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Abstract

A novel method for synthesis of tricyclic benzimidazole derivatives by using continuous flow reactor is reported. Disadvantages of the
well-known batch methods have been avoided utilizing the flow chemistry technology. Beside the one pot reductive cyclization using
H-Cube Pro®, the dehydration step was also optimized producing the desired lactam compounds. Then the acylation was optimized

under microwave conditions and that reaction was also integrated into the flow system using an Asia heater module. This acylation

dramatically reduced the reaction time under continuous-flow conditions, with a residence time of 30 min.
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1 Introduction

Nitrogen containing bi- and tricyclic heterocyclic com-
pounds bearing benzimidazole and pyrrolobenz-imidaz-
ole moieties are in the focus of the drug discovery interest,
because of their comprehensive pharmacological appli-
cations. Without the necessity of completeness, the main
indications are antitumor [1, 2], anti-inflammatory [2, 3],
analgesic [4] and antibacterial [4-6] activities.

In order to highlight the need for a new synthetic pro-
cedure, we review the major procedures reported in liter-
ature taking 2,3-dihydro-1H-pyrrolo[l,2-a]benz-imidaz-
ole-1-one (1) as model compound. By examining literary
examples, the main procedures can be divided into three
groups (Fig. 1). The synthesis of 1 is achievable with the
reaction of aryl diamine and the appropriate anhydride
(Fig. 1, Path A). As we can see in Meegalla’s work, this
process is usually accomplished in two steps. First step
is the acylation at 100 °C and then the water elimination
is carried out on a higher (~180 °C) temperature reaching
a relatively low overall yield (38 %) [7]. Another proce-
dure is a solid-state condensation catalyzed by Lewis acid
(zinc(IT)acetate) using extremely high temperatures (from
220 to 300 °C) [8]. Intramolecular cyclization of suit-
ably substituted aromatic diamines (3a) is also described
(Fig. 1, Path B). The ring closure can be carried out via
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Fig. 1 The potential synthesis methods to 2,3-dihydro-1H-
pyrrolo[1,2-a]benzimidazole-1-one (1)

an intramolecular aza-Wittig reaction using phosphorus,
arsenic, boronic or antimony phosphorane reagents [9-11].
Starting from benzimidazole-2-propanoic acid (4, Path C)
the desired product (1) can be obtained with a dehydra-
tion step which feasibly with pyrolysis reaction [9] or with
using acetic anhydride or thionyl chloride [12]. There is
only a few example known in the literature, when the syn-
thesis of 1 was implemented through nitro group reduction
starting from 3b (Fig. 1, Path B). In each case, the reaction
is carried out in two steps. In the first step the reduction
of nitro group using H, with Pd/C catalyst or Fe in AcOH
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at 60 °C [13], or SnCl1,.2H,0 at 85 °C for 12 h [14]. In the
second step the ring closure is performed with 10 % HCI
or 6 M H_SO, [13], or with refluxing in DMF for 72 h to
reach a low, 18 % yield [14].

As can be seen from the examples listed above, these
are typical of these processes to suffer from minor draw-
backs such as use of corrosive and toxic catalysts, high
temperatures, low yields and comparatively long reac-
tion times. In our case, we decided to develop a two-step
method for the synthesis of 1H-pyrrolo[1,2-a]benzimid-
azol-1-one derivatives. To the best of our knowledge no
method has been reported in literature involving one-pot
intramolecular reductive cyclization starting from suitably
substituted o-nitroaniline. The use of flow technique as an
enabling technology can mitigate these classical disad-
vantages, especially reduce the reaction time and exclude
toxic reagents. Accordingly, our recent work has revealed
that the one-pot reductive cyclization of o-nitroacetanilide
derivatives can be carried out with almost quantitative
yield and excellent tolerance towards different sensitive
functionalities compared to the batch processes [15].

2 Results and discussion

We divided the experimental work into two constituent
phases to separate key steps from the others, providing a
modular approach. We began our experimentation with the
optimization of reductive ring closure. Continuous flow
hydrogenation reactions were performed on an H-Cube
Pro® flow system, utilizing water electrolysis to generate
hydrogen (by Thales Nano).

