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Recent advances in the synthesis of imidazoles+
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The review highlights the recent advances (2018-present) in the regiocontrolled synthesis of substituted

imidazoles. These heterocycles are key components to functional molecules that are used in a variety of
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Introduction

Imidazoles are an important heterocyclic structural motif in
functional molecules and are utilized in a diverse range of
applications.™ Despite recent advances, the development of
novel methods for the regiocontrolled synthesis of substituted
imidazoles is of strategic importance. This is due to the pre-
ponderance of applications to which this important hetero-
cycle is being deployed, such as the traditional applications in
pharmaceuticals and agrochemicals®* to emerging research
into dyes for solar cells and other optical applications,”
functional materials,”” and catalysis'® (Fig. 1). It is due to their
versatility and utility in a number of these areas that expedient
methods for the synthesis of imidazoles are both highly
topical and necessary. This review is focused on recent
advances in the synthesis of imidazoles and is organized via
the sorts of bond disconnections that were employed in order
to construct the heterocycle. The bonds formed in the reaction
are highlighted by being red colored throughout the review
and the standard numbering of imidazoles is used in the
description of disconnections (Fig. 1).

Synthesis
One-bond formed

There has been limited recent research on the synthesis of
imidazoles via methods that only form one of the heterocycle’s
core bonds. Fang et al. reported a novel protocol for the cycli-
zation of amido-nitriles 1 to form disubstituted imidazoles 2
(Scheme 1a).'® The reaction conditions were mild enough for
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everyday applications. An emphasis has been placed on the bonds constructed during the formation of
the imidazole. The utility of these methodologies based around the functional group compatibility of the
process and resultant substitution patterns around the ring are described, including discussion of scope
and limitations, reaction mechanisms and future challenges.

the inclusion of a variety of functional groups including, aryl-
halides as well as aromatic and saturated heterocycles
(Scheme 1b). This reaction is reported to proceed via nickel-
catalysed addition to nitrile 1, which followed by proto-deme-
tallation, tautomerization and dehydrative cyclization afforded
the desired 2,4-disubstituted NH-imidazoles 2 in poor to excel-
lent yield depending on the coupling partners (Scheme 1c).

Two-bonds formed

A two-bond disconnection for the synthesis of imidazoles that
has been explored recently is to combine a C*-N* fragment
with a N'-C*-C® unit. For example, Shi et al. used this discon-
nection to form trisubstituted NH-imidazoles 8 from the reac-
tion of benzimidates 7 with 2H-azirines 6 in the presence of
zinc(n) chloride (Scheme 2a).*° Man et al. used a related
method for the synthesis of 2-aminoimidazoles 11
(Scheme 2b).>" Under a variety of condition, vinylazides 9 were
converted in situ into 2H-azirines, which subsequently reacted
with cyanamide (10) to form the desired 2-aminoimidazoles 11
in moderate to excellent yield. Both of these methods afford
NH-imidazoles with control of substitution at the 2, 4 and 5
positions. An ester moiety could also be incorporated regio-
selective at either the C-4 or C-5 positions depending on which
protocol was followed (Scheme 2c).

Related work by Tang et al. reported the synthesis of 2,4,5-
trisubstited NH-imidazoles in moderate to good yield
(Scheme 3).** Thus, reaction of NBoc-imidamides 13 with
a-azidoenones 12 at 120 °C in acetonitrile gave the desired
imidazoles 14 without the need for the addition of a catalyst.
The protocol allowed for the inclusion of aromatic and hetero-
aromatic substituents as well as the ester at the C-5 position. It
was proposed that intramolecular cyclization with concomitant
loss of nitrogen of azide 12 would afford 2H-azirines 15.
Addition of NBoc-imidamides 13 to azirines 15 followed by
intramolecular cyclization would afford bicyclic intermediate
17. Ring fragmentation would then lead to the desired imid-
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Fig. 1 Examples of two, three and four bond disconnections in the formation of functional imidazole as well as its generic core and substituent

labels.
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Scheme 1 Nickel-catalysed cyclization of amido-nitriles.

azoles 14. In contrast to the methods outline in Scheme 2, this
protocol require that the starting material contains an ester
moiety.

