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ach for the synthesis of
multisubstituted imidazole via FeCl3/SiO2 catalyzed
activation of acetals: a photophysical study of an
imidazole–carbazole hybrid†

Barnali Das, a Arghyadeep Bhattacharyya, a Bhaswati Paul,b

Ramalingam Natarajan b and Swapan Majumdar *a

A simple and solvent-free catalytic system was developed for the direct conversion of multisubstituted

imidazoles through the reaction of acetals and benzils with ammonium acetate/amines as the source of

nitrogen. The reaction occurred under mild and benign conditions using FeCl3/SiO2 as a heterogeneous

catalyst without the requirement of any toxic organic solvents. The easy preparation and recyclability of

the catalyst allows the reaction to be simple and highly efficient, resulting in very good yields of

imidazoles. Novel imidazole–carbazole hybrid compounds were also synthesised by adopting the

present methodology. Single crystal X-ray diffraction study indicated the presence of a CH/p

supramolecular interaction that renders effective molecular packing in the solid state. The steady-state

and spectro-dynamic behaviours of these hybrid molecules were investigated, and it was revealed that

a solvent-dependent excimer-coupled ICT phenomenon guided excited state photophysics. Very

unusual excimer lifetime was noticed in the solid state of this bis-heterocyclic compound owing to the

stacking of molecules via CH/p interaction, as evident from the X-ray studies.
Introduction

The ideation for the synthesis of various unique heterocyclic
compounds is of keen interest to organic and medicinal
chemistry researchers because of their various applications in
pharmaceutical chemistry, drug industry and many other areas
of science.1,2 Imidazoles are a vital class of nitrogen-containing
heterocycles that are present in numerous bioactive molecules
and possess known biological and pharmacological activities,3–8

such as anti-obesity, anti-hypertension, anti-allergic, anti-
inammatory, anti-bacterial, anti-viral, anti-tumor, analgesic,
anti-histaminic, anti-helminthic, anti-thyroid, and anti-ulcer
activity. Furthermore, they have high versatile utility in other
areas such as dyes for solar cells,9 agrochemicals,10 optical
applications,11 functional materials,12 plant growth regulators,
fungicides and herbicides.13 Some substituted imidazoles are
selective antagonists of the glucagon receptors and inhibitors of
IL-1 biosynthesis.14 Moreover, the imidazole nucleus constitutes
the core unit of many natural products,15 such as histidine,
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histamine, biotin, and pilocarpine. Moreover, 2,4,5-triaryl
imidazoles are popular building blocks for the construction of
pharmaceutically interesting compounds, such as inhibitors of
p38 MAP kinase16 and B-Raf kinase transforming growth factor
b1,17 and are the core structural skeleton of several drugs, such
as trifenagrel, eprosartan, and losartan.18 Substituted imidaz-
oles also have important applications in the chemistry of
functional materials, such as in functional polymers,19

ligands,20 photo-physical materials,21,22 ionic liquids,23 semi-
conductor devices,24 uorescent probes,25 and N-heterocyclic
carbenes.26 Hybrid molecules are chemical entities that have
two or more structural domains with different functional roles
and show dual activities in the biological function and modu-
lation of functional materials. Hybrid molecules have the
potential to minimize toxicity, widen the biological range,
overcome drug cross-resistance, and improve efficacy as
compared to the parent drugs. In recent years, covalently linked
different functionalized heterocyclic units as the so-called
organic–organic hybrid have emerged as a powerful tool for
the modulation of their physical and electronic properties.27

