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approach to 2,4,5-trisubstituted-1H-imidazoles
from a-methylene ketones†
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A sequential one-pot approach to 2,4,5-trisubstituted imidazoles has been developed from a-methylene

ketones and aldehydes. This methodology employs air-moisture stable reaction conditions and an

inexpensive iodine/DMSO system affording a diverse range of known and novel (substrate scope) 2,4,5-

trisubstituted imidazoles in moderate to excellent yields. The iodine/DMSO system was extended to the

domino convergent synthesis of two functionalized intermediates, benzil and benzaldehyde, to produce

the final product.
Introduction

2,4,5-Trisubstituted imidazoles occupy a special place in the
realm of natural, pharmaceutical and synthetic organic chem-
istry, as this moiety exhibits numerous biological and phar-
macological properties.1 This particular N-heterocyclic family
has expanded its applications in various elds such as
cosmetics,2 polymer chemistry,3 agro chemicals,4 materials
chemistry (OLEDS, optical electronics, dye sensitized solar
cells),5 photography as photosensitive compounds6 and
industry as a corrosion inhibitor of certain transition metals.7

Accordingly, synthetic routes to access 2,4,5-trisubstituted
imidazoles are of vital importance and thus, develop on a daily
basis.

The classical approach to assemble trisubstituted imidazoles
involves the cyclocondensation of an a-diketone, aldehyde and
ammonium acetate using transition metal catalysts or acidic
media (Scheme 1a).8 However, several of these transformations
involve harsh reaction conditions, multistep synthetic opera-
tions, tedious isolation procedures and low yields. In particular,
while synthetically useful, such methodologies are limited to
accessibility of starting materials which in turn restrict product
diversity.9

Recently, the selective oxidation of non-activated carbon–
hydrogen (C–H) bonds has become an area of profound interest
in contemporary organic synthesis toward the formation of new
carbon–carbon (C–C) and carbon–heteroatom (C–X, X¼ N, O, S,
etc.) bonds.10 Specically, the direct oxidation of unreactive
benzylic Csp3–H bonds has received signicant research interest
to assemble C–N bonds, since it represents an atom-economical
versity of KwaZulu-Natal, Scottsville,
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strategy.11 Within this context, numerous innovative systems for
the oxidation of a-methylene ketones to diketones have been
reported such as Cu(OAc)2/Ph3P,12 Cu(OAc)2$H2O/K2CO3,13

DMSO/KHCO3 (ref. 14) KOtBu/18-Crown-6/O2,15 Pd(OAc)2/tri-
azole ligand16 and CuO/I2/DMSO.17

Our research group has recently developed a new type of one-
pot domino process to synthesize 2,4,5-trisubstituted imidaz-
oles through a SeO2/HOAc (Scheme 1b, Method 1) mediated
oxidative cyclization from readily available a-methylene ketones
and aldehydes.18 However, the notable disadvantages of this
protocol is the stoichiometric use of toxic selenium dioxide,
selenium waste, acidic media and high reaction temperatures.
Thus, in an effort to address the factors above, a copper/O2

(Scheme 1b, Method 2)19 methodology was developed, however,
while this approach proves its efficiency, the use of a transition
Scheme 1 Synthetic routes toward the preparation of 2,4,5-trisub-
stituted imidazoles.
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Table 1 Reaction optimization for the formation of 2,4,5-
triphenylimidazolea

Entry I2 (equiv.)
Oxidant
(1 mL)

Solvent
(2 mL)

Yieldb

(%)

1c 0.5 DMSO — —
2 0.5 DMSO — 54
3 0.5 DMSO MeOH 68
4 0.5 DMSO i-PrOH 54
5 0.5 DMSO EtOH 82
6 0.25 DMSO EtOH 74
7 0.10 DMSO EtOH 32
8 — DMSO EtOH —
9 0.5 DMF EtOH —
10 0.5 CH3CN EtOH —
11 0.5 PhMe EtOH —
12d 0.5 DMSO EtOH 62
13e 0.5 DMSO EtOH 26

a Reaction conditions: Step I: 1a (1 mmol), I2 (0.5 mmol), 100 �C for 2 h;
Step II: 2a (1 mmol), NH4OAc (10 mmol), 100 �C for 2 h. b Isolated yield.
c One-pot reaction. d NH4OAc (5.0 equiv.). e NH4OAc (2.5 equiv.).
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View Article Online
metal catalyst detracts from this synthetic procedure. As
a result, there is scope for further improvements toward the
development of non-toxic, acid and metal-free syntheses using
simple, inexpensive reagents and convenient procedures, in
which the above mentioned drawbacks can be addressed.