Nitriles have also been used as reagents in metal free reac-
tions for the formation of substituted imidazoles in which
two-bonds of the heterocycle are formed. For example Harisha
et al. recently reported the reaction of a-azidoenones 18 with
substituted nitriles to form tri-substituted NH-imidazoles 19
(Scheme 4).>* No significant difference was observed in iso-
lated yield for reactions run under either thermal or microwave
conditions. In addition to an arylketone moiety at the C-5 posi-
tion, the protocol also allowed for the incorporation of vinyl
and arylhalide functional groups.

Recently, Yang and co-workers reported the synthesis of
protected imidazoles 21 via a BF;-Et,O promoted reaction of
triazoles 20 and nitriles (Scheme 5).>* The products of the reac-
tion are sulphone protected imidazoles that have substitution

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Metal-catalysed 2H-azirines based protocols.

at the C-2 and C-4 positions. The reaction is proposed to
proceed via initial ring opening of triazole 20 to form diazo-
imine 22. BF;-Et,O promoted addition of the nitrile affords
nitrilium intermediate 24, which subsequently cyclized to
form substituted imidazoles 21 in average to excellent yield.

In related work, Cai and co-workers showed that the addition
of the anion derived from methylene isocyanides 26 to keteni-
mines 25 resulted in the formation of 1,4,5-trisubstitued imid-
azoles 27 (Scheme 6).>> Interestingly, this method allows for the
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Scheme 3 Metal catalyst free 2H-azirines based protocol.

A) Method overview
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Scheme 4 TMSOTf-Catalysed [3 + 2] cycloaddition protocol.

synthesis of C-2 unsubstituted imidazoles whilst being func-

tional group tolerant of esters, sulphones and arylhalides.

Recently, Nikolaenkova et al. reported the synthesis of 2-car-
boxylate substituted imidazoles from oxime-hydroxlyamines 28
(Scheme 7).%° The reaction is reported to proceed via initial
condensation of hydroxylamine 28 with ethyl glyoxalate to
form N-oxide 29 in situ. Cyclization followed by dehydrative
aromatization afforded 1-hydroxyimidazole 30, which was sub-
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Scheme 5 BF3-Et,O-Catalysed recyclisation of triazoles.
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Scheme 6 Base-catalysed [3 + 2] cycloaddition protocol.

sequently reacted with chloro-2-propanone to give NH-imid-
azole 31 in good yield. This method allowed for the synthesis
of NH-imidazoles with an ester moiety at the C-2 position and
was also tolerant of heterocycles and arylhalides.

There has been a significant amount of recent works on the

formation of both the N'-C> and N*>-C* bonds in a single oper-
ation. For example, Strelnikova et al. reported the synthesis of

This journal is © The Royal Society of Chemistry 2020
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5-sulphonamidoimidazoles 35 or 36 from the reaction of two
different heterocyclic starting materials in the presence of a
rhodium catalyst (Scheme 8).>” Thus, reaction of 1,2,4-oxadia-
zole derivatives 33 and 34 with 1-sulphonyl-1,2,3-triazoles 32 at
84 °C in DCE afforded the desired imidazoles 35 and 36 in
good to excellent yield. In addition to a suphonolated amine at
the C-5 position, this protocol produced imidazoles substi-
tuted at the N-1 position with either an ester or alkyl moieties.
The mechanism is proposed to proceed via insertion of the
rhodium catalyst into triazole 32 to afford carbenoid 37. Attack
of 1,2,4-oxadiazole derivatives 34 onto carbenoid 37 followed
by ring-opening, loss of the metal catalyst and carbon dioxide
afforded tri-imine 40. A 5-exo-trig cyclization of imine 40 then
gave the desired imidazole 36.

The 1,3-diamine component of an imidazole has also been
introduced using either amidoximes or N-iminylsulphilimine.
For example, Wu and co-workers used an iron catalyst to
promote the reaction between amidoximes 42 with enones 41
(Scheme 9).*® Heating the reagents at 120 °C in the presence
of the metal catalyst and iodine afforded imidazole 43 in good
to excellent yields. The product NH-imidazoles were substi-
tuted with a ketone moiety at the C-4 position and the reaction
protocol was tolerant to nitroarenes.

In a related protocol, the reaction of N-iminylsulphilimine
44 with ynamides 45 was recently reported to afford 4-amino
substituted imidazoles 46 in good to excellent yields
(Scheme 10).>° In this gold-catalyzed process the sulphilimines
are used as nitrene transfer reagents. The products of the reac-
tion are N-1 phenyl substituted imidazoles that have sulphono-
lated amines at the C-4 position as well as aryl substitution at
the C-2 and C-5 positions.