Functional modication offers a direct and robust method for
tuning their physicochemical properties in a controlled and
modular manner. This is particularly important as the rational
design of species with well-dened electronic properties
remains a key target for both biological and photochemical
applications.28 In this context, a imidazole–carbazole hybrid has
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
attracted attention from chemists because of its bipolar D–p–A
type transition for blue light-emitting diodes29 and electro-
chemical sensors.30 Consequently, the development of novel
synthetic methods for the synthesis of diverse structured
imidazoles has attracted sustained interest in organic synthesis.
The tri- and tetra-substituted imidazoles can be synthesized by
the reaction of a 1,2-diketone/a-hydroxy ketone with an alde-
hyde and ammonium acetate and/or primary amines under
acidic condition,31–35 microwave reactor,36 and using different
heterogeneous metal catalysts (Scheme 1, route A).37–40 Other
approaches like the reaction of a-haloketone with a substituted
amidine10,11,41 (Scheme 1, route B) or the cyclocondensation of
N-alkyl-a-acetamido ketone/alcohol with ammonium acetate in
HOAc under reux42 (Scheme 1, route C), or by the condensation
of imines and acyl chloride over a palladium catalyst (Scheme 1,
route D)43 have been reported for the synthesis of multi-
substituted imidazoles. Recently, the visible light-induced
photo-cyclization of amines to imidazoles via C–C/C–N bond
coupling, followed by dehydrogenation reaction over Mo-doped
ZnIn2S4 as a heterogeneous photocatalyst was also reported
(Scheme 1, route E).44 Although there are various ways to
synthesize imidazoles (Scheme 1), some of the catalysts possess
objectionable drawbacks from the view point of environment
and green chemistry. Thus, the development of a new and
simple strategy is still desirable for the direct construction of
poly-substituted imidazoles with more economic viability and
sustainability.
Scheme 1 Different routes towards the synthesis of substituted
imidazoles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Nowadays, solid-supported reagents using polystyrene-based
resin and silica gel as the scavenger are gaining increasing
attention due to several advantages associated with them.
However, silica gel has been widely accepted since it is less
expensive and structurally rigid with high mechanical and
thermal stability. Silica gel also does not swell in any organic
solvents. Thus, it can be used in various reaction media. Most
importantly, silica gel has a large surface area (typically 200–800
m2 g−1), which allows for a high density of functional groups to
be immobilized on its surface.45 Due to the Lewis acid character
of iron(III) chloride, it is extensively used in organic synthesis as
a catalyst/activator since it is also inexpensive and readily
available. However, this reagent cannot be recycled aer its use,
which ultimately creates pollution problems. By considering the
aforementioned features of the supported reagents as a hetero-
geneous catalyst, we have successfully utilized silica-supported
ferric chloride (FeCl3/SiO2) as an activator for various func-
tional groups and in various occasions.46,47 It was reported that
the acetal group can be activated by ferric chloride48 or other
transition metal catalysts49 for the synthesis of heterocycles and
other purposes under mild condition. Based on the above fact,
we were curious to explore whether such activation could be
applied to the synthesis of multisubstituted imidazoles using
acetal as latent aldehydes under the FeCl3/SiO2 catalytic
condition. Thus, we report herein our ndings on to the
synthesis of 2,4,5-tri and 1,2,4,5-tetra substituted imidazoles in
the presence of a silica-supported FeCl3/SiO2 catalyst under
solvent-free condition using different protected acetals as the
source of the C-2 carbon (Scheme 2). Due to the structural
uniqueness of one of the synthesized multisubstituted imid-
azole–carbazole hybrid compounds, we also demonstrated its
solid state packing pattern and photo-physical behaviour in this
communication.
Results and discussion

Based on our previous experience,32 we have decided to begin
with Amberlite IR 120 H+ as the catalyst to optimize the best
reaction condition to achieve maximum yield of the product. So,
we begin by reacting benzil (1a; 1 mmol) with benzaldehyde
dimethyl acetal (2a; 1.1 mmol), ammonium acetate (5.0 mmol),
and Amberlite IR 120 H+ (30 mg) in methanol at room
temperature. No reaction was detected on a TLC plate (Table 1,
entry 1). However, upon reuxing the mixture for 3 h in meth-
anol or ethanol, 2,4,5-triphenyl imidazole was obtained in 65%
yield from the reaction mixture aer purication (Table 1,
entries 2 and 3). Surprisingly, when the reaction was carried
Scheme 2 General reaction scheme for the synthesis of substituted
imidazoles.
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Table 1 Optimization of the reaction conditions for the formation of 2,4,5-triphenylimidazole from benzil and benzaldehyde dimethylacetal via
a domino multicomponent reaction

Entry Solvent Catalyst NH4OAc Temp. (°C) Time (h) Yield (%)

