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-heterocyclic carbene palladium(II)
generated from Pd(OAc)2 catalysts for
carbonylative Suzuki coupling reactions of
arylboronic acids with 2-bromopyridine under inert
conditions leading to unsymmetrical arylpyridine
ketones: synthesis, characterization and cytotoxic
activities†

Nedra Touj,a Abdullah S. Al-Ayed,b Mathieu Sauthier,c Lamjed Mansour,b

Abdel Halim Harrath,b Jamil Al-Tamimi,b Ismail Özdemir,d Sedat Yaşard

and Naceur Hamdi *ab

N,N-Substituted benzimidazole salts were successfully synthesized and characterized by 1H-NMR, 13C {1H}

NMR and IR techniques, which support the proposed structures. Catalysts generated in situwere efficiently

used for the carbonylative cross-coupling reaction of 2 bromopyridine with various boronic acids. The

reaction was carried out in THF at 110 �C in the presence of K2CO3 under inert conditions and yields

unsymmetrical arylpyridine ketones. All N,N-substituted benzimidazole salts 2a–i and 4a–i studied in this

work were screened for their cytotoxic activities against human cancer cell lines such us MDA-MB-231,

MCF-7 and T47D. The N,N-substituted benzimidazoles 2e and 2f exhibited the most cytotoxic

effect with promising cytotoxic activity with IC50 values of 4.45 mg mL�1 against MDA-MB-231 and

4.85 mg mL�1 against MCF7 respectively.
1. Introduction

Ketones are vital building blocks in organic synthesis as well as
an important functionality found in pharmaceutical
compounds.1,2 The Friedel–Cras (F–C) acylation of aromatic
compounds is the most frequent route for the synthesis of
aromatic ketones.2 However, it has intrinsic limitations such as
the substituent-directing effects, reactive substrate require-
ments and the fact that recovery and recycling of the catalyst is
seldom possible aer aqueous work-up and a large amount of
toxic wastes is generated. On the other hand, Pd-catalyzed cross-
coupling reactions of acyl halides with organometallic reagents
provides a direct procedure for the synthesis of isomeric
ketones; a drawback is that Pd-catalysts are expensive and they
are not recovered.3–8 In 1993, Suzuki's group9 reported a direct
method (i.e., the carbonylative Suzuki coupling reaction) for the
synthesis of aromatic ketones by the reaction of CO with an aryl
iences and Technologies (LR16ES09),

ces and Technology, University of
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and Arts, Qassim University, Al-Rass,

015
halide and an arylboronic acid in the presence of PdCl2 and
Pd(dba)2 (bis(dibenzylideneacetone)palladium). This reaction
provides a versatile platform for the direct synthesis of aromatic
ketones using boronic acids, which are generally non-toxic and
stable to air and moisture. Ishiyama et al.10 used a variety of
different catalysts to affect this carbonylative Suzuki reaction,
including PdCl2 (PPh3)2 and PdCl2 (dppf) ([1,10-bis(diphenyl-
phosphino) ferrocene] dichloropalladium(II)). However, the
conversion and selectivity of these reactions are low and require
the presence of a ligand to proceed effectively.11,12 On the other
hand, pyridine and its derivatives have a wide range of chemical
and biological potentialities that are useful intermediates in the
syntheses of various natural products and drugs.13 Several,
different protocols have been developed for the synthesis of this
important class of products.14 However, most of these protocols
used unfriendly reagents and gave poor overall yields.
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Scheme 1 Carbonylative cross-coupling reaction of chloropyridines with arylboronic acids.
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The carbonyl coupling of bromopyridine with arylboronic
acids (carbonyl version of the Suzuki reaction) has recently been
shown to provide simple access to arylpyridine ketones with
good yields aer optimization of the operating conditions15

(Scheme 1).
Since the discovery of N-heterocyclic carbenes by Arduengo

in 1991, NHCs have become one of the most versatile class of
ligands for a wide range of transition metals16,17 and begun to
replace phosphine ligands18–21 due to their unique proprie-
ties.22–24 To date, various NHC complexes have been synthesised
with different transition metals25 and have demonstrated
unique activities as catalysts in different organic
transformations.26
Scheme 2 General preparation and structure formulae of benzimidazol

This journal is © The Royal Society of Chemistry 2018
The palladium NHC complexes are one of the most inter-
esting and widely investigated complexes in different catalytic
transformations, especially C–C bond formation reactions such
as Suzuki,27 Heck,28 and Sonogashira29 reactions. Thus, the use
of N-heterocyclic carbenes associated to palladium has been
reported as efficient catalysts for the carbonyl coupling under
mild and varied conditions.30–35 Herein, we report the use of the
two families of benzimidazolium salts already synthesized36–38

as a ligand in the carbonylative cross coupling of 2-bromopyr-
idine with different boronic acids under inert condition to form
unsymmetrical arylpyridine ketones (Scheme 2). In addition,
the cytotoxic activities against the cancer human cell lines such
es salts 2a–i and 4a–i

RSC Adv., 2018, 8, 40000–40015 | 40001
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Scheme 3 Carbonylative cross-coupling reaction of 2-bromopyridine with phenylboronicacid in presence of different benzimidazolium salts 2, 4.
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us MDA-MB-231, MCF-7 and T47D of the compounds 2 and 4
were also determined.
2. Results and discussion
2.1 Preparation of benzimidazolium salts 2a–i and 4a–i

The formation of N,N-disubstituted azolium salts is mostly
done through the introduction of alkyl/benzylhalide to an N-
alkyl/benzylazole via quaternization reaction.

In the present study, the precursors 2a–i and 4a–i were
prepared by the quaternization of the intermediate 1 and 3 with
a variety of benzyl chlorides or benzyl bromides in DMF at 70 �C
(Scheme 2) as previously described36,37,39 in almost quantita-
tively yields. All compounds showed good solubility in water
Fig. 1 1H NMR spectra of benzimidazole salt 2i (CDCl3, 300 MHz).

40002 | RSC Adv., 2018, 8, 40000–40015
and common organic solvents, such as dichloromethane,
chloroform, methanol, acetonitrile, and N,N-
dimethylformamide.

The synthesized compounds were puried by crystallization/
column chromatography and were identied by FTIR and NMR
spectral data analysis (Experimental section) in particular NMR
spectra of all the benzimidazolium salts 2a–i and 4a–i were
recorded in CDCl3.

13C NMR chemical shis were consistent with the proposed
structure, the imino carbon appeared as a typical singlet in the
1H-decoupled mode at 141.3, 143.0, 143.0, 142.1, 142.7, 141.6,
141.8, 141.8 and 132.5 ppm respectively for imidazolinium salts
2a–i. The 1H NMR spectra of the benzimidazolium salts further
supported the assigned structures; the resonances for C(2)-H
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 13C NMR spectra of benzimidazole salt 2i (CDCl3, 75 MHz).
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were observed as sharp singlets in the 9.85, 10.34, 11.83, 10.41,
10.92, 11.51, 11.42, 11.63 and 11.47 ppm respectively for 2a–i.

The characteristic IR(CN) bond in the compounds was ob-
tained as 1440.9, 1553.9, 1562.8, 1567.83, 1567.86, 1561.6,
1562.4, 1558.1 and 1559.02 cm�1 for 2a–i, respectively.