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Iron-catalysed [3 + 2] addition protocol.
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Imidamides can also be used as starting materials for the
synthesis of imidazoles without the need for a metal catalyst.
For example, Tian et al. reported the synthesis of substituted
imidazole 50 from the reaction of imidamides 49 with sulphox-
onium ylides 48 in the presence of trifluoroacetic acid
(Scheme 11a).*° The resultant imidazoles were substituted at
the 1, 2 and 4-positions. In contrast, Wang and co-workers
reported that the reaction of imidamides 52 with propargyl
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Scheme 11 Acid-catalysed [3 + 2] addition protocols.
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Scheme 12 Nucleophilic catalyst-based protocol.

aldehydes in the presence of a boronic acid afforded 1,2,5-sub-
stituted imidazoles in which the boronic acid has transferred
its substituent to the C-5' position (Scheme 11b).*!

Recently we reported the synthesis of NH-imidazoles from
the reaction of methyl propiolate (54) and substituted amidox-
imes 55 (Scheme 12).**> Thus, subjection of activated alkyne 54
with a variety of amidoximes 55 to a two stage microwave pro-
tocol in the presence of a catalytic amount of 1,4-diazabicyclo

A) Method overview
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[2.2.2]octane (DABCO) rapidly afford the desired NH-imid-
azoles in moderate yield. The C-4 position was substituted by
an ester moiety and the reaction conditions were also tolerant
to arylhalides and heterocycles.

The N3-C*-C® unit can also be introduced in the form of a
carbodiimide. For example, Li et al. recently reported the syn-
thesis of 2-aminoimidazoles 63 from the reaction of carbodi-
imides 61 with propargyl amine (62) in moderate to good iso-
lated yield (Scheme 13).>* The reaction conditions were toler-
ant of both arylhalides and heteroarylhalides. In addition, the
N-1 nitrogen could be substituted by either aryl or benzyl
groups depending on the starting material that was employed.

Three-bonds formed

A number of recent methods for the synthesis of imidazoles in
which three of the heterocycle bonds are formed have been
reported. For example, imidamides 65 were reacted with car-
boxylic acids 64 in the presence of a copper catalyst to form
imidazoles 66 (Scheme 14).>* In addition to substrate control
over the substitution at the N-1 position (H or aryl), the
product imidazoles were regioselectively substituted at the C-2
and C-4 positions. In addition, functionality could be intro-
duced at the C-5 position via inclusion of a nitroalkane in the
reaction mixture. Mechanistically, the reaction is believed to
proceed via oxidative decarboxylation of carboxylic acid 64 to

A) Method overview
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Scheme 14 Copper-catalysed decarboxylative coupling of carboxylic
acids, imidamides and nitroalkanes.
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afford aldehyde 67. Condensation of imidamide 65 with alde-
hyde 67 followed by addition of the anion derived from the
nitroalkane to the in situ formed imine 68 gave substituted
imidamide 69. A 5-exo-trig cyclization of imidamide 69 fol-
lowed by B-hydride elimination afforded imidazole 66.

The reaction of excess amine with enones has been shown
to afford trisubstitued imidazoles. For examples, Salfeena et al.
recently reported the copper-catalyzed reaction of amines 71
with enones 70 gave imidazoles 72 with substitution at the 1, 2
and 4 positions in poor to moderate yield (Scheme 15).>* The
resultant imidazoles contained a benzyl group at the N-1 posi-
tion and the reaction conditions were tolerant of aromatic and
heteroaromatic functional groups. Mechanistically the reaction
was reported to proceed via copper promoted imine and iodo-
nium formation on enone 70 to give iodonium 73. Addition of
a second equivalent of amine 71 followed by intramolecular
cyclization afforded iminium salt 75. Finally, addition of a
third equivalent of amine 71 to alkyl iodide 75 followed by aro-
matization via fragmentation gave the desired imidazole 72.