1 MeOH Amberlite IR 120 H+ (30 mg) 5.0 eq. rt 3.0 NR
2 MeOH Amberlite IR 120 H+ (30 mg) 5.0 eq. Reux 3.0 65
3 EtOH Amberlite IR 120 H+ (30 mg) 5.0 eq. Reux 180 65
4 MeOH (dry) Amberlite IR 120 H+ (30 mg) 5.0 eq. Reux 3.0 Trace
5 THF (dry) Amberlite IR 120 H+ (30 mg) 5.0 eq. rt 3.0 NR
6 MeOH None 5.0 eq. Reux 3.0 NR
7 No Amberlite IR 120 H+ (30 mg) 5.0 eq. 80 °C 3.0 Trace
8 MeOH Amberlyst 15 (30 mg) 5.0 eq. Reux 1.0 57
9 CH2Cl2 FeCl3 (20 mg) 5.0 eq. Reux 1.0 Mixture
10 MeOH FeCl3/SiO2 (20 mg) 5.0 eq. Reux 1.0 Mixture
11 EtOH FeCl3/SiO2 (20 mg) 5.0 eq. Reux 3.0 Mixture
12 No FeCl3/SiO2 (20 mg) 5.0 eq. 100 °C 1.0 93 (ref. 32)
13 No FeCl3/SiO2 (20 mg) 5.0 eq. 80 °C 1.0 Mixture
14 No FeCl3/SiO2 (20 mg) 5.0 eq. 100 °C 4.0 94
15 No FeCl3/SiO2 (50 mg) 5.0 eq. 100 °C 1.0 94
16 No Silica-gel (230–400 mesh) 5.0 eq. 100 °C 1.0 Mixture
17 No FeCl3/SiO2 (10 mg) 5.0 eq. 100 °C 4.0 85
18 No FeCl3/SiO2 (20 mg) 1.0 eq. 100 °C 1.0 Mixture
19 No FeCl3/SiO2 (20 mg) 2.0 eq. 100 °C 1.0 65
20 No FeCl3/SiO2 (20 mg) 10.0 eq. 100 °C 1.0 93
21 No FeCl3/SiO2 (20 mg) 5.0 eq. 100 °C 1.0 93, 92, 92, 90, 89
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View Article Online
using dry methanol or THF, or without catalyst or solvent, by
keeping the ratios of the reactants the same, no product was
detected (entries 4–6). The reaction is also unsatisfactory for the
catalyst Amberlyst 15 under identical conditions (entry 8).
Having inmind the Lewis acidic nature of FeCl3, we then turned
our attention toward its use as an activator for acetals.
Accordingly, we have employed a catalytic amount of anhydrous
ferric chloride (20 mg mmol−1) in dichloromethane at room
temperature, but such attempt resulted in a mixture of products
(Table 1, entry 9), along with unreacted benzil. Reuxing the
reaction mixture in methanol/ethanol in the presence of silica-
supported ferric chloride (20 mg, 2 mol% of FeCl3) resulted in
an incomplete conversion to products (Table 1, entries 10 and
11). However, one of the products was identied as 2,4,5-tri-
phenyl imidazole on a TLC plate by the comparison of the
standard sample. Then, we were curious to see the outcome of
the reaction under solvent-free conditions. Accordingly,
a mixture of 1a (1 mmol) with 2a (1.1 mmol) and ammonium
acetate (5 mmol) and FeCl3/SiO2 (20 mg) was heated without the
use of any solvent for 1 h at 100 °C. Under this condition, a clean
conversion occurred and 93% yield of 2,4,5-triphenyl imidazole
(3a) was isolated aer work-up (Table 1, entry 12). Decreasing
the temperature to 80 °C again showed incompatibility of the
process (Table 1, entry 13). From this promising result,
extending the reaction time to 4.0 h or increasing the amount of
supported catalyst only had a slight inuence on the yield
(Table 1, entries 14 and 15). To gain further insight into the
reaction system, control experiments were conducted in the
33514 | RSC Adv., 2024, 14, 33512–33523
presence of silica-gel only. However, no product was detected
(Table 1, entry 16). Decreasing the amount of the catalyst (10
mg), while keeping the others constant, resulted in a decreased
yield of the tri-substituted imidazole (Table 1, entry 17). An
exhaustive literature search revealed that different synthetic
procedures employed variable amounts of ammonium acetate,
depending on the reaction conditions, to produce the desired
product in maximum yield. Thus, to complete our optimization
study, we also employed variable amounts of ammonium
acetate. However, considerably lower yields were obtained when
1 and 2 equivalents were used, and the use of 10 equivalents
does not affect the yield of 2,4,5-tri phenyl imidazole (Table 1,
entries 18–20). We also found that the catalyst can be recycled
through at least ve consecutive cycles without the loss of
catalytic potency (93% initial, 92%, 92%, 90% and 89%) of
FeCl3/SiO2 (Table 1, entry 21).

We then turned our attention to the expansion of the sources
of nitrogen by replacing ammonium acetate with other
ammonium salts like ammonium chloride, ammonium
formate, ammonium nitrate and ammonium sulphate.
However, our study revealed that NH4OAc is best, and the only
effective source of nitrogen in the present method of imidazole
synthesis (results not shown). Therefore, the conditions
described in Table 1, entry 12 using benzil/benzaldehyde
dimethylacetal/ammonium acetate in a molar ratio of 1 : 1.1 :
5 were found to be optimal, allowing for maximum conversion
into the desired product 3a. With the optimal reaction condi-
tion in hand, the scope of the devised system was evaluated by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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varying the substituted benzils and acetals (Table 2). Acetals of
aromatic aldehydes substituted with either electron-donating
(2b) or electron-withdrawing (2c) functional groups in the
para position reacted smoothly with 1a and 5 eq. of ammonium
acetate to provide the corresponding 2,4,5-triarylimidazoles 3b–
c in excellent yields (90% and 92%, respectively) (Table 3,
entries 1 and 2). The presence of the –NO2 group in acetal makes
the process a little slower. 4,40-Dimethoxy benzil (1b) also reacts
Table 2 Scope of the SiO2/FeCl3-catalysed synthesis of trisubstituted im

Entry 1,2-Dicarbonyl Acetal

1

2

3

4

5

6

7

8

9

10

© 2024 The Author(s). Published by the Royal Society of Chemistry
with both the benzaldehyde dimethyl acetal or 4-methoxy
benzaldehyde dimethyl acetal under identical conditions to
produce the corresponding triaryl imidazoles 3d–e in excellent
yields. To expand the scope of our methodology, cyclic-1,2-
dione, e.g., phenanthroquinone (1c), was evaluated for the
present strategy, and also furnished the expected imidazoles 3f–
g in high yields. Next, reactions of benzaldehyde dimethyl
acetals with butane 2,3-dione or cyclohexa-1,2-diones were
idazoles using NH4OAc as the source of nitrogen

Product Time (h) Yield (%)

60 90 (ref. 32)

120 92 (ref. 32)

60 90

90 87

90 90 (ref. 50)

120 88 (ref. 51)

60 NR

60 NR

60 90 (ref. 32)

60 80

RSC Adv., 2024, 14, 33512–33523 | 33515
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Table 3 Solvent-free synthesis of 1,2,4,5-tetrasubstituted imidazoles through a MCR of diketone, protected aldehydes, NH4OAc, and amine
using the FeCl3/SiO2 catalyst

Entry 1,2-Dicarbonyl Acetal and amine Product Time (min) Yield (%)

1 60 91 (ref. 32)

2 60 93 (ref. 32)

3 90 89 (ref. 52)

