INSTITUT DE FRANCE

Académie des sciences

Comptes Rendus

Chimie

Anthony Martin, Diana Cheshmedzhieva, Valeria Palermo, Frédéric
Liéby-Muller, Gustavo P. Romanelli, Anouk Gaudel-Siri, Yoann
Coquerel, Thierry Constantieux and Jean Rodriguez

On the regioselective molecular sieves-promoted oxidative
three-component synthesis of fused-benzimidazoles from [3-ketoesters

Volume 25 (2022), p. 19-29
Published online: 7 February 2022

https://doi.org/10.5802/crchim.137

This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

"I.<1
>
MERSENNE

Les Comptes Rendus. Chimie sont membres du
Centre Mersenne pour I’édition scientifique ouverte
www.centre-mersenne.org
e-ISSN : 1878-1543


https://doi.org/10.5802/crchim.137
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus

Chimie

2022, 25, p. 19-29
https://doi.org/10.5802/crchim.137

Full paper / Article

On the regioselective molecular sieves-promoted
oxidative three-component synthesis of
fused-benzimidazoles from [3-ketoesters

Anthony Martin %, Diana Cheshmedzhieva® ?, Valeria Palermo® ¢ ¢,
Frédéric Liéby-Muller® ¢, Gustavo P. Romanelli® ¢, Anouk Gaudel-Siri® ¢,
Yoann Coquerel® %, Thierry Constantieux® “ and Jean Rodriguez™ ¢

@ Aix-Marseille Univ, CNRS, Centrale Marseille, iSm2, Marseille, France
b Faculty of Chemistry and Pharmacy, University of Sofia, 1164 Sofia, Bulgaria

¢ Centro de Investigacion y Desarollo en Ciencias Aplicadas “Dr. Jorge J.
Ronco” (CINDECACCT-CONICET) Universidad Nacional de La Plata, calle 47 N° 257,
B1900AJK La Plata, Argentina

4 Institut de Recherche Pierre Fabre 3, Av. Hubert Curien 31100 Toulouse, France

¢ Aix-Marseille Université, CNRS, ICR, Marseille, France

E-mails: anthony. martin@etu.univ-amu.fr (A. Martin), dvalentinova@gmail.com
(D. Cheshmedzhieva), val_palermo@hotmail.com (V. Palermo),

frederic.lieby. muller@pierre-fabre.com (E L.-Muller), gpr@quimica.unlp.edu.ar
(G. P Romanelli), anouk.siri@univ-amu.fr (A. Gaudel-Siri),
yoann.coquerel@univ-amu.fr (Y. Coquerel), thierry.constantieux@univ-amu.fr
(T. Constantieux), jean.rodriguez@univ-amu.fr (J. Rodriguez)

Abstract. The regioselectivity of molecular sieves-promoted oxidative three-component reaction be-
tween [3-ketoesters, aromatic o-diamines and acrolein, leading to pyrido[1,2-albenzimidazoles, has
been investigated by a combination of experimental and theoretical studies. Molecular sieves act both
as heterogeneous catalyst and dehydrating agent and their role has been modeled in the theoretical
approach. The modulation of the reactivity of the aromatic diamine partner as a function of the nature
of the substituents of the aromatic ring and its influence on the regioselectivity of the reaction could
be rationalized.

Keywords. Multicomponent reaction, Michael addition, Benzimidazole, Molecular sieves, Heterocy-
cles.

Note. Contribution invited on the occasion of the Emile Jungfleisch Prize of the French Academy of
Sciences.

Manuscript received 6th October 2021, accepted 17th November 2021.

* Corresponding author.

ISSN (electronic) : 1878-1543 https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.137
https://orcid.org/0000-0002-9344-9282
https://orcid.org/0000-0003-2965-5265
https://orcid.org/0000-0002-3529-4753
https://orcid.org/0000-0003-4808-9588
https://orcid.org/0000-0003-0646-006X
https://orcid.org/0000-0002-8634-399X
mailto:anthony.martin@etu.univ-amu.fr
mailto:dvalentinova@gmail.com
mailto:val_palermo@hotmail.com
mailto:frederic.lieby.muller@pierre-fabre.com
mailto:gpr@quimica.unlp.edu.ar
mailto:anouk.siri@univ-amu.fr
mailto:yoann.coquerel@univ-amu.fr
mailto:thierry.constantieux@univ-amu.fr
mailto:jean.rodriguez@univ-amu.fr
https://comptes-rendus.academie-sciences.fr/chimie/