In related work, Geng et al found that ketones 77 and
2-aminobenzylalcohols 78 could be reacted together in the
presence of iodine, ferric chloride and toluenesulphonyl-
methyl isocyanide to afford 1,4-disubstitued imidazoles 79
(Scheme 16).*° Interestingly, this is one of the few recent
examples in which the product imidazole is regioselectively
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Scheme 15 Copper-catalysed enones C—-C bond cleavage protocol.
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Scheme 16 Ferric chloride/iodine-catalysed [2 + 2 + 1] addition
protocol.

substituted at only the N-1 and C-4 positions with an aromatic
group. The reaction is reported to proceed via initial oxidation
of ketone 77 to keto-aldehyde 81. Subsequent condensation of
aldehyde 81 with 2-aminobenzylalcohol 78 and reaction with
the in situ formed tosylamine (80), afforded imine 83.
Intramolecular cyclization of amine 83 followed by elimination
of TsH and aromatization via C-O bond cleavage gave 1,4-di-
substitued imidazole 79.

The use of N-heterocyclic carbenes (NHC) as both ligand
and organocatalysts have become commonplace in modern
organic synthesis since they were characterized by Arduengo
et al.>” Alanthadka and co-workers recently built on this exten-
sive research to develop a NHC-catalyzed protocol for the syn-
thesis of 1,2,4-trisubstituted imidazoles 87 from the reaction
of acetophenones 85 and benzylic amines 86 (Scheme 17a).®
The reaction was conducted in the presence of an excess of an
oxidant, tert-butylhydroperoxide (TBHP), which serves to
oxidize an in situ formed enamine to an oa-aminoaldehyde.
Importantly, this process can be run under solvent free con-
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catalyst free ketones/benzylamines coupling

ditions. In related work, Chen et al. reported the synthesis of
tetrasubstituted imidazoles 90 from the reaction of ketones
and amines in the presence of elemental sulphur
(Scheme 17b).*° Both methods reported the synthesis of the
N-1 benzyl, C-2/C-4 phenyl substituted imidazoles, though the
isolated yields were markedly different.

Alizadeh-Bami et al. reported a similar disconnection for
the synthesis of substituted 1-hydroxyimidazole 93
(Scheme 18).*° This protocol allowed for the introduction of an
additional carbonyl nucleophile, derived from 92, which
resulted in additional substitution at the C-4 position. The
product imidazoles were substituted with a hydroxide moiety
at the N-1 position (¢f Scheme 7 for the conversion of this
functional group to an NH-imidazole). Mechanistically the
reaction is reported to proceed via an initial condensation
reaction between aldehyde 91 and dicarbonyl 92 to afford
enone 94. Nucleophilic addition of the in situ formed
N-hydroxy-imidamide 95 to enone 94 gave a-aminoketone 96,
which after a cyclodehydration process afforded 1-hydroxyimi-
dazole 93.

Wang and co-workers also constructed imidazoles 100
using the less common three component disconnection of the
heterocycle (Scheme 19).*' Two equivalents of nitrile 99 were
reacted with the acetylide generated in situ from alkynes 98 to

This journal is © The Royal Society of Chemistry 2020
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Scheme 18 Metal catalyst free four-component protocol.

afford the desired substituted imidazoles in average to excel-
lent yield. The #BuOK acts as both a base and a nucleophile
under the reaction conditions. In addition to the alkyl substi-
tuent at the C-5 position, reaction protocol afforded NH-imid-
azoles with aryl or heteroaryl substituents. The proposed
mechanism for the reaction starts with the reaction of in situ
formed acetylide of alkyne 98 with first equivalent of nitrile 99
to form imine 101. Addition of the second equivalent of nitrile
99 to imine 101 followed by 5-exo-dig cyclization and protona-
tion gave heterocycle 104. Addition of tert-butoxide to exocyclic
methylene 104 followed by aromatization and protonation
when purifying on silica afforded imidazoles 100.

Four-bonds formed

One of the most popular disconnections for the synthesis of
imidazoles is the concurrent formation of four bonds of the
heterocycles core with both metal-catalyzed and metal-free pro-
cesses being reported recently. For example, Sundar and

This journal is © The Royal Society of Chemistry 2020
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Scheme 19 Base-catalysed [2 + 2 + 2] addition protocol.

Rengan synthesized imidazoles 109 from the three component
reaction between benzylic alcohol 106, 1,2-diketone 107 and
excess ammonium acetate (Scheme 20).*> This borrowing
hydrogen process was catalyzed by diruthenium(u) catalyst 108
under aerobic conditions. The method allows for the synthesis
of NH-imidazoles with regioselective substitution at the C-2,
C-4 and C-5 positions and is tolerant of aryl and heteroaryl
functional groups.