4 90 85 (ref. 53)

5 90 82 (ref. 54)

6 120 86

7 140 82
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investigated. Unfortunately, such attempts were not compatible
with this transformation, even though various reaction condi-
tions were tried. To further evaluate the scope of the developed
system, cyclic acetal (2d) was used in the same reaction with
benzil, and an almost comparable yield of triaryl imidazole 3a
was observed. We have also extended our study with the ketal
generated from acetone (2e) under standardized condition
(Table 1, entry 12), and the expected 2,2-dimethyl-4,5-diphenyl-
2H-imidazole (3h) was isolated in 80% yield aer 1 h.
33516 | RSC Adv., 2024, 14, 33512–33523
Based on the optimized reaction conditions, we have also
devised the protocol for the synthesis of 1,2,4,5-tetrasubstituted
imidazoles (5) using ammonium acetate, along with primary
amines (4) as the source of the second nitrogen. Thus, we per-
formed the synthesis via four-component, one-pot condensa-
tion of benzils (1), acetal (2), NH4OAc and primary amines (4) in
the presence of FeCl3/SiO2 under the standardized condition
(Table 1, entry 12). Both aromatic and aliphatic primary amines
furnished tetra-substituted imidazoles in excellent yield (82–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) ORTEP diagram of 5g. (B) Unit cell packing of 5g. (C) Non-
classical hydrogen bonding interaction between three units of 5g. (D)
Supramolecular architecture attained by the C–H/p interactions
among individual units of 5g.
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93%). Benzylamine provided better yield (5b, 93%) than aniline
(5a, 91%) because of its better nucleophilicity. In the case of p-
toluidine and p-methoxy aniline, the reaction proceeded effi-
ciently under solvent-free conditions, and 1,2,4,5-tetrasub-
stituted imidazoles 5c–d were produced in high yields. 4-
Methoxy benzaldehyde dimethyl acetal also participated in the
reaction with benzil, aniline and ammonium acetate to yield
tetrasubstituted imidazole 5e in 82% yield. However, phenan-
throquinone reacted with benzaldehyde dimethyl acetal, aniline
and ammonium acetate to yield the phenanthrene-fused imid-
azole derivative 5f in 86% yield. Finally, we have achieved a very
interesting synthesis of imidazole–carbazole hybrid compounds
via the present four-component protocol using benzil, benzal-
dehyde dimethylacetal, ammonium acetate and 9-ethyl-3-amino
carbazole under the standardized condition, and the hybrid
compound 5g was formed in 82% yield aer 2.5 h. The struc-
tural uniqueness of 5g containing two heterocyclic units could
lead to novel photo-physical and optoelectronic properties,
apart from the expected intramolecular charge transfer (ICT)
commonly shown in carbazole and imidazole moieties sepa-
rately. The single crystal X-ray analysis provides valuable
information on the supramolecular interactions, which could in
turn dictate their optoelectronic properties. Thus, we were also
interested to see the solid-state structure of 5g by X-ray
diffraction studies, as the compound is found to be a highly
crystalline solid. For this, single crystals were grown in a meth-
anol–water solvent system to obtain suitable ones for analysis.
Fig. 1(A) shows the ORTEP diagram of 5g (CCDC deposition
number 2361185) at 60% probability of the thermal ellipsoids,
whereas Fig. 1(B) shows the packing of two molecules of 5g in
a unit cell. As 5g comprises considerable p electron density,
non-classical supramolecular interactions were also expected to
be present via non-classical hydrogen bonding interactions.
Fig. 1(C) and (D) illustrate the supramolecular architecture
attained in 5g. In Fig. 1(C), the presence of non-classical CH/p

hydrogen bonding interactions (dH–X/A $ 2.0 Å) could be
visualized. Fig. 1(D) shows how the cumulative result of all such
interactions leads to knitting a beautiful zig-zag assembly that
extends in three dimensions.
Photo-physical study of imidazole–carbazole hybrid 5g

The design of molecular frameworks to purposefully tune
intriguing photo-physical phenomena, such as excited state
proton transfer (ESIPT), excited state intramolecular charge
transfer (ESICT), excimer formation, among others, has attrac-
ted the attention of chemists for a long time, owing to their
multifarious utilities in the elds of sensing, bio-imaging and
organic electronics.55–57 In this connection, the spectroscopic
properties of the new compound 5g (Table 3, entry 7) were
investigated. The rationale behind choosing the same was the
unique unison of carbazole, as well as imidazole units, both
being very well-studied uorophore units individually.
However, the structural uniqueness of the conjugation of the
two units could lead to novel spectroscopic properties apart
from the expected intramolecular charge transfer (ICT)
commonly shown in carbazole and imidazole moieties
© 2024 The Author(s). Published by the Royal Society of Chemistry
separately. To our delight, 5g showed rare excimer-based
emission, a phenomenon observed predominantly in molec-
ular entities like naphthalene, pyrene and perylene. The exci-
mer emission band appeared as a broad, red-shied band
emitting at lem$ 400 nm (lex 300 nm) depending on the solvent
in the steady state emission prole, whereas the time-resolved
emission decays consisted of abnormally high lifetime values
(6.0–12.0 ns), accompanied with a growth component (sgrowth =
0.20–0.70 ns) in polar solvents, thereby providing solid support
in favor of excimer emission. In addition, in chloroform,
evidence of a feeble ESICT could be obtained from the
combined steady-state and time-resolved experiments.
However, the solid-state emission was guided exclusively by
monomer and excimer emission, without involvement of an
ESICT (sexcimer = 17.0 ns). To our knowledge, this is the rst
report demonstrating a carbazole-substituted imidazole-
enabled excimer emission, along with weak ESICT, depending
on the solvent polarity and viscosity. Prior to the current report,
excimer formation was observed in some triphenylamine- and
pyrrole-conjugated carbazole derivatives, albeit the spectro-
dynamic properties were not explored.58,59 In the current
RSC Adv., 2024, 14, 33512–33523 | 33517
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Table 4 Important steady state spectral data of 5g