20 Anthony Martin et al.

1. Introduction

Multicomponent reactions (MCRs) [1,2] are chemi-
cal transformations in which three or more starting
materials react in one convergent single-operation
procedure to generate one product. This strategy is
almost as old as organic chemistry, since as early as
1850 Strecker published the first three-component
reaction for amino acid synthesis [3]. In the context of
chemistry for sustainable development, MCRs have
received a renewed attention over the last twenty
years [4-8]. These multiple bond-forming transfor-
mations [9] are, inherently step-economy reactions,
but the criteria of atom-economy is also largely con-
sidered since most of the atoms in the starting ma-
terial are generally incorporated in the final prod-
uct. If one also put forward their ease of implemen-
tation and processing, MCRs can definitively be con-
sidered as modern synthetic tools. MCRs can be trig-
gered by numerous types of promoters or catalysts,
and the use of heterogeneous and recyclable ones
further increases the eco-compatible nature of these
reactions [10-14].

Some time ago, some of us discovered that
molecular sieves could promote some original
MCRs for the syntheses of complex polyhetero-
cyclic molecules [15,16]. The general sequence con-
sisted in the reaction between a (3-dicarbonyl com-
pound, an &, 3-unsaturated carbonyl derivative and
a primary amine functionalized by a pendant nu-
cleophilic function, affording the desired product
with production of water as the only co-product. In
particular, this approach was successfully applied
to the synthesis of tri- and tetracyclic fused benz-
imidazoles via the reaction of o-amino aniline (1a)
with various «, 3-unsaturated aldehydes 2 and f3-
diketones, [3-ketoesters or (3-ketoamides 3, allowing
a facile one-pot access to functionalized pyrido[1,2-
albenzimidazoles 5 (Scheme 1) [17]. The interme-
diate 4 of the MCR, with a dihydrobenzimidazole
moiety, contains an aminal function, that is in situ
oxidized in the presence of activated carbon and air,
leading to the final polyheterocycle.

Benzimidazoles are recognized as privileged hete-
rocycles that exhibit a wide range of pharmaceutical
applications and are present in many clinically use-
ful drugs [18-22]. Owing to this substantial impor-
tance, numerous efforts have been made to generate
libraries of these compounds [23,24]. Among them,
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ring-fused [1,2-albenzimidazoles have received par-
ticular attention [25-31], and synthetic approaches
are still needed. In this context, our methodology
(Scheme 1) offered a direct multicomponent access
to this motif, especially well designed in the con-
text of sustainable chemistry. Since the discovery of
these reactions, we have envisioned several plausible
mechanisms to account for the efficient formation of
the benzimidazole products. The purpose of the work
detailed herein is to determine a plausible mecha-
nism for these heterogeneous three-component re-
actions using a combined experimental and theo-
retical approach. Particularly, the role of molecular
sieves in promoting Michael reactions has been mod-
eled. Finally, the extension of the scope to unsym-
metric aromatic diamines has been explored exper-
imentally and rationalized theoretically providing a
practical regioselective synthesis of new fused bicylic
benzimidazoles.

2. Experimental: general procedure for the
synthesis of compounds 5

To a 50-mL two-necked round-bottom flask flushed
with air, equipped with a magnetic stirring bar and a
condenser, were added anhydrous toluene (25 mL),
4 A MS (6 g), activated carbon (100 mg, DARCO G-
60, —100 mesh), 3-ketoester 3a (1.0 equiv), freshly
distilled acrolein (2a) (1.2 equiv), and diamine 1
(1.0 equiv). The heterogeneous mixture was stirred
at reflux in an open-to-air reaction vessel for 24 h.
The reaction mixture was filtered through a short
pad of Celite®, which was thoroughly washed with
toluene. The solvent was evaporated under reduced
pressure to afford the product 5 with good chemi-
cal purity (>90% by 'H NMR) and the pure prod-
uct was obtained after flash chromatography over sil-
ica gel.