Related work by Higuera et al. demonstrated that the use of
the deep eutectic solvent (DES) urea/zinc(u) dichloride could
catalyze the synthesis of 4,5-diphenyl-2-substituted imidazoles
112 from the reaction of aldehydes 110 with benzyl (111) and
excess ammonium acetate (Scheme 21).** This methodology
was applied to the synthesis of the drug trifenagrel, which was
isolated in 92% yield. In addition to the arylether and alkyl-
amine functionalities found in trifenagrel, the method also
tolerated arylhalides as the aromatic aldehyde partner.

Marzouk et al. recently reported the preparation of ZnFe,0,
nanoparticles as well as their use as catalysts for the synthesis
of substituted imidazoles (Scheme 22).** Reaction of aldehyde
113 and benzil (111) and primary amines in the presence of
the heterogenous catalyst afford the desired tetra-substituted
imidazoles 116 and 117 in good isolated yields. The authors
proposed that the iron acts as a Lewis acid to activate the car-
bonyl towards nucleophilic addition of amines and imines.
Importantly, the catalyst can be easily isolated and reused up
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Scheme 20 Ruthenium-catalysed borrowing hydrogen protocol.
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ammonia coupling protocol.

dichloride-catalysed  aldehyde/diketone/

to four times without a significant decrease in product yield. A
wide range of functional groups are tolerated under the reac-
tion conditions including phenols, alcohols, carboxylic acids
and amines.

Similar approaches were recently reported by Thwin et al.
who used a copper catalyst to facilitate formation of the imid-
azoles 119 (Scheme 23a).”> In addition, a heterogeneous
indium catalyst supported on SiSA was used by Vaid and co-
workers to promote the formation of imidazoles 121 via the
same disconnection in good to excellent yields
(Scheme 23b).*® Both of these methods had a similar substrate
scope and resulted in the formation of tetrasubstituted imid-
azoles. On average the use of the cheaper metal, copper, gave
approximately a 10% increase in yield when the same sub-
strates were directly compared (Scheme 23c).
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aldehyde/diketone/ammonia

A similar disconnection was undertaken by Varzi and
Maleki in which a ZnS-ZnFe,0, nanocatalyst was used to syn-
thesize 2,4,5-trisubsttituted-NH-imidazoles (Scheme 24).*” In
contrast to the related heterogeneous catalysis methods out-
lined above (¢f. Schemes 22 and 23), the resultant imidazoles
were unsubstituted at the N-1 position. Aryl and heteroaryl
aldehydes were well tolerated under the reaction conditions.

Condensation reactions to form the core four bonds of
imidazoles can also be run under a variety of metal-free con-
ditions. For example, Arafa recently reported the synthesis of
tri- and tetra-substituted imidazoles 126 over an aqueous 1,4-
diazabicyclo[2.2.2]octane  (DABCO)*® based ionic liquid
(Scheme 25a).*° Thus, sonication of aldehyde 124, 1,2-diketone
111 and an amine donor (ammonium acetate or primary
amine) afford the desired imidazoles in excellent yields. The
methodology was tolerant of a wide variety of functional
groups and the catalyst could be used up to seven times
without significant loss of activity. In contrast, Sonar et al.
used lactic acid to promote the formation of trisubstitued
imidazoles from the reaction of aldehydes 127, benzyl (111)
and ammonium acetate (Scheme 25b).>° The high tempera-
ture, solvent free conditions afford the desired imidazoles in
good to excellent yields. Both of these methods gave the
desired imidazoles in good isolated yields, though the high
temperatures invoked by Sonar, 160 °C, may limit the ability to
incorporate certain functionality.

Toledo and co-workers recently reported that imidazoles
131 could also be synthesized by a metal-free, one-pot process
from ketones 129 via oxidation and subsequent dehydrative

coupling with aldehydes and ammonium acetate
(Scheme 26).°" This method had a reasonable level of func-
tional group tolerance including basic pyridines and
cyclopropanes.