Solvent Abs. (nm) Em (nm)/(ex 290 nm) Stokes' shi (cm−1)

CHCl3 290, 300, 360 350, 420 5911, 10 673
THF 290, 300, 350 350, 400 5911, 9483
DMF 290, 300, 350 350, 400 5911, 9483
MeOH 290, 300, 350 350, 400 5911, 9483
Water 290, 300 350, 420 5911, 10 673
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report, the detailed spectro-dynamic studies and steady-state
experiments make it an improvement over the existing
reports. The simple design yet elegant spectroscopic features of
5g shall act as a guideline for unravelling the excited state
photo-physical phenomena in the tailor-made carbazole–imid-
azole hybrid uorophores. All steady-state and time-resolved
measurements in solution were performed by using 15 mM
solutions of 5g (purity > 99.99%; HPLC, ESI) prepared in various
solvents of differing polarity, proticity, and viscosity (viz., chlo-
roform, tetrahydrofuran, dimethylformamide, methanol and
water of pH 7.0). For measurements in aqueous solution, the
stock solution of 5g in THF was diluted in water (pH 7.0) to get
a nal concentration of 15 mM. For solids, a morsel of powdered
5g was smeared on a 1 cm× 2 cmWhatman 40 lter paper strip
using a spatula, and the lter paper coated with 5g was used for
spectroscopic measurements. The radiation areas of the emis-
sion spectrophotometer, as well as the nano-LED, were much
lower than the area of 5g smeared on the lter paper, ensuring
no scattering from the lter paper.
Steady-state spectral features in solution and solid phase

To begin with, the steady-state spectra of 5g were recorded in
solution ([5g] = 15 mM), as well as in the solid phase (powdered
form) (Fig. 2). The spectral features in the solution phase shall
be discussed rst, followed by that of the solid phase. Table 4
lists the important spectral data of 5g in various solvents. From
Fig. 2(A), it could be found that 5g shows a structured absorp-
tion band centred at ∼300 nm, along with a very weak band at
∼360 nm. The high-energy band could be assigned to the p /

p* transition, which is in line with reported carbazole based
molecules.60,61 The low-energy band can be assigned to the n/

p* transition, owing to the extremely low extinction coefficient
(3300 nm : 3400 nm ∼ 17 : 1 in chloroform to 25 : 1 in MeOH) of the
latter.62 It should be noted that the contribution of the lower
energy band in terms of absorbance is particularly high in
chloroform. Hence, this could be due to some weak charge
transfer operative in 5g, which is somewhat dampened in
solvents of higher polarity (THF, DMF and MeOH) due to the
unequal stabilization of the ground and excited states. In water
(pH 7.0), the absorption band lost its vibrational nature to some
Fig. 2 (A) Steady-state absorption (dashed lines) and emission (solid li
concentration was 15 mM and the excitationwavelength was 300 nm. (B) S
5g in the solid state. The excitation wavelength was 300 nm.

33518 | RSC Adv., 2024, 14, 33512–33523
extent, along with a broad tail spanning from 400 nm to
∼550 nm. This could be rationalized by considering the poor
solubility of 5g in water, possibly inducing the formation of
aggregates in solution, which is reported to afford a Mie
scattering-induced broad absorption tail.63

Upon exciting 5g at 300 nm (the most intense absorption
band), some interesting emission spectral features were
observed. The common feature in all solvents was the appear-
ance of a structured band from 350–370 nm, typical of carbazole
derivatives,64 and a broad tail from 400–450 nm. One striking
difference in chloroform was the presence of a very broad tail
from 400 nm, and spanning through the spectral region of the
experiment. The presence of a homogeneous electronic ground
state was ensured by the following: (i) excitation-independent
emission spectrum, and (ii) overlap of the excitation spectrum
with the absorption spectrum (ESI, Fig. S1†).