Compound 5b: following the general proce-
dure with 0.19 mL of 3a (1.76 mmol), 0.14 mL of
2a (2.10 mmol) and 237 mg of 1b (1.72 mmol),
303 mg (65%) of 5b were obtained as a dark yellow
solid. Recrystallisation of this material from ethyl
acetate/toluene afforded light brown prisms suitable
for X-ray diffraction analysis (CCDC 1848882).

Mp: 117-119 °C; 'H NMR (400 MHz, DMSO, ppm)
5 7.68 (d, /] =9.0 Hz, 1H), 7.16 (d, J = 2.5 Hz, 1H),
6.85 (dd, J = 9.0, 2.5 Hz, 1H), 3.79 (s, 3H), 3.74 (s,
3H), 2.97 (dd, J = 8.7, 6.5 Hz, 2H), 2.86 (s, 3H),
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Scheme 1. MCR for the synthesis of pyrido[1,2-albenzimidazoles.

2.67 (t, J] = 7.5 Hz, 2H); *C{'H} NMR (101 MHz,
DMSO, ppm) & 167.2, 155.9, 152.9, 144.4, 143.7,
126.5,113.8, 111.6, 111.5, 102.5, 55.5, 51.7, 23.0, 21.6,
17.4; HRMS (ESI+) [M+H]+ C;5H;7N»03": caled.
273.1234; found: 273.1235.

Compound 5c¢’: following the general procedure
with 0.19 mL of 3a (1.76 mmol), 0.14 mL of 2a
(2.10 mmol) and 262 mg of 1c (1.72 mmol), 169 mg
(34%) of 5¢’ were obtained as a white solid. Mp: 210~
212 °C; 'H NMR (400 MHz, DMSO, ppm) & 8.33 (s,
1H), 7.91-7.86 (m, 1H), 7.68 (d, J = 8.4 Hz, 1H), 3.76
(s, 3H), 3.08-3.01 (m, 2H), 2.92 (s, 3H), 2.71 (t, J =
7.1 Hz, 2H); 3C{'H} NMR (101 MHz, DMSO, ppm) &
167.1, 155.4, 146.4, 143.2, 132.0, 124.1, 118.9, 114.8,
112.9, 51.8, 23.0, 21.5, 17.3; HRMS (ESI+) [M+H]+
C15H15N20j{: calcd. 287.1026; found: 287.1023.

Compounds 5d and 5d': following the general pro-
cedure with 0.19 mL of 3a (1.76 mmol), 0.14 mL of 2a
(2.10 mmol) and 245 mg of 1d (1.72 mmol), 214 mg
(45%) of 5d and 108 mg (23%) of 5d’ were obtained as
white solids.

5d: Mp: 85-87 °C; 'H NMR (400 MHz, DMSO,
ppm) 6 7.82 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 2.1 Hz,
1H), 7.28 (dd, J = 8.8, 2.1 Hz, 1H), 3.75 (s, 3H),
3.01 (dd, J = 8.6, 6.6 Hz, 2H), 2.86 (s, 3H), 2.69
(dd, J = 10.7, 4.4 Hz, 2H); '3C{'H} NMR (101 MHz,
DMSO, ppm) & 167.0, 154.2, 144.3, 143.1, 131.0,
127.1, 122.8, 118.8, 114.7, 112.8, 51.7, 22.9, 21.5,
17.3; HRMS (ESI+) [M+H]+ C14H14C1N202+: calcd.
277.0733; found: 277.0735.

5d": Mp: 129-131 °C; 'H NMR (400 MHz, DMSO,
ppm) & 7.87 (d, J = 1.8 Hz, 1H), 7.63 (d, J = 8.5 Hz,
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1H), 7.30 (dd, J = 8.5, 1.9 Hz, 1H), 3.75 (s, 3H),
3.00 (dd, J = 8.6, 6.5 Hz, 2H), 2.87 (s, 3H), 2.69
(dd, J = 10.6, 4.4 Hz, 2H); 3C{'H} NMR (101 MHz,
DMSO, ppm) & 167.0, 153.7, 143.2, 142.1, 132.7,
127.4, 123.0, 120.4, 113.3, 112.9, 51.7, 22.9, 21.5,
17.2; HRMS (ESI+) [M+H]+ C14H4CIN,03: calcd.
277.0733; found: 277.0729.