For example, the NCHN proton signal for the benzimidazole
salt 2i was observed as singlet at 11.97 ppm that is in accor-
dance with previous reports.36,37 The benzylic protons (N–CH2–

Ar) appeared at 5.87 ppm (Fig. 1).
The NCHN carbone of the benzimidazole salts 2i in the 13C

NMR spectra was obtained in low elds at d ¼ 132.5 ppm. Fig. 2
Palladium based N-heterocyclic carbene ligands have previously
allowed the effective carbonylative coupling of different chlor-
opyridines with phenylboronic acid40,41 but the results illustrate
that commercial Pd-based catalyst is not effective towards this
transformation, probably because the activity of the catalysts is
strongly hindered by the strongly p-accepting CO ligand.42

Thus, we have studied the behavior of benzimidazolium salts
2a–i and 4a–i in the carbonylative cross coupling of 2-bromo
pyridine with phenylboronic acid under standard conditions
previously described (Scheme 3).16

The corresponding results are summarized in the Table 1.
From Table 1 all the complexes gave the corresponding

carbonyl product with moderate yields. Good yields were ob-
tained for the less sterically hindered benzimidazoles salts
(Table 1, entries 3, 6–13, 16–18). However, lower yields were
This journal is © The Royal Society of Chemistry 2018
obtained for the rest of benzimidazoles having most sterically
hindered groups (Table 1, entries 1–2, 4–5, 14–15). These results
can be explained by the difference in the steric effects stem from
the bulky groups on the carbene ring. Based on these results, we
tried to improve the selectivity of the reactions by optimizing
the reaction conditions. We chose 2-bromopyridine and phe-
nylboronic acid as model substrates to explore the viability of
the process. Various solvents, bases and CO pressures were
tested in combination with Pd(OAc)2 precursor and benzimid-
azole 2i as ligand (Scheme 4).

Selected results are shown in Table 2.
Solvents play a signicant role in determining the conver-

sion. Thus, a series of solvents were tested, such as 1,4-dioxane,
THF and DMF, (Table 2, entries 1–3). With polar aprotic
solvents such as DMF, no reaction took place (Table 2, entry 1).
Even, the direct coupling is working in DMF, the presence of CO
in the reaction medium could so be the cause. The absence of
reaction can be explained by the fact that, in our reaction
conditions, the coordination of the combination DMF-CO on
the palladium caused the delay of its nucleophilic attack on the
halogenated derivative. On the other hand, the use of the
ethereal solvent 1,4-dioxane, afforded the carbonylative product
in 42% yield (Table 2, entry 2) when we use 1,4-dioxane.
However, when the reaction was carried out in tetrahydrofuran
(THF), the selectivity was increased and the desired product was
obtained with a yield of 53% (Table 2, entry 3).
RSC Adv., 2018, 8, 40000–40015 | 40003
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Table 1 Study of the carbonylative cross-coupling reaction between
2-bromopyridine and phenylboronic acid catalysed by benzimidazo-
lium salts 2a–i and 4a–ia

Entry Benzimidazolium salt Yield

1 27%

2 22%

3 55%

4 21%

Table 1 (Contd. )

Entry Benzimidazolium salt Yield

5 21%

6 57%

7 45%

8 45%

9 53.0%

40004 | RSC Adv., 2018, 8, 40000–40015 This journal is © The Royal Society of Chemistry 2018
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Table 1 (Contd. )

Entry Benzimidazolium salt Yield

10 54%

11 53%

12 57%

13 46%

Table 1 (Contd. )

Entry Benzimidazolium salt Yield

14 27%

15 21%

16 57%

17 49%

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 40000–40015 | 40005
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Table 1 (Contd. )

Entry Benzimidazolium salt Yield

18 55%

a Conditions: 2-Br-Py (1 mmol), Pd(OAc)2 (0.015 mmol), K2CO3 (2
mmol), ligand (0.03 mmol), PhB(OH)2 (1.1 mmol), CO (20 bars), THF
(10 mL), 100 �C, one night.

Scheme 4 Carbonylative cross-coupling reaction of 2-bromopyridine w

Table 2 Optimization of reaction conditions for the carbonylative cross

Entry
Benzimidazolium
salt Ligand (mol%) Base

1 3 mol% K2CO3

2 3 mol% K2CO3

3 3 mol% K2CO3

4 3 mol% t-BuOK
5 3 mol% Cs2CO3

6 3 mol% K2CO3

7 3 mol% K2CO3

8 3 mol% K2CO3

9 3 mol% K2CO3

10 5 mol% K2CO3

11 5 mol% K2CO3

12 6 mol% K2CO3

a Conditions: 2-Br-Py (1 mmol), Pd(OAc)2, base (2 mmol), 2i, PhB(OH)2 (1

40006 | RSC Adv., 2018, 8, 40000–40015
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Next, the base-screening study was commenced. With the t-
BuOK no reaction was observed (Table 2, entry 4). However,
alkaline carbonates such as K2CO3 and CsCO3 gave good yields
(Table 2, entries 3 and 5). The impact of the reaction tempera-
ture for reaction efficiency was investigated. The best yield was
obtained for a temperature of 110 �C (Table 2, entry 8). An
increase of the temperature to 120 �C, caused a decrease in the
yield to 41.11% (Table 2, entry 9) 110 �C was thus chosen as the
optimal temperature for the rest of the study.

Various ligand concentrations were also investigated (Table
2, entries 10–12). Optimum ligand loading was found to be
5 mol% (Table 2, entry 10). The increase of the ligand concen-
tration to 6 mol% has caused a slightly drop in the activity
(Table 2, entry 12).

The coupling reaction being carried out under a ow of CO,
the inuence of this parameter on the yield of the reaction was
studied. According to Table 1, low yields were obtained using
low and very high carbon monoxide pressure (Table 1, entries 6
and 7) while the best yield was obtained using a pressure of 20
bar (Table 2, entry 3).

Based on these results, the optimized reaction conditions
were determined to be as follows: 2-bromopyridine (1.0 mmol),
ith phenylboronic acid.

-coupling reaction of 2-bromopyridine with phenyl boronic acida

Temperature CO pressure (bar) Solvent Yield

100 �C 20 DMF —
100 �C 20 1,4-Dioxane 42%
100 �C 20 THF 53%
100 �C 20 THF —
100 �C 20 THF 55%
100 �C 10 THF 26%
100 �C 40 THF 34%
110 �C 20 THF 56%
120 �C 20 THF 41%
110 �C 20 THF 70%
120 �C 20 THF 56%
110 �C 20 THF 68%

.1 mmol), CO, solvent (10 mL), T�, one night.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Results of carbonylative cross-coupling reaction of 2-bromopyridine with different arylboronic acidsa

Entry Benzimidazolium salt Boronic acid Carbonyl product Yield

1 70%

2 51%

3 51%

4 10%

5 Trace

a Conditions: 2-Br-Py (1 mmol), Pd(OAc)2 (0.025 mmol), K2CO3 (2 mmol), ligand (5 mol%), arylboronic acid (1.1 mmol), CO (20 bars), 110 �C, THF
(10 mL), one night.

Scheme 5 Carbonylative cross-coupling reaction of 2-bromopyridine with different arylboronic acids.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 40000–40015 | 40007
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Fig. 3 1H NMR spectra of phenyl(pyridin-2-yl)methanone (CDCl3, 300 MHz).