In this context, the concept of transition metal-free C–H
oxidation reactions is currently an active area of research and
swily growing eld in synthetic organic chemistry.20 Notably,
in recent years, molecular iodine (I2) has proven to be an
excellent catalyst for various organic transformations owing to
its inexpensive, non-toxic properties and mild Lewis acidity.21

Additionally, dimethylsulfoxide (DMSO) is an inexpensive and
environmentally friendly polar aprotic compound that performs
a versatile role as a solvent, oxidant and oxygen source in
various organic syntheses.22 In recent times, the iodine/DMSO
combination has received considerable attention, in synthetic
organic chemistry, as an effective and eco-friendly oxidative
system as it has effected numerous organic transformations.23

In continuation of our studies on nitrogen heterocyclic
synthesis,24 we herein report an improved, non-toxic, acid and
transition metal free, I2/DMSO promoted coupling of benzylic
Csp3–H a-methylene ketones with aldehydes to synthesize 2,4,5-
trisubstituted imidazoles (Scheme 1c).

Experimental
Typical procedure for the I2/DMSO-catalyzed reaction of a-
methylene ketones, aldehydes and ammonium acetate

2-Phenylacetophenone (196 mg, 1.0 mmol) and iodine (126 mg,
0.5 mmol) were mixed in a round bottomed ask with 1 mL
DMSO and heated to 100 �C for 2 hours. Thereaer, benzalde-
hyde (102 mL, 1.0 mmol), ammonium acetate (770mg, 10 mmol)
and ethanol (2 mL) were sequentially added and the mixture
heated to 100 �C for a further 2 hours. Aer cooling, a Na2S2O3/
ice water solution was added to the reaction mixture to yield the
crude product which was ltered, air dried and recrystallized
from ethanol to afford the desired product.

The detailed characterization data for 3a–3w are provided in
the ESI.†

Results and discussion

Initially, our studies commenced using benzyl phenyl ketone 1a
and benzaldehyde 2a as a model substrate and the results are
presented in Table 1. Firstly, 1a, 2a, ammonium acetate and I2
were added to DMSO and the mixture was heated at 100 �C for 4
hours, however, the reaction failed to proceed and no product
was detected (Table 1, entry 1). Due to the failure of this reac-
tion, we focused on sequential additions and accordingly, we
attempted a reaction with 1a and I2 in DMSO, and heated at
100 �C for 2 hours, followed by the addition of 2a and ammo-
nium acetate at 100 �C for a further 2 hours. Encouragingly, the
expected 2,4,5-triphenylimidazole 3a was obtained in an iso-
lated yield of 54% (Table 1, entry 2). Accordingly, we focused our
studies on a sequential one-pot approach to prepare these
scaffolds as this seemed to be themost viable synthetic route. In
general, 2,4,5-trisubstituted imidazole syntheses proceed well
37558 | RSC Adv., 2018, 8, 37557–37563
in the presence of an alcohol solvent as it is known to favour the
coupling of a diketone, aldehyde and ammonium acetate.25

Thus, in order to improve the yield, the reaction was attempted
with methanol and iso-propanol affording 3a in 68% and 54%
yield respectively (Table 1, entries 3 and 4). Finally, ethanol was
shown to be the best performing additive solvent as the yield
signicantly increased to 82% (Table 1, entry 5). Attempts were
made to decrease the amount of iodine, however, 0.25 and 0.10
equivalents lowered the yield of the desired product to 74% and
32% respectively (Table 1, entries 6 and 7). Furthermore, per-
forming the reaction in the absence of iodine resulted in no
product formation thus, conrming its importance in this
multicomponent reaction (Table 1, entry 8). The reaction also
failed to produce the expected 2,4,5-triphenylimidazole 3a when
DMSO was replaced with alternative oxidants such as dime-
thylformamide (DMF), acetonitrile (CH3CN) and toluene
(PhMe) conrming its vital importance in the reaction (Table 1,
entries 9–11). Many synthetic procedures use varying amounts
of ammonium acetate depending on the reaction conditions
employed to produce the desired product in maximum yield.26

Thus, to complete the study, the amount of ammonium acetate
was reduced to 5.0 and 2.5 equivalents, however, the yield of 3a
considerably decreased to 62% and 26% (Table 1, entries 12 and
13). To conclude, the conditions described in entry 5 were found
to be optimal, allowing for maximum conversion to the desired
product 3a.