Compounds 5e and 5¢’: following the general pro-
cedure with 0.19 mL of 3a (1.76 mmol), 0.14 mL of 2a
(2.10 mmol) and 303 mg of 1e (1.72 mmol), 159 mg
(30%) of 5e and 242 mg (45%) of 5¢’ were obtained
as white solids. Recrystallisation of 5e from ethyl ac-
etate/toluene afforded colorless prisms suitable for
X-ray diffraction analysis (CCDC 1848550).

5e: Mp: 136-143 °C; 'H NMR (400 MHz, DMSO,
ppm) 4 8.02 (d, ] =8.7 Hz, 1H), 7.98 (s, 1H), 7.60-7.55
(m, 1H), 3.76 (s, 3H), 3.06 (dd, J = 8.5, 6.5 Hz, 2H),
2.89 (s, 3H), 2.71 (t, J = 7.4 Hz, 2H); 3C{'H} NMR
(101 MHz, DMSO, ppm)  167.0, 155.0, 142.9, 142.8,
134.5, 124.7 (q, ] = 271.6 Hz), 123.5 (q, ] = 31.4 Hz),
119.6 (q, J = 3.5 Hz), 116.3 (q, / = 3.8 Hz), 114.3,
113.7,51.8.

5e’: Mp: 110-112 °C; 'H NMR (400 MHz, DMSO,
ppm) o 8.08 (s, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.60
(d, ] = 84 Hz, 1H), 3.76 (s, 3H), 3.06 (dd, J =
9.0, 7.1 Hz, 2H), 2.92 (s, 3H), 2.71 (dt, J = 7.5,
1.3 Hz, 2H); '3C{'H} NMR (101 MHz, DMSO, ppm)
& 167.0, 155.7, 145.8, 143.0, 131.8, 124.7 (q, J =
272.1 Hz), 123.4 (q, J = 31.5 Hz), 120.0, 119.6 (q, J =
3.5 Hz), 113.4, 110.8 (q, J = 4.3 Hz), 51.8, 23.0, 21.4,
17.2; HRMS (ESI+) [M+H]+ C15H14F3N205’: calcd.
311,1002; found: 311,1001.
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Compounds 5f and 5f': following the general pro-
cedure with 0.19 mL of 3a (1.76 mmol), 0.14 mL of
2a (2.10 mmol) and 263 mg of 1f (1.72 mmol), 54 mg
(11%) of 5f and 264 mg (54%) of 5f were obtained as
orange solids.

5f: Mp: 141-144 °C; 'H NMR (400 MHz, DMSO,
ppm) & 8.63 (d, / = 2.0 Hz, 1H), 8.18 (dd, J =
8.9, 2.2 Hz, 1H), 7.83 (d, J = 8.9 Hz, 1H), 3.77 (s,
3H), 3.10 (dd, J = 8.6, 6.7 Hz, 2H), 2.95 (s, 3H),
2.73 (t, ] = 6.8 Hz, 2H); *C{'H} NMR (101 MHz,
DMSO, ppm) 6 166.9, 158.0, 147.8, 143.0, 142.6, 131.5,
119.5,118.4,113.8, 109.9, 51.9, 23.0, 21.3, 17.1; HRMS
(ESI+) [M+H]+ C14H14N30;: caled. 288.0979; found:
288.0967.

5f: Mp: 134-136 °C; 'H NMR (400 MHz, DMSO,
ppm) & 8.48 (d, J = 2.3 Hz, 1H), 8.15 (dd, J =
9.1, 2.3 Hz, 1H), 8.04 (d, J = 9.1 Hz, 1H), 3.77 (s,
3H), 3.09 (dd, J = 8.5, 6.6 Hz, 2H), 2.89 (s, 4H),
2.73 (t, ] = 7.6 Hz, 2H); *C{'H} NMR (101 MHz,
DMSO, ppm) 6 166.9, 156.6, 143.1, 142.9, 142.4, 136.5,
118.4,114.8,114.6,113.8,51.9,22.9,21.4, 17.3; HRMS
(ESI+) [M+H]+ C14H14N30;: calcd. 288.0979; found:
288.0977.