Derivatized magnetic nano-catalysts have been used in a
wide range of synthetic applications due to the fact that they
are easily recoverable.”> For example, a sulphonated
Fe;0,@PVA superparamagnetic nano-catalyst was employed by
Maleki et al. for the synthesis of trisubstitued-NH-imidazoles
from the condensation reaction of benzyl (111), an aldehyde
and ammonium acetate (Scheme 27a).>* The catalyst acts as an

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

A) Arafa method overview (method A)

R2NH,
NH,OAc (1.0 eq)

P O\ Ph 125 (5 mol %) '7 \
R"SNo + :[ I R1’4 Ph
0/ Ph under sonication IT‘
H,0, 60 °C, 5 - 8 min R2
124 1 26 examples 126
95 - 99%

B) Sonar method overview (method B)

Ph
it
R/%O ’ /I solvent—fre(e : R/QN\ Ph
) Ph H
160°C,25-3h
127 111 11 examples 128
83 - 94%

C) Representative examples

Ph Ph Ph
N N N
5 e WA
Ph/<N Ph N Ph Ph/<N Ph
H Me,N H K
Ph

method A: 99%
method B: 90%

method A: 97%
method B: 91%

method A: 95%

Scheme 25 Metal catalyst free aldehyde/diketone/amine(ammonia)
coupling protocols.

A) Method overview

HBr aq . RS0 R
g (10 mol %) RO | NH,0AC (5.0 eq) Jz
R™ “Me pMso N | MeOH. 1t 3-24h RN
85°C, 4-18h 28 examples H
12 130 23-85% 131

B) Representative examples
N
7\

Ph Ph
By 3 r
N
Ph N N@/Q” V/Q”

56% 40% 70%

Scheme 26 In situ generation of ketoaldehydes via acid-catalysed oxi-
dation of ketones.

efficient organic-inorganic Brensted acid and can be recycled
up to ten times without a significant loss of reactivity. In con-
trast to the work above (¢f. Scheme 22), the authors propose
that the iron core plays no role in the catalytic cycle and that
its major role is to provide an easy way to recycle the catalysts
via its magnetic properties. Similar protocols were developed
by both Rajabzadeh et al>* and Ahooie et al>®> who used
Fe;0,@Si0,-EP-HEAF and Fe;0,@g-C;N, magnetic nano-
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Scheme 27 Derivatized magnetic nano-catalysts in aldehyde/diketone/
ammonia coupling protocols.

particles, respectively, to catalyse the three-component conden-
sation reaction in ethanol to form 2,4,5-trisubstituted imid-
azoles (Scheme 27b and c). When the yields of the same
product imidazoles were compared it was found that all three
methods were relatively high yields, with only method C
having one slightly lower for one of the substrates.

Similar condensation protocols for the synthesis of nitrogen
substituted imidazoles using magnetic nano-catalysts have
also been developed. For example, Aghahosseini et al. devel-
oped a method using r-proline derived magnetic core nano-
particles as organocatalysts (Scheme 28a).>° These catalysts
were used to form tri- and tetra-substituted imidazoles in mod-
erate to good yield. In a related example, Gilan and co-workers
were also able to synthesis 2-substituted imidazoles via a
three-component condensations approach (Scheme 28b).””
The reaction was catalyzed by a nano-magnetic catalyst
Fe;0,@Ca3(P0O,),, which was synthesized using eggshell waste.
The catalyst gave a good yield of 1,2,4,5-tetra-substitued imid-
azoles 143 and could be recycled up to four time without sig-
nificant decrease in isolated product yield. Recently, Hosseini
et al. also reported that the synthesis of imidazoles 145 could
be catalyzed by a supported pyridinium catalyst
(Scheme 28¢).>® On average the yields for the synthesis of nitro-
gen substituted imidazoles using nano-magnetic catalyst were
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Scheme 28 Derivatized magnetic nano-catalysts in aldehyde/diketone/
amine coupling protocols.

approximately 10% lower than for the NH-imidazoles
described above (¢f. Scheme 27).

The four core bonds of monosubstitued imidazole 148 were
constructed via bisfunctionalization of 1,2-disubstituted acety-
lenes 146 by ruthenium carbonyl to form cis-enediol diacetates
147 followed by subsequent reaction with ammonium carbon-
ate (Scheme 29).>° The difunctionalization protocol obviates
the substrate limitations and use of toxic reagents required of
previous methodologies. Interestingly, this is one of the few
recent examples in the literature in which mono-substituted
NH-imidazoles were synthesized. Both electron rich and elec-
tron deficient aromatics were tolerated under the reaction con-
ditions. Mechanistically, the reaction is proposed to proceed
via in situ formation of ammonia, which reacts with cis-enediol
diacetates 147 to give amino imine 149. Reaction of amine 149
with formaldehyde followed by intramolecular cyclization and
aromatization afforded imidazole 148.