During the experiments we followed the optimal
parameters defined in our previous study (solvent: ace-
tic acid, 20 bar, 150 °C, 30 mm 5%Pt/C, Sulfided catalyst
cartridge),[15] and only the effect of residence time was
investigated. Here we have to mention, that when we used
other type of solvents such as ethanol (EtOH), toluene,
ethyl acetate (EtOAc) or dichloromethane (DCM) block-
age could be observed. The degree of conversion and
product selectivity were readily established by monitoring
the composition of the reaction mixture after the solvent
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150 °C, 20 bar

evaporation by LC-MS analysis. As starting materials,
we investigated open chain and cyclic o-nitroacylani-
lide derivatives (5, 6, 11, 12) synthesized by conventional
batch process. Based on the results we concluded, that the
residence time has no effect on product selectivity and
2-(1H-benzo[d]imidazol-2-yl)alkanoic acids (7, 8) can be
produced with good selectivity (94 %, Table 1). Due to
the acidic media and the applied high temperature, dehy-
dration step becomes a beneficiary causing a minimal
amount of intramolecular lactam formation (2 %, 9, 10)
and the side chain length (in 6 vs 5) doesn’t influence the
rate of ring closure (Table 1).

Next, we examined the above reaction with o-ni-
tro cyclic imides (11, 12 in Fig. 3). In contrast with the
previous findings, the residence time has a significant
role in product selectivity. Increasing the flow rate (0.3-
1.0 mLmin") enrichment of hydroxy intermedier can be
observed (Table 2, entry 8, 1.0 mLmin™, 19 % 13). Best
selectivity towards the desired product (94 % 9, entry 5)
is achievable with 0.3 mLmin' flow rate. Here we have to
mention, that the H-Cube Pro® flow system isn’t stabile
under this flow rate. To increase the residence time we used
70 mm catalyst cartridge (Table 2, entry 9). Surprisingly,
significant ring opening takes place producing 7 (31 %).
Based on this experience we concluded that there is equi-
librium between the lactam (9) and the open chain (7)
forms. Starting from compound 12, a small amount of ring
opening product was observed (entry 10, 11 % 8).

After the optimization of one pot reduction and ring
closure, we planned to reach the formation of 9 from 5
with a subsequent dehydration step. According to our flow
system the crude product (contains 94 % 7) pumped from
a liquid-gas separator into an Asia heater loop reactor
module and at the end we used a back pressure regula-
tor (BPR). As constant parameters we used 0.5 mLmin™
flow rate, and the above described parameters of reduction
method (General procedure A).

The residence time of dehydration step was modified
with the volume of the loop reactor (4 or 16 mL). During
the experiments we applied a back pressure regulator
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Fig. 2 Synthesis of 7, 9 and 8, 10 mixtures from 5 and 6, respectively



Table 1 Optimization of one pot reduction and ring closure reaction
sequence starting from 5 or 6. (General procedure A)

Entr Starting A% 7.8 9,10
Y material  [mLmin"] [%] [%]
1 5 0.30 94 2
2 5 0.75 94 3
3 5 1.00 95 2
4 6 0.50 93 2
H-Cube Pro
: : r -—== 1 :
_ )
5% Pt/C,Sulfided n
0 150°C, 20 bar (0]
11, n=1 9, n=1
12, n=2 N OH 10, n=2
13, n=1
14, n=2

>

Fig. 3 Reductive ring closure of 11 and 12 in H-Cube Pro®

of 250 psi, except in the case of the experiment made at
250 °C (Fig. 4, Table 3, entry 16, 350 psi). On the basis
of these results one can conclude that on higher tem-
perature the conversion of lactam formation increases.
Furthermore, at the same temperature there are no consid-
erable differences in the product selectivity depending on
residence time. At 150 °C the dehydration rate is negligi-
ble (2-4 %, entries 11 and 12), but at 250 °C selective for-
mation of product 9 is reachable (64-60 %, entries 15-16).