Compound 5g: following the general procedure
with 0.19 mL of 3a (1.76 mmol), 0.14 mL of 2a
(2.10 mmol) and 267 mg of 1g (1.74 mmol), 312
mg (62%) of 5g were obtained as a purple solid.
Mp: 152-158 °C; 'H NMR (400 MHz, DMSO, ppm)
6 8.26 (dd, J = 8.3, 0.7 Hz, 1H), 8.04 (dd, J = 8.1,
0.7 Hz, 1H), 7.45 (t, J = 8.2 Hz, 1H), 3.77 (s, 3H),
3.11 (dd, J = 8.6, 6.7 Hz, 2H), 2.89 (s, 3H), 2.73
(dd, J = 10.7, 4.4 Hz, 2H); 3C{H} NMR (101 MHz,
DMSO, ppm) 6 166.9, 156.6, 142.5, 138.6, 136.5, 134.7,
122.5,119.7,118.8, 114.4, 51.9, 22.9, 21.3, 17.5; HRMS
(ESI+) [M+H]+ C14H14N30f{: calcd. 288.0979; found:
288.0975.

Compound 5h: following the general procedure
with 0.19 mL of 3a (1.76 mmol), 0.14 mL of 2a
(2.10 mmol) and 215 mg of 1h (1.76 mmol), 324
mg (72%) of 5h were obtained as a white solid. Mp:
95-97 °C; '"H NMR (400 MHz, CDCls, ppm) & 7.47
(d, J = 8.1 Hz, 1H), 7.14 (t, J = 7.8 Hz, 1H), 7.08
(d, J = 7.3 Hz, 1H), 3.81 (s, 3H), 3.09 (dd, J = 8.5,
6.6 Hz, 2H), 2.93 (s, 3H), 2.77 (td, J = 7.4, 1.2 Hz,
2H), 2.64 (s, 3H); 3C{'H} NMR (101 MHz, CDCl3,
ppm) & 167.7, 151.9, 144.4, 142.7, 132.1, 129.9, 123.7,
123.1, 112.8, 110.5, 51.8, 23.8, 22.1, 18.0, 16.7; HRMS
(ESI+) [M+H]+ C15H17N20;: calcd. 257.1285; found:
257.1286.
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3. Results and discussion

This study aimed at answering two interlinked ques-
tions: (1) What is the nature and the order of the
elemental steps leading to the benzimidazole prod-
ucts 5 from the simple substrates 1-3? And (2) What
is the actual role of the 4 A MS, an acidic (Lewis
and Brensted acidities) microporous crystalline ma-
terial composed of sodium aluminosilicates capable
of trapping molecules of water with high efficiency?
It was previously experimentally demonstrated that
4 A MS are capable of accelerating the Michael ad-
dition of the (3-ketoester 3a to acrolein (2a), and
that the reaction does not proceed at a significant
rate in its absence [32]. Because of the acidic na-
ture of 4 A MS, only the neutral enol form of the
nucleophilic (3-ketoester 3a should be considered. A
possible mechanism of the reaction is depicted in
Scheme 2 (Path A). The reaction would start with a
4 A MS-catalyzed Michael addition of 3a under its
enol form to acrolein (2a) giving the corresponding
adduct 6a. The latter would then react with the di-
amine la to form the imine 7a, the double cycliza-
tion of which would afford consecutively the aminal
8a and then the cyclic mixed hemiaminal 9a, precur-
sor of the dihydrobenzimidazole 4a following dehy-
dration. Alternatively, it is also possible that the di-
amine 1a initially reacts with acrolein to give the cor-
responding «, -unsaturated imine 10a that would
in turn undergo the Michael addition with the (3-
ketoester 3a to give the imine 7a (Path B), the rest
of the sequence being common to both mechanisms.
Individually, both the reactions 2a + 3a — 6a and la
+ 2a — 10a do occur under the reaction conditions in
the absence of the third component (1a in the former
case and 3a in the latter case).