Having identied the optimized reaction conditions, the
applicability of the devised system was evaluated by varying the
a-methylene ketone and aldehyde (Scheme 2). The various
This journal is © The Royal Society of Chemistry 2018
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electron-withdrawing and electron-donating para-substituted
benzaldehydes all underwent a smooth transformation with 1a
to provide the corresponding 2,4,5-trisubstituted imidazoles
3b–3d in good to excellent yields (80–86%). Similar results were
obtained upon substitution at the meta and ortho position of
benzaldehyde producing good yields of 63–75% (Schemes 2 and
3e–3g). In order to expand the scope of our methodology,
a bulkier substrate, 2-naphthaldehyde was evaluated and also
coupled smoothly with 1a to afford 2-(naphthalene-2-yl)-4,5-
diphenyl-1H-imidazole 3h in a 74% yield. We further extended
our methodology to heterocyclic and aliphatic aldehydes such
as furfural, cyclohexanecarboxaldehyde and 2-ethyl-
butyraldehyde to produce the desired imidazoles 3i–3k albeit, in
moderate yields with prolonged reaction time. Next, reactions
of benzaldehyde with substituted a-methylene ketones were
investigated. Unfortunately, propiophenone and 2-butanone
were not compatible with this system, and only starting mate-
rial was recovered. Benzyl phenyl ketone 1a substituted with
para-Cl or Br-groups reacted smoothly to furnish 2,4,5-trisub-
stituted imidazoles 3n–3o in good to excellent yields (78–84%).
Scheme 2 Step I: 1 (1 mmol), I2 (0.5 mmol), DMSO (1 mL), 100 �C for 2 h
aIsolated yield. bStep II: 24 h. cStep I: 24 h.

This journal is © The Royal Society of Chemistry 2018
Similarly, coupling 4-chloro-2-phenylacetophenone with para
substituted benzaldehydes, under the optimized reaction
conditions, successfully afforded the corresponding heterocy-
clic imidazoles 3p–3r in good yields (66–76%). Compounds 3n–
3rwere isolated as a mixture of tautomers due to the presence of
the uid hydrogen on the nitrogen atom.

Recently, several 2,4,5-trisubstituted imidazoles were shown
to have activity against malarial strains owing to the novelty of
the chemotype.27 As a result, in order to enhance the diversity
and thus the possible biological relevance of the imidazole
scaffold, we decided to establish substrate scope with this
strategy which is not known in literature. As a result, a series of
novel 2,4,5-trisubstituted imidazoles 3r–3w were synthesized as
a mixture of tautomers in good to excellent yields (53–85%)
(Scheme 3). Consequently, this atom-economical synthetic
procedure overcomes the limitations of previous methodologies
which are restricted to the accessibility of starting materials,
thus creating a new avenue to synthesize numerous novel
imidazole derivatives yielding drug like properties. Next, we
turned our attention to the domino convergent synthesis of two
; Step II: 2 (1 mmol), NH4OAc (10 mmol), EtOH (2 mL), 100 �C for 2 h.

RSC Adv., 2018, 8, 37557–37563 | 37559
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Scheme 3 Synthesis of novel 2,4,5-trisubstituted imidazoles. Step I: 1
(1 mmol), I2 (0.5 mmol), DMSO (1 mL), 100 �C for 2 h; Step II: 2 (1
mmol), NH4OAc (10mmol), EtOH (2mL), 100 �C for 2 h. aIsolated yield.

Scheme 4 Domino convergent synthesis of 2,4,5-triphenyl
imidazole 3a.
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suitably functionalized intermediates, benzil and benzalde-
hyde, to converge onto the nal product 3a. As previously
mentioned, the I2/DMSO system is able to effect numerous
organic transformations, hence, we rationalized that this
system could simultaneously oxidize the benzyl phenyl ketone
1a and benzyl alcohol 4a, in the same reaction vessel, to produce
the diketone and aldehyde which will subsequently form the
desired imidazole using our devised system. To test this
hypothesis we mixed benzyl phenyl ketone 1a and benzyl
alcohol 4a in the presence of I2/DMSO and heated the mixture at
100 �C for 24 hours to form the corresponding diketone and
aldehyde. Thereaer, ammonium acetate and ethanol were
37560 | RSC Adv., 2018, 8, 37557–37563
added to the reaction and heated at 100 �C for a further 2 hours
to afford 3a in an isolated yield of 48% (Scheme 4). This result
illustrates that the I2/DMSO system can successfully oxidize two
different substrates simultaneously, in the same reaction vessel,
for convergent synthesis into the desired product. We further
anticipate that this result would inspire the design for more
efficient and eco-friendly domino convergent syntheses for the
preparation of complex products from simple materials via this
innovative synthetic strategy.