From Fig. 2(B), it could be seen that the excitation spectrum
of 5g is broad with a signicantly red-shied excitation
maximum (∼350 nm). The solid-state emission spectrum is
independent of the excitation wavelength, with a structured
emission band with an emission maximum at 450 nm. The red
shi in the absorption and emission spectra in the solid-state
could be due to stabilization of the electronic states caused by
non-classical interactions, as evidenced from the crystal struc-
ture analysis [Fig. 1(D)]. Structured bands observed in the solid-
state form appear, contradicting the generally observed disap-
pearance of vibrational bands in the solid-state emission
spectra of organic uorophores.65,66 However, this could also be
the result of various types of aggregates (J, H, etc.), resulting in
such an undulated nature of the emission spectrum or more
nes) spectra of 5g in various solvents, as indicated in the figure. The
teady-state absorption (dashed line) and emission (solid line) spectra of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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than one emitting species in the excited state, which could not
be claried from the steady-state emission spectrum. Thus,
although the steady-state emission spectra in the solution and
solid phase could provide useful information about the
morphological behaviour of the emission spectra of 5g in
various states of aggregation, no concrete idea about the iden-
tity and number of emitting species could be obtained. Hence,
the emission lifetime analysis was required to understand the
photobehaviour of 5g.
Time-resolved emission lifetime in solution and the solid
phase

The emission lifetime of 5g was recorded in various solvents
and at various emission wavelengths (340 nm – 490 nm). Table 5
lists the emission lifetime parameters of 5g in various solvents
and in the solid state. The complete decays at various observed
wavelengths are presented in the ESI (Fig. S2 and S3†), whereas
the emission decays at 340 nm and 430 nm in various solvents,
as well as the full emission decays at various observed wave-
lengths in the solid-state form are presented in Fig. 3(A)–(C),
respectively. We rst present a discussion on the solution
phase, followed by the emission behaviour in the solid phase. In
solution, upon excitation at 296 nm, the obtained emission
decays [Fig. 3(A) and (B)] showed multi-exponential decay
Table 5 Excited state lifetime parameters of 5g in various solvents.
[a1,s] denotes the contribution to the excited state population. The
error in estimation of the lifetimes is around 10%. Negative a denotes
a growth component

State lobs (nm) s1 (ns) a1 (%) s2 (ns) a2 (%) s3 (ns) a3 (%)

CHCl3 340 — — 2.3 95 12.0 5
370 — — 90 10
400 — — 80 20
430 0.70 35 45 20
460 0.70 80 10 10
490 0.70 78 12 10

THF 340 — — 0.8 75 8.0 25
370 — 55 45
400 — 47 53
430 — 40 60

DMF 340 — — 1.2 75 9.0 25
370 — 70 30
400 — 60 40
430 — 59 41

MeOH 340 0.70 35 1.5 25 9.0 40
370 25 40 35
400 (−)100 80 120
430 (−)100 85 115

Water 340 0.33 75 1.0 15 10.0 10
370 55 30 15
400 (−)100 80 120
430 (−)100 70 130

Powder 350 0.20 70 1.2 25 17.0 5
380 65 35 10
410 60 25 15
440 55 30 15
470 (−)100 80 120
500 (−)100 70 130

© 2024 The Author(s). Published by the Royal Society of Chemistry
behaviour (Table 5). The common feature in all of the solvents
was the presence of a sub-nanosecond to a few nanoseconds
component (s1 = 0.8–1.2 ns), and a long-lived component (s2 =
8.0–12.0 ns). s1 had greater contribution in the blue region of
observation, whereas s2 had greater contribution in the red
region of observation (Table 5). In chloroform, methanol and
water, an additional shorter component (s0 = 0.20–0.70 ns) was
required to provide a good t to the emission decays (Table 5).
In addition, in methanol and water, s0 decayed in the blue and
rose in the red. The abnormally high value of the s2 component
hints at an excimer-like emission, keeping in mind the
structure-less red-shied 400 nm emission band encountered
in solution (vide supra), whereas the s1 component could be
associated with emission from locally excited 5gmolecules. The
rising nature of the s0 component directly proves a common
channel between the monomer and the excimer species, and
was strong evidence in favour of excimer emission, as observed
for compounds showing excimer emission like naphthalene,
pyrene and perylene.67–69 It should be noted that the excimer
lifetime varies from one solvent to another, particularly in THF
and DMF. The excimer emission lifetime changes with the
polarity of the solvent in the case of molecules, where a n/ p*

transition hampers the true value of the excimer lifetime.70 The
additional growth component in methanol and water could be
explained by considering how the monomer-to-excimer forma-
tion is slowed down in protic solvents.71 Finally, the additional
lifetime component in chloroform needed to be treated sepa-
rately, as it was not a rising one. There was a considerably high
contribution at the red region of observation in chloroform,
apart from the fact that it had a signicantly high lifetime. The
fact that the time component does not show any rising nature
outright negates the possibility of it being the time constant for
themonomer/ excimer photoconversion. In addition, the very
high contribution to the excited state population (35–78%,
Table 5) signies some other excited-state photo-event operative
in chloroform, apart from excimer formation. At this juncture,
the steady state spectral feature of 5g in chloroform was revis-
ited [Fig. 2(A)], which consisted of a considerably broad and red
shied tail with much higher Stokes' shi compared to that of
the excimer band (Table 5). These two factors hinted at some
excited state charge transfer event (ICT) in 5g, which is the
operative along with the excimer emission in chloroform,
leading to the multi-exponential decay behaviour as observed.

In the solid state, the behaviour was like that observed in
methanol and water, along with an abnormally high excimer
lifetime of 17.0 ns [Fig. 3(C) and Table 5]. The excimer lifetime is
particularly high due to the already existing packing and
stacking in the solid state, as evidenced in the crystal structure
discussion [Fig. 1(A) and (B)], which is reported to enhance the
excimer lifetime.72 To explain photobehaviour in a concise
manner, a photophysical scheme has been constructed and
shown in Scheme 3.

