionalized quinolones (Scheme 58).69

The regiospecic 6-endo-trig radical cyclization reaction under
heating conditions between o-vinyl arylisonitriles and arylbor-
onic acids afforded 2-substituted quinoline. It was found that
phenylboronic acids containing electron-donating and electron-
withdrawing groups at the para-position were obtained in
moderate to excellent yields.

Alternate pyrimidines were synthesized by the coupling of
different amidines with various alcohols using 2 mol% of Mn
catalyst and 1.1–1.5 equiv. of KOtBu in 1,4-dioxane at 120 °C for
20 h, furnishing good to excellent yields (Scheme 59).70

Carbonyl compounds like aldehydes and ketones are easily
affordable and are potential moieties for different organic
transformations. Liu and co-workers reported the Mn-catalyzed
[3 + 2] annulation reaction between aldehyde and ketone to
produce isobenzofurans, followed by oxidation to obtain the di-
keto derivatives (Scheme 60).71 Triphenylborane plays a dual
role in this reaction: it acts as an additive that promotes the C–H
activation and, as a Lewis acid, it activates the aldehydes. It was
found that the aromatic ketones with substituents in the para or
meta positions were produced in higher yields as compared to
the ketones with alkyl substituents.

Kempe and co-workers reported the synthesis of pyrimidine
derivatives via the manganese-catalysed multicomponent
strategy of amidines and alcohols.70 This approach followed
both C–C and C–N bond formation simultaneously. A series of
amidines bearing various functional groups was selectively
coupled with various alcohols in the presence of 2 mol% of
manganese catalyst and 1.1 to 1.5 equiv. of KOtBu as the
effective base in 1,4-dioxane solvent at 120 °C for 20 h. The
desired substituted pyrimidine derivatives were afforded in
good to excellent yields (Scheme 61).

Timmons et al. used an inexpensive manganese dioxide
catalyst to produce 4-toluene sulfonyl-3-trichloromethyl-4,5
imidazolines.72 In general, a,b-unsaturated ketones are
more reactive than esters with similar structures. Compounds
with di-substitution at the terminal position yielded the best
results (Scheme 62). The combination of three reactants with
a catalyst and 4 Å molecular sieves yields valuable products
for peptidomimetic studies. The diamination of TsNCl2 with
a,b-unsaturated esters and ketones in acetonitrile produced
stereoselective and regioselective products. In the presence of
a catalyst, TsNCl2 and acetonitrile served as electrophilic and
nucleophilic nitrogen sources, respectively. The [2 + 3]
cycloaddition mechanism occurs in the reaction shown in
Scheme 63. The SN2 reaction between the chlorine anion and
1N-(p-tosyl)imidazolinium (B) produces intermediate C.
RSC Adv., 2026, 16, 19920–19968 | 19957
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Scheme 58 Mn(acac)2-catalyzed construction of 2-functionlized quinolones between o-vinyl arylisonitriles and arylboronic acids.

Scheme 59 Manganese-complex-catalyzed construction of pyrimi-
dines in the presence of KOtBu.
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MnO2 acts as a catalyst, accelerating the formation of inter-
mediate A, as well as the deprotonation of intermediates E
and F. The deprotonation of intermediate F allows for the
third chlorination on the imidazoline ring of the methyl
group.

In the last few decades, the applications of the 3d transition
metals have been less highlighted than those of the 4d or 5d
transition metals. As a 3d transition metal, Mn has an impor-
tant role in C–H activation. Here, Sun and co-workers developed
the Mn(II)-catalyzed dehydrogenative annulation of N-aryl
anilines with alkenes or alkynes for the regioselective synthesis
of quinoline derivatives, which have signicant medicinal
importance. The Mn(II)-catalyzed dehydrogenative annulation
of N-aryl anilines and aryl acetylenes furnished a group of
functionalized quinoline derivatives in excellent yields (Scheme
64).73 Here, aryl acetylenes showed better reactivity than aryl
olens. With the standardized conditions, each substituent on
the benzene ring provided similar yields.

Kumar et al. recently produced 2-(indoyl-3yl)benzothiazoles
in water by using the TPGS-750 M surfactant.57 The reaction
proceeded successfully without using any additives at room
temperature. Even aer four successive reactions, the yield of
the reaction using TGPS-750 M nanomicelles in water did not
decrease signicantly. Electronically different (–Cl, –Br, –CF3,
alkyl) 2-aminothiophenols and 3-carboxaldehyde produced the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 60 MnBr(CO)5-catalyzed [3 + 2] annulation reaction between aldehydes and ketones.

Scheme 61 Manganese-catalyzed direct synthesis of pyrimidines in the presence of KOtBu.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19959
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Scheme 62 MnO2-mediated di-amination reaction of a, b-unsatu-
rated esters and ketones.
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various indol-3yl-benzothiazoles as the desired products
(Scheme 65).