Fig. 4 13C NMR spectra of phenyl(pyridin-2-yl)methanone (CDCl3, 75 MHz).

40008 | RSC Adv., 2018, 8, 40000–40015 This journal is © The Royal Society of Chemistry 2018
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arylboronic acid (1.1 mmol), ligand (5 mol%) Pd(OAc)2 (0.025
mmol) and K2CO3 (2.0 mmol) in THF at 110 �C under CO
atmosphere (20 bar).

In order to generalize this reaction, a range of arylboronic
acids were subjected to the standard conditions (Table 3),
regarding their electronic properties and steric effects these
reactions were executed smoothly, giving the corresponding
products in good yields (Scheme 5).

The results are summarized in Table 3.
As shown in Table 3, the yield of arylpyridine ketones was

depending on the nature of the used arylboronic acid. The best
result was obtained with phenylboronic acid giving carbony-
lated coupling product with a high yield of 70% (Table 3, entry
1). When we used p-tolylboronic acid and 4-carboxyphenylbor-
onic acid, having a strong electrodonor effects, very similar
results were obtained (Table 3, compare entries 2 and 3) and an
important amount of by-product was found in the reaction
Scheme 6 The fundamental steps involved in palladium-catalyzed carb

This journal is © The Royal Society of Chemistry 2018
medium for the two reactions resulting from the deboronation
of the corresponding boronic acid under basic conditions and
high temperatures. Thus, the modest conversion obtained in
this case was probably due to the lack of reagent. Other boronic
acids with electron-withdrawing groups (–CHO, –COOH) were
also tested on the carbonylative cross-coupling reaction of 2-
bromopyridine with arylboronic acids. A low yield of 10% was
obtained for the 4-formylphenylboronic acid (Table 3, entry 4)
whereas, no carbonyl product was formed using 4-bromo-
benzoic acid only a small amount of direct coupling product
(Table 3, entry 5) was detected. Thus, we can conclude that the
differences in the activity for the arylboronic acids are
presumably due to the difference in the electronic properties of
the substituents. The chemical structures of unsymmetrical
arylpyridine ketones were established using spectroscopic
methods including FTIR, 1H-NMR and 13C-NMR. For example
onylative cross-coupling.

RSC Adv., 2018, 8, 40000–40015 | 40009
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1H-NMR spectra of phenyl(pyridin-2-yl)methanone revealed
aromatic protons between 7.26 ppm and 8.74 ppm (Fig. 3).

Its 13C-NMR spectrum of phenyl(pyridin-2-yl)methanone
revealed C]O at d 192.8 ppm, aromatic carbons between
123.8 ppm and 154.1 ppm (Fig. 4).
3. Reaction mechanism for the
carbonylative Suzuki–Miyaura
coupling reaction

A plausible mechanism is given in the following Scheme 6.
The rst step of the catalytic cycle consists of an oxidative

addition of the halide on the palladium species leading to the
formation of palladium pyridine complex. The next step is the
insertion and coordination of CO to palladium pyridine
complex. The step aer insertion is transmetallation. The nal
step of the catalytic cycle is reductive elimination. This step
proceeds through a three-centered transition state in order to
form a new C–C bond between the electrophilic acyl group and
the nucleophile leading to the formation of the expected
unsymmetrical arylpyridine ketones.

In order to compare the efficiency of our catalysts (NHC–Pd
complex) generated in situ from benzimidazolium salts 2 and 4
with literature further tests were established. The results are
given in Table 4.
Table 4 Tests for results comparisona

Entry Catalyst Arylbromide

1

2b

3

4

5

6

a Conditions: 2-Br-Py (1 mmol), Pd(OAc)2 (0.025 mmol), K2CO3 (2 mmol), li
one night. b PhB(OH)2 (1.5 mmol).

40010 | RSC Adv., 2018, 8, 40000–40015
First, we thought that the obtained moderate yields are due
to the lack of boronic acid in the medium caused by decom-
position of boronic acid at high temperatures. In this way by
increasing the amount of boronic acid the yields of the obtained
products decrease (Table 4, entries 1 and 2) so we conclude that
the lack of boronic acid not affect the yields. Then we tried to
test benzimidazole salt 2i with others aryl bromides used in
Suzuki couplings. As shown in Table 4, using bromoacetophe-
none, bromoanisole and bromotoluene, only the direct
coupling product was obtained (Table 4, entries 3–5). While in
the case of bromobenzaldehyde low yields of carbonyl product
and direct coupling product were obtained.

Previous researchers have reported induction periods for
Suzuki reactions promoted by Pd(OAc)2/imidazolium salts. It
was proposed that during these induction periods Pd(II)/NHC
complexes were formed and were then slowly reduced to cata-
lytically active Pd(0)/NHC complexes.43 It is important to note
that these induction periods could be avoided with our present
catalyst system.
4. Anticancer cytotoxic activity

The cytotoxic activity of the synthesized compounds 2a–i and
4a–i was tested in vitro against cancer human cell lines such us
MDA-MB-231, MCF-7 and T47D.44,45 The results are summarized
in Table 5.
Arylboronic
acid

Direct coupling
yield

Carbonylative
coupling yield

4.8% 69.9%

3.9% 27.7%

20.2% —

4.1% —

3.7% —

17.7% 35.17%

gand (5 mol%), PhB(OH)2 (1.1 mmol), CO (20 bars), 110 �C, THF (10 mL),

This journal is © The Royal Society of Chemistry 2018
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Table 5 Cytotoxic activity (IC50, in mg mL�1)a of compounds 2a–i

Benzimidazoles
salts 2 MDA-MB-231 MCF-7 T47D

2a 18 � 4 17 � 2 20 � 4
2b 19.37 � 0.85 18.36 � 0.85 20.38 � 0.85
2c 8.45 � 3 10.55 � 3 11.55 � 5.75
2d 10.75 � 2 10.75 � 2 10.75 � 2
2e 5.95 � 1 4.85 � 1 14.96 � 1
2f 4.45 � 0.95 8.08 � 0.95 14.42 � 0.95
2g 19.30 � 2 20.35 � 2 25.32 � 1
2h 20.25 � 1 20.25 � 2 20.25 � 3.10
2i 18.45 � 2 16.42 � 2 22.43 � 2
4a 16 � 4 15 � 2 18 � 4
4b 18 � 0.85 17 � 0.85 19 � 0.85
4c 9.23 � 2 13.55 � 3 14.55 � 4
4d 14.75 � 3 15.75 � 2 13.75 � 2
4e 7.95 � 1 6.85 � 1 13.96 � 1
4f 7.45 � 0.95 10.08 � 0.95 15.42 � 0.95
4g 18.30 � 2 22.35 � 2 25.32 � 1
4h 20.25 � 1 20.25 � 2 24.25 � 2
4i 19.45 � 2 17.42 � 2 23.43 � 3

a The IC50 values represent an average of three independent
experiments (mean � SD).
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All synthesized compounds showed good cytotoxic activity
againstMDA-MB-231,MCF-7 and T47D cell lines. Themost actives
compounds are 2e and 2f against MDA-MB-231 and MCF-7.
5. Conclusion