In light of the literature reports48,49 and our previous work73

on account of the activation of acetal, a plausible mechanism of
the present study is depicted in Fig. 4. It was known that the
acetal group can be activated by ferric chloride or other transi-
tion metal catalysts for the synthesis of heterocycles and other
RSC Adv., 2024, 14, 33512–33523 | 33519
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Fig. 3 Lifetime emission decays of 5g in various solvents [(A and B) (15 mM)] and solid states (C). The excitation and monitoring wavelengths are
provided in the insets.

Scheme 3 Schematic of photophysical events in 5g (not to scale).
(The abbreviation of the terms are as follows: ISC = intersystem
crossing, ICT = intramolecular charge transfer, E = excimer, and M =
monomer).

Fig. 4 Probable mechanism of the formation of 3 and 5.
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functional materials under mild condition via C–O bond
cleavage.48,49 Thus, we believe that iron of FeCl3/SiO2 coordi-
nates with both oxygens of acetal and facilitated the formation
of the intermediate oxonium ion (B) aer expulsion of alkoxide
(R0O−) from (A). Then, ammonia/amine acts as a nucleophile to
attack the highly reactive oxonium ion (B) to produce interme-
diate (C), which upon subsequent release of second R0O− by N–
triggered elimination to produce imine (D). This reactive
intermediate imine (D) invites a second molecule of ammonia/
amine to participate in the nucleophilic addition reaction to
afford aminal (E). This aminal then reacts with silica–ferric
chloride-activated dione again to produce another imine (F),
followed by ring closing to regenerate the catalyst and inter-
mediate imidazolium cation (G). The release of the proton,
following aromatization, yields imidazole 3 or 5 depending
upon the stoichiometry of the ammonium acetate or amine
33520 | RSC Adv., 2024, 14, 33512–33523
used. However, the involvement of the initial formation of any
carbonyl compound via hydrolytic cleavage of acetal by the
catalysis of FeCl3 (ref. 74) is precluded, as evident from the NMR
experiments. A solution of 2c (10 mg) in DMSO-d6 (0.6 mL) was
taken in an NMR tube, then 1H NMR spectra were recorded in
the presence of FeCl3/SiO2 at ambient temperature aer 30 min
of shaking. No signal of the aldehydic functional group due to
hydrolytic cleavage of the diethyl acetal group in 2c was traced.
Conclusions

In conclusion, we have developed a benign catalytic system for
the direct conversion to multisubstituted imidazoles by the
reaction of acetals and benzils with ammonium acetate/amines
as the source of nitrogen. The reaction occurred under mild
conditions using FeCl3/SiO2 as the heterogeneous catalyst
without the requirement of any toxic organic solvents. Novel
© 2024 The Author(s). Published by the Royal Society of Chemistry
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imidazole–carbazole hybrid compounds were also synthesised
by adopting the present methodology. Single crystal X-ray
diffraction studies indicated the presence of CH/p supramo-
lecular interaction, which renders efficient molecular packing
in the solid state. The steady state and spectro-dynamic inves-
tigation of one of the synthesized molecules having an imid-
azole–carbazole unit was investigated, and it was revealed that
a solvent-dependent excimer-coupled ICT phenomenon guided
the excited state photophysics. In the solid state, the compound
showed an abnormally high excimer lifetime of about 17.0 ns.
The investigation is ongoing in our group to suitably modify 5g
to drive the emission and absorption to the green-red region for
subsequent studies on the biological imaging potential of the
same class of compounds prepared in the current report.
Experimental section
General
1H and 13C NMR spectra were measured on a Bruker Ascend 400
spectrophotometer at ambient temperature using 400 MHz for
1H and 100 MHz for 13C. Chemical shis were reported in parts
per million from the tetramethyl silane and coupling constants
were reported in hertz. Proton multiplicities were represented
as s (singlet), d (doublet), dd (double doublet), t (triplet), q
(quartet), and m (multiplet). FTIR spectra were recorded on
a Bruker Alpha II FTIR spectrometer on neat or KBr pellets.
Mass spectra (HRMS) were obtained from Orbitrap Exploris 120
(Thermo Scientic) using 70 eV in the positive ion mode. The
single-crystal X-ray diffraction (XRD) data were collected on
a Bruker D8 Venture system with a microfocus optics using Cu
Ka radiation. The data were analysed and processed with Bruker
Apex III soware suite 61 incorporated with multiple tools, such
as cell_now and RLATT for the determination of the unit cell,
SAINT-plus for data reduction, and SADABS for absorption
correction. The structure solutions were performed with
SHELXT, and the full-matrix least-squares renements were
performed with the SHELXL suite of programs incorporated in
Olex 2.6. The steady-state absorption spectra were collected on
a Shimadzu® UV-1900 absorption spectrophotometer. The
steady-state emission spectra were collected in a Shimadzu RF-
6000 emission spectrophotometer. Emission lifetime experi-
ments were performed using a HORIBA® Jobin-Yvon TCSPC
setup using a nano-LED light source of 296 nm (IRF ∼ 0.6 ns).
Emission lifetime data were deconvoluted and tted using the
DAS-6 soware by HORIBA, which allows for individual and
batch ts.
Materials