Both scenarios were computationally examined
using DFT methods to compare their energy pro-
files leading to the first common intermediate 7a.
All calculations were performed with the Gaussian
16 suite of programs [33]. The M06-2X/6-31G(d,p)
method, a functional now recognized performant
for systems where main-group thermochemistry, ki-
netics and non-covalent interactions are all impor-
tant [34], was employed in optimizing the structures
along competitive reaction pathways and evaluating
the respective electronic energies in vacuum. The
chosen basis set was a compromise between accu-
racy and calculation time. Frequency calculations
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Scheme 2. Two plausible mechanistic scenarios.

for each optimized structure were performed at the
same level of theory in order to analyze the nature
of stationary points (minima or transition states).
The vibrational frequencies were used to compute
zero-point energy (ZPE) and Gibbs free energies cor-
rections. Single point calculations at the M06-2X/6-
311++G(d,p) level combined with polarizable con-
tinuum model [35,36] (IEFPCM) for toluene solvent
were performed in order to reach more accurate
electronic energy values. As 4 A molecular sieves con-
tain many silanol moieties at their surface, it was
modeled by one molecule of Si(OH), all along the
reaction profiles [37-41], and tunneling effect [42]
was taken into account for one step with a very
high imaginary frequency involving the intramolec-
ular transfer of a proton. Of course, each intermedi-
ate identified along the reaction paths exists as mul-
tiple conformers with various non-covalent interac-
tions with the Si(OH)4 catalyst, and only the most sta-
ble ones among those identified are reported herein.
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The actual heterogeneous catalytic system is a com-
plex acidic network, ensuring both efficient bond-
formation and proton transfers, that is very difficult
to reproduce in silico. Thus, the calculated activation
barriers herein are probably over-estimated but qual-
itatively reliable.

For path A, the Michael addition of the enol
form of methyl acetoacetate (3a) to acrolein (2a)
was found moderately exothermic with a reason-
able activation barrier to afford the adduct 6a-enol,
the tautomerization of which leading to the corre-
sponding aldehyde 6a with a relatively high com-
puted barrier (Scheme 3). Keto—enol tautomerism is
routinely introduced in textbooks as an intramolec-
ular 1,3-shift of a proton although the actual pro-
cess is far more complex, involving several molecules
and/or catalysts. As a consequence, the accurate
modeling of keto—enol tautomerism is a complex and
very difficult task, sometimes leading to aberrant re-
sults [43]. In the present case, the tautomerism of
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6a-enol was modeled with a single molecule of sili-
cic acid as catalyst, which afforded an activation free
energy AG” (110 °C) of 142.5 kJ-mol~! correspond-
ing to a rate constant in the magnitude of 1077 s7!
at 110 °C in the hypothesis of a first order reaction,
a value that cannot account for the observed reac-
tion. Considering tunneling effect (see Supporting
Information), a much more realistic rate constant of
ca. 0.4 s~! was calculated for this elemental step.
From 6a, the reaction continues with the formation
of 7a-hemiaminal and its subsequent dehydration
to afford the corresponding imine 7a with a barrier
calculated at 127.2 kJ-mol~!, a value probably over-
estimated for the reasons explained above. The ca-
pacity of 4 A MS to act as a trapping agent for the wa-
ter formed during the reaction is certainly a driving
force for the formation of the imine.

For path B, the formation of the «, 3-unsaturated
imine 10a would involve the 1,2-addition of the di-
amine la to acrolein (2a) to give 10a-hemiaminal
followed by a dehydration step, which constitutes
the rate-limiting step for the formation of the o, 3-
unsaturated imine 10a. Beside 1,2-addition, the di-
amine la may also react with acrolein (2a) follow-
ing a 1,4-addition to afford, after tautomerism, the
aza-Michael adduct 12a, the relative energy of which
was calculated at —93.6 kJ-mol™!. The aza-Michael
adduct 12a is thus the most stable compound among
the various species possibly involved in the early
steps of the mechanism (from 1a + 2a + 3a to 7a).
We assume that the 1,2 vs 1,4 addition process of the
diamine 1a to acrolein (2a) is under thermodynamic
control under the reaction conditions. The conclu-
sion is that the resting state of both acrolein (2a) and
the diamine 1a is the aza-Michael adduct 12a that
forms rapidly after the initiation of the reaction, and
that both substrates are slowly released during the
reaction maintaining their low concentration (reser-
voir effect). This scenario is fully consistent with the
following experimental facts: (1) imines derived from
acrolein (2a) have never been isolated, (2) acrolein
decomposes at slow rate in refluxing toluene (essen-
tially unchanged after 24 hours) despite its low boil-
ing point (53 °C) and its tendency to polymerize un-
der acidic conditions, and (3) completion of the re-
action requires prolonged reaction time. The con-
clusions of this part of the study, are that path A
(Scheme 2) is most probably the actual mechanism
of the reaction, and that 4 A MS are acting both as
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a catalyst for the initial Michael addition step lead-
ing to 6a and as a dehydrating agent to trap the two
equivalents of water formed during the reaction. This
results in shifting the corresponding equilibria to the
dehydrated products 7a and 4a, respectively.