In conclusion, two families of benzimidazolium salts 2a–i and
4a–i have been prepared and characterized. We have demon-
strated that carbonylative cross-coupling reaction of arylboronic
acids with 2-brompyridine is a versatile route to prepare
unsymmetrical arylpyridine ketones in the presence of a catalyst
formed in situ from Pd(OAc)2 and K2CO3. The efficiency of the
reaction was especially related to the nature of the arylboronic
acid. The cytotoxic activity of the compounds (2–4) were also
determined against a panel of cell lines such us MDA-MB-231,
MCF-7 and T47D. The most actives compounds are 2e, 2f, 4e
and 4f against MDA-MB-231 and MCF-7.
6. Experimental section
6.1 General information

All manipulations were performed using Standard Schlenck
techniques under Argon atmosphere. Chemicals were
purchased from Sigma Aldrich and used without further puri-
cation. All solvents were puried and dried by MBraun SPS 800
solvent purication system. Column chromatography was per-
formed using silica gel 60 (70–230 mesh). NMR spectra were
recorded at 300 and 400 MHz for 1H NMR and 75 and 100 MHz
for 13C NMR. Chemical shis, d, are reported in ppm relative to
the internal standard TMS for both 1H and 13C NMR. The
products were characterized by GC (gas chromatography).
Quantitative GC analyses were performed gas chromatography
(CHROMPACK CP-9002, ENSCL, France). The NMR studies were
This journal is © The Royal Society of Chemistry 2018
carried out in high-quality 5 mmNMR tubes. Signals are quoted
in parts per million as d downeld from tetramethylsilane (d ¼
0.00) as an internal standard. NMR multiplicities are abbrevi-
ated as follows: s ¼ singlet, d ¼ doublet, t ¼ triplet, m ¼
multiplet signal. IR spectra were recorded on a 398 spectro-
photometer (Perkin-Elmer, Malatya University,Turkey). Melting
points were determined with Stuart automatic melting point
apparatus (SMP-40) at Malatya University, Turkey.
6.2 Synthesis of compounds 1a–g and benzimidazoles 2a–i

Compounds 1a–f were synthesized according to our previous
works.36,39

5,6-Dimethyl-1-(2,3,4,5,6-pentamethylbenzyl)-1H-benzo[d]
imidazole (1a). Rdt 97%, C21H26N2, M ¼ 306.5 g mol�1, p.f
173 �C. n(CN) ¼ 1448.65 cm�1. 1H NMR (CDCl3, 400 MHz)
d (ppm) 2.11 (s, 6H, CH3(c,g)), 2.19 (s, 6H, CH3(d,f)), 2.23 (s, 3H,
CH3(e)), 2.32 (s, 3H, CH3(a)), 2.37 (s, 3H, CH3(b)), 5.16 (s, 2H,
CH2(10)), 7.20 (s, 1H, Harom(7)), 7.24 (s, 1H, Harom(4)), 7.30 (s,
1H, H2).13C NMR (CDCl3, 100 MHz) d (ppm) 16.51 (C(c,g)), 16.87
(C(d,f)), 17.16 (C(e)), 20.33 (C(a)), 20.66 (C(b)), 44.27 (C10),
109.77 (C7), 120.29 (C4), 127.37(C5,8), 131.21 (C40,50,60), 131.97
(C6), 133.38 (C30,70), 133.56 (C9), 136.13 (C20), 141.10 (C2).

1-(2,3,4,5,6-Pentamethylbenzyl)-1H-benzo[d]imidazole (1b).
Rdt 95%, C19H22N2, M ¼ 278.4 g mol�1, p.f 121 �C. n(CN) ¼
1454.84 cm�1. 1H NMR (CDCl3, 400 MHz) d (ppm) 2.21 (s, 6H,
CH3(a,e)), 2.27 (s, 6H, CH3(b,d)), 2.31 (s, 3H, CH3(c)), 5.31 (s, 2H,
CH2(10)), 7.35 (t, 2H, Harom(5,6)), 7.43 (s, 1H, Harom(7)), 7.56
(s, 1H, Harom(4)), 7.85 (s, 1H, H2).13C NMR (CDCl3, 100 MHz)
d (ppm) 16.55 (C(a,e)), 16.89 (C(b,d)), 17.19 (C(c)), 44.42 (C10),
109.77 (C7), 120.29 (C4), 122.37 (C5), 122.87 (C6), 127.12 (C8,9),
133.47 (C40,50,60), 133.55 (C30,70), 136.28 (C20), 141.96 (C2).

1-(4-(tert-Butyl)benzyl)-1H-benzo[d]imidazole (1c). Rdt 92%,
C18H20N2, M ¼ 264.4 g mol�1, p.f 123.6 �C. n(CN) ¼
1457.59 cm�1. 1H NMR (CDCl3, 400 MHz) d (ppm) 1.22 (s, 9H,
CH3(a,b,c)), 5.25 (s, 2H, CH2(10)), 7.06 (d, 2H, Harom(30,70)), 7.20
(d, 2H, Harom(5,6)), 7.29 (d, 3H, Harom(40,60,7)), 7.77 (s, 1H,
Harom(4)), 7.88 (s, 1H, H2).13C NMR (CDCl3, 100 MHz) d (ppm)
31.28 (C(a,b,c)), 34.60 (C80), 48.53 (C10), 110.08 (C7), 120.39 (C4),
122.25 (C5), 123.06 (C6), 125.97 (C40,60), 126.92 (C30,70), 132.46
(C20,8), 143.20 (C2,9), 151.40 (C50).

5,6-Dimethyl-1-(2,4,6-trimethylbenzyl)-1H-benzo[d]imid-
azole (1d). Rdt 94%, C19H22N2, M ¼ 278.4 gmol�1, p.f
292.3 �C. n(CN) ¼ 1497.89 cm�1. 1H NMR (CDCl3, 400 MHz)
d (ppm) 2.16 (s, 6H, CH3(c,e)), 2.25 (s, 3H, CH3(d)), 2.31 (s,
3H, CH3(a)), 2.35 (s, 3H, CH3(b)), 5.11 (s, 2H, CH2(10)), 6.88
(s, 2H, Harom(40,60)), 7.17 (s, 1H, Harom(7)), 7.22 (s, 1H,
Harom(4)), 7.49 (s, 1H, H2). 13C NMR (CDCl3, 100 MHz)
d (ppm) 18.52 (CH3(c,e)), 19.26 (C(d)), 19.62 (C(a)), 20.01
(C(b)), 41.99 (C10), 108.74 (C7), 119.23 (C4), 126.29 (C5),
128.59 (C40,60), 130.19 (C8), 131.02 (C6), 136.83 (C50,9),
137.70 (C30,70), 139.86 (C20), 141.47 (C2).

1-(3,5-Dimethylbenzyl)-5,6-dimethyl-1H-benzo[d]imidazole (1e).
Rdt 93%, C18H20N2, M ¼ 264.4 g mol�1, p.f 124.3 �C. n(CN) ¼
1446.05 cm�1. 1H NMR (CDCl3, 300 MHz) d (ppm) 2.18 (s, 6H,
CH3(c,d)), 2.27 (s, 3H, CH3(a)), 2.29 (s, 3H, CH3(b)), 5.13 (s, 2H,
CH2(10)), 6.70 (s, 2H, Harom(30,70)), 6.85 (s, 1H, Harom(50)), 7.01 (s,
RSC Adv., 2018, 8, 40000–40015 | 40011
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1H, Harom(7)), 7.51 (s, 1H, Harom(4)), 7.75 (s, 1H, H2).
13C NMR

(CDCl3, 75 MHz) d (ppm) 20.28 (C(a)), 20.61 (C(b)), 21.26 (C(c,d)),
48.62 (C10), 110.14 (C4), 120.26 (C7), 124.8 (C30,50,70), 129.78 (C5),
133.11 (C8), 133.22 (C6), 135.70 (C9,20), 138.65 (C40,60), 142.46 (C2).