To investigate a plausible reaction mechanism, a series of
control experiments were performed (Scheme 5). In experiment
1, benzyl phenyl ketone 1a was oxidized, in the presence of I2/
DMSO to benzil 5a (96%) which indicates that the diketone is an
intermediate in the reaction. Under the iodine-catalysis condi-
tions, the addition of the radical inhibitor (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) afforded the capture
adduct 6a in 46% (experiment 2). The TEMPO-trapped reaction
strongly supports the formation of 6a, in which the radical is
located at the a-position of benzyl phenyl ketone. In order to
rule out the role of hydroxyl and peroxide radicals as an inter-
mediate, a reaction of benzyl phenyl ketone 1a with butylated
hydroxytoluene (BHT)28 in the presence of I2 in DMSO was
performed (experiment 3). In this reaction, the diketone was
obtained in 90% yield, thereby proving non participation of
peroxide radicals in our reaction. Mechanistically, we proposed
that an a-iodinated species is the reactive intermediate in the
oxidation of 1a to afford the benzil intermediate 5a. Accord-
ingly, 2-iodo-1,2-diphenylethanone 7a was synthesized29 and
subject to oxidation in DMSO affording benzil in 97% yield
(experiment 4). Having completed the iodination reaction, we
sought to determine the source of oxygen in the oxidation
reaction. Accordingly, there are three potential oxygen sources
in the reaction system: molecular oxygen in air, a trace amount
of water in the solvent DMSO and, DMSO itself. The reaction
proceeded well under a nitrogen atmosphere affording 5a in
95% yield indicating that oxygen from the air does not partici-
pate in the reaction (experiment 5). When the reaction was
performed in a toluene/water biphasic mixture, the hydroxyl-
ation product 8a and benzil intermediate 5a was obtained in
22% and 16% yield respectively, indicating that water plays
a minor role in the oxidation reaction to afford 8a which is
further oxidized to provide 5a (experiment 6). Furthermore, the
reaction of 7a in anhydrous DMSO under a nitrogen atmo-
sphere afforded the diketone intermediate in 98% yield
(experiment 6b). This preliminary result conrms that majority
of the incorporated oxygen in the benzil intermediate is indeed
This journal is © The Royal Society of Chemistry 2018
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Scheme 5 Control experiments.

Scheme 6 Plausible mechanism for imidazole synthesis.
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coming from DMSO. Finally, in order to understand the effect of
iodine in the coupling reaction, 1a, 2a and ammonium acetate
was reacted in ethanol to afford the corresponding 2,4,5-tri-
phenylimidazole 3a, however, no product was obtained (exper-
iment 7a). Moreover, the addition of iodine resulted in 92%
formation of 3a indicating that iodine plays a role in the
coupling reaction (experiment 7b). On the basis of the above
observations, we propose a plausible mechanism of consecutive
iodination/oxidation/cyclization for the synthesis of 2,4,5-
trisubstituted imidazoles (Scheme 6). The reaction proceeds
This journal is © The Royal Society of Chemistry 2018
with an iodine assisted proton abstraction from the methylene
position of 1 to generate the benzyl radical A.30 Subsequently,
iodination affords the corresponding a-iodinated intermediate,
2-iodo-1,2-diphenylethanone B, which reacts with DMSO to
generate the active intermediate C. Two possible pathways
could be proposed for the reaction of C to form the benzil
intermediate 5.31 Based on control experiment 6, the minor
pathway (green) involves a water attack on the sulfur cation of C
to form the hydroxylation intermediate D, regenerating DMSO
and HI for further cycle, which subsequently forms 5 through
intermediate E.32On the other hand, themajor pathway (purple)
involves proton abstraction from the a-carbon of C, followed by
the removal of HI and DMS, affording the desired benzil
intermediate 5. Accordingly, the oxidation of B is not solely
a DMSO catalyzed reaction, since the catalytic water still exists,
but majorly relies on the DMSO to react with the a-iodinated
intermediate to afford the diketone intermediate 5. In terms of
the coupling reaction,33 iodine is capable of binding to the
carbonyl oxygen of the diketone intermediate 5 and aldehyde 2,
owing to its mild Lewis acidity, thus increasing the reactivity of
the substrates,34 which is supported by control experiment 7b.
Moreover, iodine facilitates the formation of the imine inter-
mediates H and I which condense to form the desired
imidazole 3.
RSC Adv., 2018, 8, 37557–37563 | 37561
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Conclusion

In summary, an improved, non-toxic, acid and transition metal
free, sequential one-pot approach to 2,4,5-trisubstituted imid-
azoles was developed using a-methylene ketones instead of the
traditional diketone. This environmentally friendly I2/DMSO
system provides access to various substituted 2,4,5-trisubsti-
tuted imidazoles in moderate to excellent yields, under mild
conditions and short reaction times. Moreover, a substrate
scope was established by synthesizing novel 2,4,5-trisubstituted
imidazoles, in good to excellent yields, which could potentially
have biological properties. In addition, this approach could
effect a domino convergent synthesis of the desired imidazole
albeit in a moderate yield, through the simultaneous oxidation
of benzyl phenyl ketone and benzyl alcohol. Supplementary
studies expanding the scope of this methodology as well as in-
depth mechanistic experiments are currently underway in our
laboratories and will be reported in due course.
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