4. Reaction scope and extension

Since the benzimidazole motif is often associated
with biological properties, it is important to be able
to introduce structural and functional variations
on the skeleton. In our preliminary communica-
tion [43], various [3-dicarbonyl derivatives 3 and
different enals 2 were used successfully. With re-
gard to the diamine partner, the study was so far
limited to the use of o-phenylenediamine (1a) itself
to avoid regioselectivity issues related to the use of
unsymmetrical substituted diamines. However, the
introduction of a substituent at the position 3 or 4 of
the aromatic ring of o-phenylenediamine results in a
differentiation of the electron density on each of the
two amine functional groups. Considering the for-
mation of the tricyclic mixed hemiaminal interme-
diate 9 from the aminal 8, as the discriminative step
for regioselectivity, it is expected that the most nu-
cleophilic nitrogen atom is the one with the greatest
electron density.

This working hypothesis was studied experi-
mentally and computationally. To this purpose, we
selected a representative series of substituted o-
phenylenediamines 1b-h bearing functional groups
with different electronic effects in position 3 or 4.
These substrates were reacted with acrolein (2a) and
methyl acetoacetate (3a) under the conditions de-
picted in Table 1 to afford the corresponding benzim-
idazoles 5b-h and in some cases their regioisomers
5d'-5f. Using o-phenylenediamines 1b—f with a
functional group in position 4 may lead to the forma-
tion of two regioisomers 5 and 5’ of the correspond-
ing benzimidazole. As experimentally established,
substrates bearing substituents with either electron-
donating (entries 1 and 3) or electron-withdrawing
(entries 2, 4, and 5) effects, proceeded with modest
to high regioselectivities. This is clearly illustrated by
the exclusive formation of 5b with a 4-MeO- (entry 1)
and 5¢’ with 4-CO,H (entry 2). As expected, the pres-
ence of an inductive-only withdrawing substituent
induced the lowest regioselectivities (entries 3 and 4).
However, in the case of chlorine substituent (entry 3)
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Scheme 3. Energy profile of both mechanistic scenarios leading to 7a (paths A and B) and relative energy

of the aza-Michael adduct 12a (path C). All energies are Gibbs free energies expressed in kJ-mol~! at 298 K.

monocrystal of products 5b and 5e were conducted,
establishing with no doubt its structures and the po-
sition of the substituent on the aromatic ring (Fig-

the additional donating mesomeric effect induced a
reversal of the regioselectivity. From a more general
point of view, these results indicate that regioisomer

5 is preferentially formed from diamines 1 bearing  ure 2) [44].
electron-donating substituents, whereas major or ex- Finally, concerning o-phenylendiamines 1gh
with a functional group in position 3, the reaction led

clusive formation of the other regiosomer 5’ results

from the presence of substituent with a withdrawing  to the formation of a unique regioisomer 5, in both

effect (Figure 1). examined cases (entries 6 and 7). In these two cases,
To confirm the regioselectivity observed in these the ortho steric effect is certainly largely contributing

transformations, analysis by X-ray diffraction of a  to the regioselectivity.