1-(4-(tert-Butyl)benzyl)-5,6-dimethyl-1H-benzo[d]imidazole
(1f). Rdt 92%, C20H24N2,M ¼ 292.4 g mol�1, p.f 121 �C. n(CN) ¼
1493.72 cm�1. 1H NMR (CDCl3, 400 MHz) d (ppm) 1.21 (s, 9H,
CH3(c,d,e)), 2.26 (s, 3H, CH3(a)), 2.28 (s, 3H, CH3(b)), 5.19 (s, 2H,
CH2(10)), 7.08 (s, 3H, Harom(7,30,70)), 7.27 (s, 2H, Harom(40,60)),
7.51 (s, 1H, Harom(4)), 7.76 (s, 1H, H2). 13C NMR (CDCl3, 100
MHz) d (ppm) 20.28 (C(a)), 20.60 (C(b)), 31.29 (C(c,d,e)), 34.58
(C80), 48.38 (C10), 110.16 (C7), 120.31 (C4), 125.92 (C40,60), 126.78
(C30,70), 131.17 (C8,9), 132.25 (C5,6), 132.80 (C20), 142.45 (C2),
151.22 (C50).

1-Benzyl-1H-benzo[d]imidazole (1g). Rdt 94%, C14H12N2, M
¼ 208.3 g mol�1, p.f 105 �C. n(CN) ¼ 1472.09 cm�1. 1H NMR
(CDCl3, 300 MHz) d (ppm) 5.27 (s, 2H, H10), 7.09–7.26 (m, 8H,
Harom), 7.74 (s, 1H, H4), 7.88 (s, 1H, H2). 13C NMR (CDCl3, 100
MHz) d (ppm) 48.90 (C10), 110.07 (C7), 120.47 (C4), 122.31
(C5,6), 123.13 (C50), 127.13 (C30,70), 128.30 (C40,60), 129.07 (C8),
135.49 (C20), 144.05 (C2).

Benzimidazoles 2a–h were synthesized according to the
literature36,37

5,6-Dimethyl-1,3-bis(2,3,4,5,6-pentamethylbenzyl)-1H-benzo
[d]imidazol-3-ium chloride (2a). Rdt 96%, C33H43N2Cl, M ¼
503.2 g mol�1, p.f 307.7 �C. n(CN) ¼ 1440.99 cm�1. 1H NMR
(CDCl3, 400 MHz) d (ppm) 2.22 (s, 30H, CH3), 2.28 (s, 6H,
CH3(a,b)), 5.8 (s, 4H, CH2(10,100)), 7.11 (s, 2H, Harom(4,7)), 9.85
(s, 1H, H2). 13C NMR (CDCl3, 100 MHz) d (ppm) 17.01
(C(c,g,c0,g0)), 17.01 (C(d,f,d0,f0)), 17.28 (C(e,e0)), 20.77 (C(a,b)),
48.10 (C10;100), 113.41 (C4;7), 125.58 (C8;9), 130.42
(C40;50;60;400;500;600), 133.50 (C30;70;300;700), 133.74 (C5;6), 136.88
(C20;200), 141.35 (C2).

1,3-Bis(2,3,4,5,6-pentamethylbenzyl)-1H-benzo[d]imidazol-
3-ium chloride (2b). Rdt 92%, C31H39N2Cl, M ¼ 475.1 g mol�1,
p.f. 210.6 �C. n(CN) ¼ 1553.91 cm�1. 1H NMR (CDCl3, 400 MHz)
d (ppm) 2.15 (s, 12H, CH3(a,e,a0,e0)), 2.18 (s, 12H, CH3(b,d,b0,d0)),
2.20 (s, 6H, CH3(c,c0)), 5.84 (s, 4H, CH2), 7.2 (d, 2H, Harom(5,6)),
7.34 (d, 2H, Harom(4,7)), 10.34 (s, 1H, H2).13C NMR (CDCl3, 100
MHz) d (ppm) 16.95 (C(a,e,a0,e0)), 17.06 (C(b,d,b0,d0)), 17.30
(C(c,c0)), 48.58 (C10;100), 113.72 (C4;7), 125.36 (C5;6), 126.88
(C8;9), 131.85 (C50;500), 133.49 (C40;60;400;600), 133.82
(C30;70;300;700), 137.07 (C20;200), 143.0 (C2).

1,3-Bis(4-(tert-butyl)benzyl)-1H-benzo[d]imidazol-3-ium
bromide (2c). Rdt 89%, C29H35N2Br, M ¼ 491.5 g mol�1 p.f
296.5 �C. n(CN) ¼ 1562.86 cm�1. 1H NMR (CDCl3, 400 MHz)
d (ppm) 1.2 (s, 18H, CH3), 5.75 (s, 4H, CH2), 7.33 (d, 4H,
Harom(40,60,400,600)), 7.39 (d, 4H, Harom(30;70300,700)), 7.46 (d, 2H,
Harom(5;6)), 7.55 (d, 2H, Harom(4;7)), 11.83 (s, 1H, H2).13C
NMR (CDCl3, 100 MHz) d (ppm) 31.18 (CH3), 34.67 (C80;800),
51.27 (C10;100), 113.78 (C4;7), 126.34 (C40;60;400;600), 127.09 (C5,6),
128.17 (C30;70;300;700), 129.56 (C8;9), 131.41 (C20;200), 143.0 (C2),
152.46 (C50;500).

5,6-Dimethyl-1-(2,3,4,5,6-pentamethylbenzyl)-3-(2,4,6-trime-
thylbenzyl)-1H-benzo[d]imidazol-3-ium chloride (2d). Rdt 94%,
C31H39N2Cl, M ¼ 475.1 g mol�1, p.f 272.2 �C. n(CN) ¼
1567.83 cm�1. 1H NMR (CDCl3, 400 MHz) d (ppm) 2.17 (s, 6H,
40012 | RSC Adv., 2018, 8, 40000–40015
CH3(a,b)), 2.21 (s, 24H, CH3), 5.68 (s, 2H, CH2(10)), 5.80 (s, 2H,
CH2(100)), 6.83 (s, 2H, Harom(400;600)), 7.04 (s, 1H, Harom(4)), 7.20
(s, 1H, Harom(7)), 10.41 (s, 1H, H2).

13C NMR (CDCl3, 100 MHz)
d (ppm) 16.96 (C(d,f)), 17.09 (C(c,g)), 17.30 (C(e)), 20.17 (C(a,b)),
20.75 (C(h,j)), 21.03 (C(i)), 47.46 (C10), 47.82 (C100), 113.09 (C7),
113.54 (C4), 125.19 (C8), 125.75 (C9), 129.96 (C400;600), 130.3
(C50), 133.52 (C40;60), 133.92 (C30;70), 136.83 (C500), 136.90 (C200),
137.15 (C300,700), 137.88 (C5;6), 139.32 (C20), 142.17 (C2).