In a related approach Dubovtsev et al. also started from a
disubstitued acetylene 151, which when subjected to a one-pot
gold-catalyzed oxidation formed benzil (111). Subsequent reac-
tion of the in situ generated diketone 111 with an aldehyde
and ammonium acetate formed 2,4,5-trisubstituted imidazoles
(Scheme 30).°° Both electron neutral and rich arylaldehydes

This journal is © The Royal Society of Chemistry 2020
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Scheme 29 In situ generation of diketone equivalents via ruthenium-
catalysed oxidation of alkynes.
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of alkynes.

In situ generation of diketone via gold-catalysed oxidation

gave the desired NH-imidazoles 152 in good isolated yields.
Benzil generated in a similar manner was also converted into
quinoxaline, 1,2,4-triazines, pyrazines and 1,4-diazepine in
one-pot reaction sequences.

Internal alkynes were also employed by Sun et al. to from
tetrasubstituted imidazoles (Scheme 31).°" Thus, reaction of
diphenylacetylene (151) with a-hydroxy carboxylic acids 153 in
the presence of excess ammonium acetate and a combination
of palladium, cerium and bismuth reagents afforded the
desired imidazoles in good yields. In contrast to the methods
above (¢f. Schemes 29 and 30), the method resulted in the for-
mation of tetrasubstitued rather than NH-imidazoles. Both
phenyl and benzyl functionalities were tolerated at N-1.
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Scheme 32 In situ generation of diketone via iodine-catalysed oxi-
dation of alkynes.

A one-pot metal and acid free synthesis of 2,4,5-trisubsti-
tuted imidazoles was recently reported by Naidoo and Jeena
(Scheme 32).°> Reaction of internal alkynes 155 with iodine in
dimethyl sulphoxide (DMSO) afford benzils, which were sub-
sequently reacted with an aldehyde and ammonium acetate
in situ. Both of the solvents involved, DMSO and ethanol, can
be obtained from renewable resources® and thus the overall
methodology provides a greener alternative to many existing
protocols. Both heterocycles and halogenated aromatics were

compatible with the reaction conditions.

Outlook and conclusion

This review highlights that there has been a significant
amount of recent research (2018-present) on the regioncon-
trolled synthesis of imidazoles. Table 1 and Table S1f provide
an overview of the bond disconnections discussed as well as
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Entry Bonds NH NR C2 C4 C5 Yield range (%) Author Ref.
1 One v v v 13-90 Fang 19
2 Two v v v 6-25 Shabalin 32
3 Two v v v v 67-96 Wu 28
4 Two v v v 47-93 Cai 25
5 Two v v v 62-82 Wang 31
6 Two v v v 45-91 Tian 30
7 Two v v v v 65-98 Strelnikova 27
8 Three v v v v 49-93 Wang 41
9 Three v v 52-76 Geng 36
10 Three v v v 42-89 Alanthadka 38
11 Three v v v v 65-87 Alizadeh-Bami 40
12 Four v v 41-84 Ruan 59
13 Four v v v 23-85 Toledo 51
14 Four v v v v 75-96 Hosseini 58
15 Four v v v v 60-99 Aghahosseini 56

“Examples we chosen based on the following criteria: (a) number of bonds formed (b) substitution pattern (c) reaction conditions with priority
given to methods using lower temperatures and green solvents (d) yield range.

the resultant substitution pattern obtained in the study and
can be used as starting point to determine which method(s)
would be best suited for a particular application. Due to the
importance of this structural motif in existing and emergent
technologies, such as pharmaceuticals and agrochemicals as
well as dyes for solar cells and other optical applications, func-
tional materials, and catalysis, the development of additional
methods is likely to increase. Despite these recent advances,
the development of novel methods for the regiocontrolled syn-
thesis of substituted imidazole is of strategic importance. An
important consideration in new methods will be to provide
regiochemically flexible access to the myriad of imidazole sub-
stitution patterns whilst increasing the functional group toler-
ance of the process. In addition, the ability to rationally and
predicatively synthesise imidazoles from renewable starting
materials under mild conditions that have a minimal impact
on the environment, but which are economically viable will
also be key to realise of the applications outlined above.
Increased mechanistic understanding as well as reaction
design based on the Twelve Principles of Green Chemistry®*
should help deliver clean, concise and high yielding methods
for the synthesis of imidazoles. Due to the wide range of
potential permutations and the growing importance sustain-
ability, it is clear that there is still significant scope for further
discovery.
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