C. R. Chimie— 2022, 25, 19-29
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Table 1. Benzimidazoles synthesis from o-phenylenediamines 1b-h

R2
R MeO,
(0]
o N R R2 Me
NH, —
2a R1 N
1 N
+ +
O O 4A MS N
toluene, reflux, 24 h H
MeMOMe activated carbon, air 0 5
3a
Entry  Substrate 1 Product 5 Yield (%)* Ratio5/5’
MeO N
MeO NH, ﬁ N
L N .
1 NH, = 65 1:nd
Me 0
1b 5b MeO
MeO
Me Y
HO,C NH, _
L s
2 Hy C[ ) 34 nd®:1
N
1c 5c'
MeO
Cl N Me (0]
cl NH, \©: N —
X O e
= 7 2:1
3 NH, Me o + \©:N 68
1d 5d  MeO 5q'
MeO
F3C N Me (0]
FsC NH, \@ N _
L ) ey
4 = \©: K 75 1:1.5
Hz Me o N
1e Se MeO 5¢'
MeO
O2N\©:N Me o
O5N NH D —
— h )
5 NH, Ve o \©:N 65 5
1f 5f MeO 5f
NO NO2
2
Cr
N b
6 NH, = 62 1:nd
Me o
1g 59 MeO
Me
Me N
NH», N
@ : .
7 NH, =S 72 1:nd
Me o
1h 5h Med

a1solated yield; ® not detected.
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Figure 1. Modulation of the reactivity of o-phenylenediamines 1.
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Figure 2. ORTEP views of compounds 5b and 5e; ellipsoids are shown at 50% probability and H atoms

are drawn as fixed-size spheres of 0.15 A radius.

A quantitative determination of the electron den-
sity was performed theoretically to rationalize the
regioselectivity as a function of the substituent in
o-phenylenediamines 1 (Table 2). Thus, the geome-
tries of aniline (R=H) and o-phenylenediamines
la-h were optimized at the MP2/6-31+G(d) level
and minima were characterized by the calcula-
tion of the vibrational frequencies. Substituent ef-
fects were analyzed on the basis of natural pop-
ulation analysis (NPA) [45] charges calculated at
the MP2/6-311++G(d,p) level using NBO 6.0 pack-
age [46]. The MP2 [47,48] method was preferred to
the DFT approach according to the small size of the
systems and for a better description of the struc-
tural features of these delocalized aromatic com-
pounds.

In 1a, each amino group is an ortho electron-
donating substituent for the other one and the charge

C. R. Chimie— 2022, 25, 19-29

on N-1 and N-2 is significantly enhanced when com-
pared to aniline (Table 2: compare entries 1 and 2),
resulting in a higher nucleophilicity of 1a and its ana-
logues relative to aniline. The presence of a strong
electron-donating 4-methoxy substituent (Table 2:
entry 3) enhances the charge on the N-1 atom and
also reduces the charge on the N-2 atom. This is in
agreement with the experimentally observed higher
nucleophilicity of the N-1 atom.

In the case of strong electron-withdrawing sub-
stituents at the 4 position (Table 2: entries 4, 6 and
7), the charge on both N-1 and N-2 amino groups
is significantly reduced comparatively to la, with
a relative charge larger for N-2. Again, this is in
perfect agreement with the experimental results. In
the case of the 4-chloro derivative (Table 2: entry
5) the calculated charges reflect the additional do-
nating mesomeric effect with now the charge on
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Table 2. NPA charges featuring reactivity of the two amino groups N! and N?

R1

4

R2
I 2 NH,

1 "NH,

Entry

N!/N? NPA charge

la
1b
1c
1d
le
1f
1g
1h

© 0 N O Gk W N

Aniline R! =R2=R)

—-0.102
-0.113/-0.113
-0.121/0.103
-0.092/-0.108
—-0.109/-0.101
—-0.096/-0.103
—-0.085/-0.097
—-0.101/-0.040
-0.119/-0.108

N-1 slightly larger, inducing the observed modest
reversed regioselectivity. Finally, for the 3-substituted
analogues, the calculated charges were found higher
for N-1 in both cases and this combined with the or-
tho steric effect agrees with the experimental results
(Table 2: entries 8 and 9).

5. Conclusion

The present studies bring some complementary ex-
perimental and computational insights into our pre-
viously reported operationally simple and environ-
mentally friendly molecular sieves-catalyzed three-
component synthesis of fused-benzimidazoles. No-
tably, the role of 4 A MS in the early steps of the
mechanism was investigated rationalizing its effec-
tive catalytic properties in the Michael addition. With
unsymmetrically substituted o-phenylenediamines,
modest to excellent regioselectivities were observed.
The regioselectivity can now be predicted based on
qualitative steric considerations and the quantitative
determination of the electron density of the two nu-
cleophilic amino groups.
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