5,6-Dimethyl-1,3-bis(2,4,6-trimethylbenzyl)-1H-benzo[d]
imidazol-3-ium chloride (2e). Rdt 96%, C29H35N2Cl,M¼ 447.1 g
mol�1, p.f 245.6 �C. n(CN)¼ 1567.86 cm�1. 1H NMR (CDCl3, 400
MHz) d (ppm) 2.23 (s, 6H, CH3(a,b)), 2.29 (s, 18H, CH3), 5.79 (s,
4H, CH2(10,100)), 6.91 (s, 6H, Harom), 10.92 (s, 1H, H2). 13C NMR
(CDCl3, 100 MHz) d (ppm) 20.21 (C(c,e,c0,e0)), 20.74 (C(a,b)),
21.06 (C(d,d0)), 47.23 (C10;100), 113.29 (C4;7), 125.4 (C8;9), 130.07
(C40;60;400;600), 130.25 (C50;500), 136.88 (C20;200), 137.91
(C30;70;300;700), 139.56 (C5;6), 142.7 (C2).

1-(4-(tert-Butyl)benzyl)-5,6-dimethyl-3-(4-methylbenzyl)-1H-
benzo[d]imidazol-3-ium bromide (2f). Rdt 91%, C28H33N2Br, M
¼ 477.5 g mol�1, p.f 230.9 �C. n(CN) ¼ 1561.62 cm�1. 1H NMR
(CDCl3, 400 MHz) d (ppm) 1.2 (s, 9H, CH3(c,d,e)), 2.24 (s, 3H,
CH3(f)), 2.27 (s, 6H, CH3(a,b)), 5.68 (s, 4H, CH2(10,100)), 7.1 (s, 2H,
Harom(4,7)), 7.17–7.41 (m, 8H, Harom), 11.51 (s, 1H, H2). 13C
NMR (CDCl3, 100 MHz) d (ppm) 20.69 (C(a,b)), 21.19 (C(f)), 31.19
(C(c,d,e)), 34.66 (C80), 50.94 (C10), 51.13 (C100), 113.32 (C4;7),
126.28 (C40;60), 127.98 (C8;9), 128.20 (C30;70), 129.99
(C300,400,600,700), 137.32 (C20;200), 139.12 (C5;6), 141.69 (C2), 152.29
(C50;500).

1,3-Bis(3,5-dimethylbenzyl)-5,6-dimethyl-1H-benzo[d]
imidazol-3-ium bromide (2g). Rdt 91%, C27H31N2Br, M ¼
463.5 g mol�1, p.f 246.4 �C. n(CN) ¼ 1562.47 cm�1.1H NMR
(CDCl3, 300 MHz) d (ppm) 2.21 (s, 12H, CH3), 2.27 (s, 6H,
CH3(a,b)), 5.65 (s, 4H, CH2), 6.89 (s, 2H, Harom(50,500)), 6.96 (s,
4H, Harom(30,70,300,700)), 7.22 (s, 2H, Harom(4,7)), 11.42 (s, 1H,
H2). 13C NMR (CDCl3, 75 MHz) d (ppm) 20.72 (C(a,b)), 21.24
(C(d,e,d0,e0)), 51.26 (C10;100), 113.31 (C4;7), 125.66 (C30;70;300;700),
129.97 (C50;500), 130.8 (C8;9), 132.68 (C20;200), 137.32 (C5;6),
139.06 (C40;60;400;600), 141.8 (C2).

1,3-Bis(4-(tert-butyl)benzyl)-5,6-dimethyl-1H-benzo[d]
imidazol-3-ium bromide (2h). Rdt 91%, C31H39N2Br, M ¼
519.6 g mol�1, p.f 277.1 �C. n(CN) ¼ 1558.18 cm�1. 1H NMR
(CDCl3, 300 MHz) d (ppm) 1.3 (s, 18H, CH3), 2.37 (s, 6H,
CH3(a,b)), 5.77 (s, 4H, H10,100), 7.29–7.50 (m, 10H, Harom), 11.63
(s, 1H, H2). 13C NMR (CDCl3, 75 MHz) d (ppm) 20.9 (C(a,b)), 31.2
(C(c,d,e,c0,d0,e,0)), 34.76 (C80;800), 50.93 (C10;100), 113.26 (C4;7),
126.32 (C40;60;400;600), 127.99 (C30;70;300;700), 129.78 (C8;9),
129.96(C5;6), 137.32 (C20;200), 141.83 (C2), 152.37 (C50;500).

1,3-Dibenzyl-1H-benzo[d]imidazol-3-ium bromide (2i). Rdt
95%, C21H19N2Br, M ¼ 379.3 g mol�1, p.f 150 �C. n(CN) ¼
1559.02 cm-1. 1H NMR (CDCl3, 300 MHz) d (ppm) 5.87 (s, 4H,
CH2(10,100)), 7.26–7.55 (m, 14H, Harom), 11.47 (s, 1H, H2). 13C
NMR (CDCl3, 75 MHz) d (ppm) 51.61 (C10;100), 113.79 (C4;7),
127.21 (C50,500), 128.36 (C5,6), 129.34 (C8;9), 129.45 (Carom),
131.38 (C20;200), 132.52 (C2).
This journal is © The Royal Society of Chemistry 2018
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6.3 Compounds 3a-b and benzimidazoles 4a–i were
synthesized according to our previous works38

1-(2-Methoxyethyl)-1H-benzo[d]imidazole (3a). Rdt: 94%,
C10H12N2O, M ¼ 176.22 g mol�1, n(CN) ¼ 1446.43 cm�1, 1H
NMR (CDCl3, 400 MHz) d (ppm) 3.23 (s, 3H, CH3(40)), 3.63 (s, 2H,
H20), 4.24 (s, 2H, H10), 7.20 (s, 1H, H7), 7.35 (s, 1H, H5), 7.60 (s,
1H, H6), 7.73 (s, 1H, H4), 7.92 (s, 1H, H2). 13C NMR (CDCl3, 100
MHz) d (ppm) ¼ 45.03 (C10), 59.07 (CH3(40)), 70.68 (C20), 109.64
(C4,7), 120.17 (C5), 122.23 (C5,6), 122.52, 123.0 (C8,9), 143.63
(C2).

1-(2-Methoxyethyl)-5,6-dimethyl-1H-benzo[d]imidazole (3b).
Rdt: 98%, C12H16N2O, M ¼ 204.27 g mol�1, p.f. 218.2 �C, n(CN)
¼ 1434.30 cm�1, 1H NMR (CDCl3, 400 MHz) d (ppm) 2.29, (s, 3H,
(CH3(a))), 2.31 (s, 3H, CH3(b)), 3.21 (s, 3H, CH3(40)), 3.60 (s, 2H,
H20), 4.17 (s, 2H, H10), 7.08 (s, 1H, H7), 7.48 (s, 1H, H4), 7.77 (s,
1H, H2). 13C NMR (CDCl3, 100 MHz) d (ppm) ¼ 19.19 (C(a)),
19.55 (C(b)), 43.87 (C10), 58.0 (CH3(40)), 69.71 (C20), 108.65
(C4,7), 119.26 (C5,6), 129.85 (C8), 130.92 (C9), 141.87 (C2).
6.4 Synthesis of benzimidazoles (4a–i)

A mixture of benzimidazolium salt (3a-b) (1 g) and the corre-
sponding benzyl bromide or chloride (1 eq.) in DMF (2 mL) was
stirred at 70 �C for 2–3 days. Aer that time, the white solid
formed was washed with diethyl ether (20 mL) and stirred for
couple hours. Then the reaction mixture was ltered through
lter paper and the white solid was dried under vaccum.