Fused heterocycles have always attracted signicant atten-
tion in the agro, pharma and dye industries. Among them, 2-
aminobenzothiazoles have important agrochemical and phar-
maceutical applications. Anilkumar et al. developed a Mn(II)-
catalyzed method for the rst time in the literature for the
synthesis of 2-aminobenzothiazoles. 2-Bromophenyl
Scheme 63 Proposed reaction pathway for the di-amination process.72

19960 | RSC Adv., 2026, 16, 19920–19968
isothiocyanate and various functionalized amines were reacted
using cost-effective and easily available MnCl2$4H2O as a cata-
lyst to furnish a series of 2-aminobenzothiazole derivatives
(Scheme 66).74 The amines with straight-chain alkyl groups gave
the product in poor yield as compared to the amines with
heteroatom-containing cyclic alkyl groups. The possible mech-
anistic pathway starts with the generation of the intermediate 2-
bromophenylthiourea I, which involves the nucleophilic addi-
tion of amine to 2-bromophenyl isothiocyanate (Scheme 67). In
the next step, I is converted into an anionic sulde species II in
the presence of a base. Aer that, the manganese(II) complex
adds to intermediate II to form a four-membered transition
state III. It has been assumed that III exists in equilibrium
between IIIa and IIIb. When sulphur is more nucleophilic, as in
IIIb, it will attack the electrophilic carbon-leaving bromine by
an SNAr mechanism. Finally, the desired product is obtained
from IIIb with the release of the catalytically active Mn(II)
complex.
Miscellaneous

The amination of aryl halides has been frequently applied in the
synthesis of organic compounds that contain the N-aryl moiety,
which are present in many bioactive pharmaceuticals and
conducting materials. The Mn(II)/L-Proline catalyst has been
developed by the Teo research group to generate several N-ary-
lated products by the reaction between aliphatic amine and aryl
halides using NaOtBu as a base (Scheme 68).75 Substituted aryl
halides furnished the products in poor yields with respect to the
unsubstituted aryl halide. Only meta-amination products were
observed from ortho-substituted aryl halides due to steric
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 64 MnBr2-catalyzed dehydrogenative annulation of N-aryl anilines with alkynes.

Scheme 65 Micellar-mediated synthesis of 3-indolylbenzothiazoles using a manganese catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 19920–19968 | 19961
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Scheme 66 Synthesis of 2-aminobenzothiazole derivatives using a manganese catalyst.

Scheme 67 Plausible reaction mechanism for the synthesis of 2-aminobenzothiazole derivatives.74

19962 | RSC Adv., 2026, 16, 19920–19968 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 68 MnCl2-catalyzed N-arylation of morpholine using NaOtBu.

Scheme 69 Manganese-catalyzed formation of unprotected amini-
mides from alkaloids.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hindrance. However, a mixture of meta- and para-aminated
products was obtained from para-substituted aryl halides, likely
due to the predominance of a reaction pathway involving
a benzyne intermediate.

According to Zhang et al., natural aliphatic tertiary alka-
loids (R3N) were converted directly into R3N–NH.76 Under
mild reaction conditions, this [Mn(TDCPP)Cl]-catalyzed N-
amination process offers a simple and practical way to
produce unprotected alkaloid aminimides in high yields
(Scheme 69).

There are many literature reports on the formation of C–C
bonds, with alkoxycarbonylations being one of the important
methods. Here, an organo(alkoxy)borate salt [A] is efficiently
formed using a stoichiometric ratio of an organoborane and an
alkoxide salt (Scheme 70).77 At rst, Mn(CO)5Br reacts with the
organo(alkoxy)borate salt [A] to produce a Mn–alkoxy complex
[B]. Then, the intramolecular transfer of the alkyl group from
BEt3 to the carbonyl center results in complex [C]. Finally, the
desired isopropyl propionate ester is obtained from complex [C]
via the nucleophilic attack of the alkoxide on the electrophilic
acyl carbon.

Yang et al. reported a hydroxylation and amidation reaction
methodology for an aromatic steroid, equilenin, using N-tosyl-
iminophenyliodinane (PhINTs) and iodosobenzene (PhIO),
which provide the nitrogen and oxygen in the transformation.78

A readily available manganese porphyrin catalyst is used to
catalyze this extremely regio- and stereoselective reaction. The
6-hydroxylated and 11-b-amidation products are the two main
products for the hydroxylation and amidation reaction,
respectively (Scheme 71).
RSC Adv., 2026, 16, 19920–19968 | 19963
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Scheme 70 Mn-catalyzed carbonylation reaction.

Scheme 71 Manganese porphyrin complex-catalyzed hydroxylation and amidation reaction.
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Conclusion and future outlooks

Efficient manganese-driven catalytic methodologies have
rapidly advanced the platform for enabling the efficient
formation of C–X (X = C, N, O, S) bonds and the construction of
heterocyclic frameworks. The unique features of manganese
catalysts, such as their earth abundance, low toxicity, and
diverse oxidation states, allow their wide applicability in various
organic transformations under mild and efficient conditions.
Signicant recent progress has demonstrated their usefulness
across phenols, alcohols, alkenes, carbonyl compounds, allylic,
benzylic, and heterocyclic C–H bonds, and strained-ring
substrates, highlighting both the scope and effectiveness of
manganese-catalyzed methodologies.

In spite of these accomplishments, challenges remain. The
main areas for future exploration include increasing the
substrate scope, improving stereoselectivity and regioselectivity,
and developing additional ligand and catalytic systems. The
thoughtful mechanistic exploration of various manganese-
catalyzed methods remains restricted; therefore, further inves-
tigations are required to exploit the exceptional reactivity of
manganese. Furthermore, manganese-driven catalysis, such as
photo-redox strategies, ow chemistry, and electrochemical
approaches, could also improve the general efficiency and
versatile sustainability of these methods.

Looking forward, the development of manganese-catalyzed
strategies for the synthesis of libraries of complex molecules,
late-stage functionalization, and sustainable heterocycle
synthesis is desired for continued progress. The unique
combination of cost-effectiveness, environmental compatibility,
and mechanistic versatility provides a great platform for
manganese catalysis as a promising alternative with respect to
traditional noble-metal systems, with substantial activity to
make a signicant impact on pharmaceutical chemistry, agro-
chemistry, and materials chemistry. Continuous discovery in
this eld is likely to expand the toolbox of synthetic chemists
and contribute signicantly to the advancement of green and
sustainable chemistry.
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