All reagents were purchased either from Sigma-Aldrich Chem-
ical Co., USA, Acros Chemical Company, or SRL India, and were
used as received unless otherwise specied. Commercially
supplied petroleum ether (60–80 °C) and ethyl acetate were
distilled before use. Column chromatography was performed
on silica gel (60–120 mesh, 0.12–0.25 mm). Analytical thin-layer
chromatography (TLC) was performed on 0.25 mm extra-hard
silica gel plates with a UV254 uorescent indicator. The silica-
© 2024 The Author(s). Published by the Royal Society of Chemistry
supported ferric chloride reagent was prepared and stored as
per the procedure previously described by us.47
Synthesis

General procedure for the synthesis of tri and tetra-
substituted imidazoles. A small glass vial was charged with
the catalyst (FeCl3/SiO2) (20 mg, 2 mol% of FeCl3), benzil (1.0
mmol), acetal (1.1 mmol), ammonium acetate (5.0 mmol) [for
trisubstituted imidazoles] or ammonium acetate (2.5 mmol)
and amine (2.5 mmol) [for tetra-substituted imidazoles], and
then the mixture was heated at 100 °C until the full consump-
tion of benzil (TLC). Aer completion of the reaction, the
reaction mixture was diluted with EtOAc (5 mL), ltered, and
the catalyst was washed with ethyl acetate. The combined
ltrate was evaporated under vacuum. The desired product was
isolated either by crystallization or by column chromatography
using ethyl acetate–hexane (1 : 3 to 3 : 1).

Characterization data of the selected tri-substituted
imidazoles

4,5-Bis(4-methoxyphenyl)-2-phenyl-1H-imidazole (3d). Yield:
90%, white solid, mp 170–172 °C [lit. 75 yellow oil]; IR (KBr) nmax

2944, 2830, 1501, 1241, 1174 cm−1; 1H NMR (400 MHz, CDCl3)
d 7.86 (d, J = 6.8 Hz, 2H), 7.42–7.35 (m, 7H), 6.84 (d, J = 8.0 Hz,
4H), 3.81 (s, 6H); 13C NMR (100 MHz, CDCl3) d 158.8, 145.6,
132.3, 130.0, 129.1, 128.7, 128.5, 125.4, 125.3, 113.9, 55.2; HRMS
calcd for (C23H20N2O2 + H

+) 357.1603, found: 357.1591 (M + H+).
2,2-Dimethyl-4,5-diphenyl-2H-imidazole (3h). Yield: 85%,

white solid, mp 58–60 °C [lit. 76 brown oil]; IR (KBr) nmax 3053,
2981, 2929, 1610, 1492, 1445, 1215, 801 cm−1; 1H NMR (400
MHz, CDCl3) d 7.54–7.52 (m, 4H), 7.46 (t, J = 7.6 Hz, 2H), 7.37 (t,
J = 7.6 Hz, 4H), 1.68 (s, 6H); 13C NMR (100 MHz, CDCl3) d 164.2,
132.7, 130.2, 128.9, 128.3, 101.6, 24.2; HRMS calcd for
(C17H16N2 + H+) 249.1392, found: 249.1434 (M + H+).

Characterization data for the new tetra-substituted imidaz-
oles (5)

1,2-Diphenyl-1H-phenanthro[9,10-d]imidazole (5f). Yield: 86%,
white solid, mp 192–194 °C; IR (KBr) nmax 1693, 1459, 1385,
1136, 919, 692 cm−1; 1H NMR (400 MHz, CDCl3) d 8.92 (d, J =
8.0 Hz, 1H), 8.80–8.72 (m, 2H), 7.79–7.54 (m, 10H), 7.33–7.20
(m, 5H); 13C NMR (100 MHz, CDCl3) d 151.0, 138.7, 137.4, 130.5,
130.1, 129.8, 129.5, 129.3, 129.1, 128.8, 128.3, 128.2, 128.1,
127.3, 127.2, 126.3, 125.6, 124.9, 124.1, 123.1, 123.1, 122.8,
120.9; HRMS calcd for (C27H18N2 + H+) 371.1548, found:
371.1538 (M + H+).

9-Ethyl-3-(2,4,5-triphenyl-1H-imidazol-1-yl)-9H-carbazole (5g).
Yield: 82%, white solid, mp 146–148 °C; IR (KBr) nmax 3051,
2972, 1593, 1476, 1223, 1136, 1080, 923, 688 cm−1; 1H NMR (400
MHz, CDCl3) d 7.96 (d, J = 8.0 Hz, 1H), 7.83 (s, 1H), 7.67 (d, J =
8.0 Hz, 2H), 7.53–7.50 (m, 3H), 7.44 (d, J= 8.4 Hz, 1H), 7.32–7.18
(m, 14H), 4.35 (q, J = 7.2 Hz, 2H), 1.46 (t, J = 7.6 Hz, 3H); 13C
NMR (100MHz, CDCl3) d 147.3, 140.5, 139.1, 138.0, 134.7, 131.6,
131.1, 130.9, 130.8, 128.8, 128.6, 128.2, 128.1, 128.0, 127.7,
127.4, 126.5, 126.4, 125.9, 122.9, 122.4, 120.7, 120.4, 119.2,
108.8, 108.5, 37.7, 13.8; HRMS calcd for (C35H27N3 + H+)
490.2283, found: 490.2283 (M + H+); HPLC (acetonitrile), Rt =

14.188 min, 100%.
RSC Adv., 2024, 14, 33512–33523 | 33521
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