1-Methoxyethyl-3-(2,3,4,5,6-pentamethylbenzyl)benzimida-
zolium chloride (4a). Rdt: 93%, C22H29N2OCl, M ¼ 372.94 g
mol�1, p.f. 199.1 �C, n(CN)¼ 1557.72 cm�1. 1H NMR (CDCl3, 400
MHz) d (ppm) ¼ 2.23 (s, 6H, CH3(a,e)), 2.26 (s, 9H, CH3(b,c,d)),
3.27 (s, 3H, CH3(40)), 3.86 (t, 2H, H20), 4.94 (t, 2H, H10), 5.76 (s,
2H, H100), 7.39 (d, 1H, H7), 7.48 (t, 1H, H6), 7.57 (t, 1H, H5), 7.88
(d, 1H, H4), 10.96 (s, 1H, H2). 13C NMR (CDCl3, 100 MHz)
d (ppm)¼ 17.00 (Ca,e), 17.06 (Cb,d) 17.34 (Cc), 47.89 (C10), 47.93
(C100), 58.95 (CH3(40)), 70.50 (C10), 113.11 (C7), 114.33 (C4),
124.75 (C5), 126.97 (C6), 131.19 (C8), 132.47 (C9), 133.58
(C300,500,700), 134.01 (C400,600), 137.42 (C200), 142.98 (C2).

1-Methoxyethyl-3-(2,4,6-trimethylbenzyl)benzimidazolium
chloride (4b). Rdt: 96%, C20H25N2OCl, M ¼ 344.88 g mol�1, p.f.
246.7 �C, n(CN) ¼ 1555.39 cm�1. 1H NMR (CDCl3, 400 MHz)
d (ppm)¼ 2.30 (s, 3H, CH3(b)), 2.33 (s, 6H, CH3(a,c)), 3.32 (s, 3H,
CH3(40)), 3.92 (t, 2H, H20), 4.91 (t, 2H, H10), 5.83 (s, 2H, H100),
6.94 (s, 2H, H400,600), 7.29 (d, 1H, H7), 7.46 (t, 1H, H6), 7.57 (t, 1H,
H5), 7.87 (d, 1H, H4), 11.06 (s, 1H, H2). 13C NMR (CDCl3, 100
MHz) d (ppm) ¼ 20.17 (C(a,c)), 21.08 (CH3(b)), 47.14 (C10), 47.76
(C100), 59.00 (C400), 70.28 (C20), 113.35 (C7), 114.11 (C4), 125.02
(C5), 127.04 (C6), 13.21 (C400,600), 131.6 (C8), 132.31 (C9), 137.97
(C300,500,700), 139.78 (C200), 143.67 (C2).

1-Methoxyethyl-3-(3,5-dimethylbenzyl)benzimidazolium
bromide (4c). Rdt: 92%, C19H23N2OBr, M ¼ 375.31 g mol�1, p.f.
¼ 311.1 �C. n(CN) ¼ 1560.26 cm�1. 1H NMR (CDCl3, 400 MHz, d,
ppm): 2.28 (s, 6H, CH3(a,b)), 3.36 (s, 3H, CH3(400)), 3.98 (t, 2H,
H20), 4.89 (t, 2H, H10), 5.73 (s, 2H, H100), 6.96 (s, 1H, H500), 7.06 (s,
2H, H300,700), 7.55 (m, 3H, H5,6,7), 7.82 (d, 1H, H4), 11.40 (s, 1H,
H2). 13C NMR (CDCl3, 100 MHz, d, ppm) 21.3 (C(b,d)), 47.9 (C10),
51.7 (C100), 59.2 (C40), 70.5 (C20), 113.5 (C7), 114.1 (C4), 126.1
This journal is © The Royal Society of Chemistry 2018
(C300,500,700), 127.0 (C5), 127.1 (C6), 131.0 (C8), 131.0 (C9), 132.3
(C200), 139.2 (C400,600), 142.6 (C2).

1-Methoxyethyl-3-(4-methylbenzyl)benzimidazolium chlo-
ride (4d). Rdt: 90%, C18H21N2OBr, M ¼ 361.28 g mol�1, p.f.
302.5 �C. n(CN) ¼ 1557.32 cm�1. 1H NMR (CDCl3, 400 MHz,d,
ppm): 2.29 (s, 3H, CH3(a)), 3.35 (s, 3H, CH3(40)), 3.95 (t, 2H, H20),
4.87 (t, 2H, H10), 5.83 (s, 2H, H100), 7.10 (s, 2H, H300,700), 7.29 (d,
2H, H400,600), 7.52 (d, 1H, H7), 7.58 (d, 1H, H6), 7.61 (d, 1H, H5),
7.86 (d, 1H, H4), 11.24 (s, 1H, H2). 13C NMR (CDCl3, 100 MHz, d,
ppm): 21.2 (C(a)), 47.9 (C10), 51.3 (C100), 59.1 (C40), 70.1 (C20),
113.6 (C7), 114.1 (C4), 127.1 (C5,6), 128.4 (C300,400,600,700), 129.9
(C8), 130.9 (C9), 132.2 (C200), 139.3 (C500), 142.98 (C2).

1-Methoxyethyl-3-(2,3,4,5,6-penthamethylbenzyl)-5,6-dimethy-
lbenzimidazolium chloride (4e). Rdt: 97%, C24H33N2OBr, M ¼
400.99 g mol�1, p.f. 132.3 �C. n(CN) ¼ 1558.00 cm�1. 1H NMR
(CDCl3, 400 MHz) d (ppm) ¼ 2.19 (s, 6H, CH3(c,g)), 2.21 (s, 6H,
CH3(d,f)), 2.22 (s, 3H, CH3(e)), 2.31 (s, 3H, CH3(a)), 2.36 (s, 3H,
CH3(b)), 3.21 (s, 3H, CH3(40)), 3.78 (t, 2H, H20), 4.83 (t, 2H, H10),
5.59 (s, 2H, H200), 7.21, (s, 1H, H7), 7.56 (s, 1H, H4), 10.01 (s, 1H,
H2). 13C NMR (CDCl3, 100 MHz) d (ppm) ¼ 16.99 (Ce,g), 17.02
(Cd,f), 17.31 (Ce), 20.66 (Ca), 20.80 (Cb), 47.36 (C10), 47.70 (C100),
58.93 (C40), 70.52 (C20), 112.66 (C7), 113.85 (C4), 124.28 (C8), 129.73
(C9), 130.95 (C500), 133.58 (C300,700), 134.00 (C400,600) 137.05 (C200),
137.19 (C6), 137.37 (C5), 141.38 (C2).

1-Methoxyethyl-3-(2,4,6-trimethylbenzyl)-5,6-dimethylbenzi-
midazolium chloride (4f). Rdt: 94%, C22H29N2OCl,M¼ 372.94 g
mol�1,p.f. 241.2 �C, n(CN)¼ 1554.12 cm�1. 1H NMR (CDCl3, 400
MHz) d (ppm) ¼ 2.30 (s, 12H, CH3(b,c,d,e)), 2.38 (s, 3H, CH3(a)),
3.29 (s, 3H, CH3(40)), 3.87 (s, 2H, H20), 4.81 (s, 2H, H10), 5.74 (s,
2H, H100), 6.92 (s, 2H, H400,600), 6.99 (s, 1H, H7), 7.53 (s, 1H, H4),
10.81 (s, 1H, H2). 13C NMR (CDCl3, 100 MHz) d (ppm) ¼ 20.11
(Cc,e), 20.63 (Cd), 20.79 (Ca), 21.07 (Cb), 46.71 (C10), 47.48 (C100),
58.98 (C40), 70.36 (C20), 112.92 (C7), 113.54 (C4), 125.14 (C6),
129.68 (C5), 130.12 (C400,600), 130.83 (C500), 137.05 (C200), 137.96
(C300,700), 139.70 (C5,6), 142.32 (C2).

1-Methoxyethyl-3-(3,5-dimethylbenzyl)-5,6-dimethylbenzimi-
dazolium bromide (4g). Rdt: 89%, C21H27N2OBr, M ¼ 403.4 g
mol�1, p.f 267.6 �C. n(CN) ¼ 1563.49 cm�1. 1H NMR (CDCl3, 400
MHz, d, ppm): 2.22 (s, 6H, CH3(c,d)), 2.31 (s, 3H, CH3(a)), 2.35 (s,
3H, CH3(b)), 3.29 (s, 3H, CH3(40)), 3.89 (t, 2H, H20), 4.73 (t, 2H,
H10), 5.59 (s, 2H, H100), 6.90 (s, 1H, H500), 6.95 (s, 2H, H300,700), 7.22
(s, 1H, H7), 7.47 (s, 1H, H4), 11.05 (s, 1H, H2). 13C NMR (CDCl3,
100MHz, d, ppm): 20.6 (Ca), 20.7 (Cb), 21.2 (Cc,d), 47.5 (C10), 51.2
(C100), 59.1 (C40), 70.3 (C20), 113.0 (C7), 113.5 (C4), 125.7
(C300,500,700), 130.8 (C8), 132.6 (C9), 132.6 (C200), 137.2 (C5,6), 139.1
(C400,600), 141.81 (C2).

1-Methoxyethyl-3-(4-methylbenzyl)-5,6-dimethylbenzimidaz
olium chloride (4h). Rdt: 87%, C20H25N2OBr, M ¼ 389.3 g
mol�1, p.f 256.8 �C, n(CN)¼ 1559.72 cm�1. 1H NMR (CDCl3, 400
MHz, d, ppm): 2.32 (s, 3H, CH3(c)), 2.37 (s, 3H, CH3(a)), 2.41 (s,
3H, CH3(b)), 3.36 (s, 3H, CH3(40)), 3.95 (t, 2H, H20), 4.78 (t, 2H,
H10), 5.72 (s, 2H, H100), 7.18 (d, 2H, H300,700), 7,36 (d, 1H, H7),
7.31 (d, 2H, H400,600), 7.53 (s, 1H, H4), 11.23 (s, 1H, H2). 13C NMR
(CDCl3, 100 MHz, d, ppm): 20.6 (Ca), 20.7 (Cb), 21.2 (Cc), 40.2
(C10), 51.0 (C100), 59.2 (C40), 70.3 (C20), 113.0 (C7), 113.5 (C4),
128.2 (C8,9), 130.0 (C300,400,600,700), 130.8 (C200), 137.2 (C500), 139.1
(C5,6), 141.8 (C2).
RSC Adv., 2018, 8, 40000–40015 | 40013
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1-Methoxyethyl-3-(4-tert-butylbenzyl)-5,6-dimethylbenzimi-
dazolium chloride (4i). Rdt: 74%, C23H31N2OBr, M ¼ 431.4 g
mol�1, p.f 255.4 �C. n(CN)¼ 1559.06 cm�1. 1H NMR (CDCl3, 400
MHz, d, ppm): 1.29 (s, 9H, CH3(c,d,e)), 2.40 (s, 3H, CH3(a)) 2.43
(s, 3H, CH3(b)), 3.38 (s, 3H, CH3(40)), 3.98 (t, 2H, H20), 4.79 (t, 2H,
H10), 5.73 (s, 2H, H100), 7.34 (s, 1H, H7), 7.53 (s, 1H, H4), 7.42 (s,
4H, H300,500,600,700), 11.27 (s, 1H, H2).

13C NMR (CDCl3, 100 MHz,
d, ppm): 20.6 (Ca), 20.7 (Cb), 31.2 (Cc,d,e), 47.5 (C10), 50.9 (C100),
59.2 (C40), 70.3 (C20), 112.9 (C7), 113.5 (C4), 126.3 (C400,600), 128.0
(C300,700), 129.5 (C8) et 129.8 (C9), 130.8 (C200), 137.2 (C5,6), 141.8
(C2), 152.3 5 (C500).
6.4 General procedure for carbonylative coupling

A stainless steel autoclave equipped with amagnetic stirring bar
was charged with benzimidazolium salt (0.05 mmol), K2CO3 (2
mmol) and Pd(OAc)2 (0.025 mmol). Aer ushing the atmo-
sphere with N2, a solution of 2-bromopyridine (1 mmol) in 5 mL
of dry THF was added under N2. The reaction mixture was
stirred for 1 h at 80 �C. Aer this time, the autoclave was cooled
down to room temperature and a solution of boronic acid (1.1
mmol) in 5 mL of dry THF was added under N2. The autoclave
was ushed with CO, pressurized to 20 bar and heated to 120 �C.
At the end of the reaction and aer cooling down to room
temperature, the solution was ltred and the solvent was
removed under vacuum. The residue was puried by silica gel
chromatography (EtOAc/hexane) to give pure product.

The cytotoxic activity was assessed according to the
literature.44,45
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D́ıez-González, RSC Publishing, Cambridge, UK, 2011; (d)
E. L. Kolychev, A. F. Asachenko, P. B. Dzhevakov,
A. A. Bush, V. V. Shuntikov, V. N. Khrustalev and
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08897g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 2
:2

9:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
M. S. Nechaev, Dalton Trans., 2013, 42, 6859–6866; (e)
A. R. Leverett, A. I. McKay and M. L. Cole, Dalton Trans.,
2015, 44, 498–500.

27 (a) G. C. Vougioukalakis and R. H. Grubbs, Chem. Rev., 2010,
110, 1746–1787; (b) E. Colacino, J. Martinez and F. Lamaty,
Coord. Chem. Rev., 2007, 251, 726–764; (c) C. Samojlowicz,
M. Bieniek and K. Grela, Chem. Rev., 2009, 109, 3708–3742;
(d) M. Yus and I. M. Pastor, Chem. Lett., 2013, 42, 94–108;
(e) L. A. Schaper, S. J. Hock, W. A. Herrmann and
F. E. Kuhn, Angew. Chem., Int. Ed., 2013, 52, 270–289; (f)
M. J. Ingleson and R. A. Layeld, Chem. Commun., 2012,
3579–3589; (g) N. Marion and S. P. Nolan, Acc. Chem. Res.,
2008, 41, 1440–1449; (h) S. Çekirdek, S. Yaşar and
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C. Bruneau, S. Yaşar and I. Özdemir, J. Coord. Chem., 2017,
70, 1270–1284; (l) S. Yaşar, E. Ö. Karaca, Ç. Şahin,
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