Next, we aimed to integrate the acylation step to the
reductive ring closure. Optimum conditions of the acyla-
tion were determined under batch conditions using micro-
wave irradiation (Fig. 5). Microwave assisted optimization
has been widely demonstrated as a synthetically useful tool
in continuous flow chemistry research [16-18]. Microwave
chemistry is suitable for reaction screening in a very short
period of time and also appears perfectly suited to mimic
both the rapid heating and the high temperatures attain-
able in a continuous flow chemistry experiment.
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Table 2 Optimization of one pot reduction and ring closure reaction

sequence starting from 11 or 12 (General procedure A).

Entry Startir}g V‘ _ 13,14 9,10
material [mLmin"] [%] [%]
5 11 0.30 1 94
6 11 0.50 4 91
7 11 0.75 12 82
8 11 1.00 19 74
9% 11 0.50 0 56
10 12 0.50 2 86

*70 mm 5% Pt/C Sulfided catalyst cartridge was used.

Table 3 results of cyclization reaction after reductive benzimidazole

formation in flow system (General procedure B)

Entry Asia heater T, t! 7 9
volume [mL] [°C] [min] [%] [%0]
11 4 150 8 84 2
12 16 150 32 93 4
13 4 200 8 40 56
14 16 200 32 46 40
15 4 250 8 20 64
16 16 250 32 30 60

Condensation of o-nitroaniline (15) with an excess of
succinic anhydride (16, 3 eq.) was carried out by irradiat-
ing them in CEM-Explorer microwave oven for 30 min at
200°C at a power level of 220 W (Fig. 5). In the selection of
the solvent, it was important to have an adequate solubil-
ity for each components and stability under the conditions
of acylation and reductive ring closure steps. Taking into
account the previous considerations, we used toluene as a
fitting alternative. Initially, we used acetic acid as catalyst
and with varying its ratio we screened the effect on the
conversion and the selectivity of the reaction. The degree
of conversion and product selectivity were readily estab-
lished by monitoring the composition of the reaction mix-
ture after the solvent evaporation by liquid chromatogra-
phy—mass spectrometry (LC-MS) analysis (Fig. 6). The
results showed that increasing the amount of acetic acid
the main product (5) undergoes dehydration producing
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Fig. 4 Implementation of cyclization after reductive benzimidazole formation in flow system. (General procedure B)
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Fig. 5 o-Nitroaniline acylation with succinic anhydride using
microwave irradiation (General procedure C)
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Fig. 6 The effect of the acetic acid content on the conversion of 15 into
5, 11 or 17 in toluene solution

compound 11. In addition, mixed anhydride of succinic
acid and acetic acid formed which generated o-nitroace-
tanilide (17).

The rate of this side reaction increases with acetic acid
content and reaches a maximum amount (69 %) using ace-
tic acid as only solvent.

The analysis revealed that, under these conditions,
maximum selectivity of 5 was achieved using 20 vol%
acetic acid in toluene solvent mixture with an almost full
conversion (1,3 % 15) but the conversion decreased dra-
matically when the acetic acid content was minimized
(0 % AcOH, 93 % 15).

In order to avoid the above mentioned mixed anhydride
formation next we tried to use stronger acids in less amount.
First, 2 equivalents of methanesulfonic acid was added,
but white precipitate formation was observed which does
not allow the integration into flow system. Then we used
the commercially available sulfonic acid surface-modified

Amberlyst XN-1010 ion exchange resin. During these
experiments we used 3 equivalents of succinic anhy-
dride, 50 weight percent of catalyst, toluene as the only
solvent and 30 minutes reaction time. We examined the
effect of temperature on the conversion and selectivity.
After the filtration of the resin, we monitored the compo-
sition of the reaction mixture by GC—MS analysis (Fig. 7).
Surprisingly an almost full selectivity towards the succin-
imide type product (96 % 11) was achieved at 200 °C. As
the temperature decreases the selectivity declines, and the
conversion greatly decreases under 150 °C. Unfortunately,
we discovered white needle crystals in the resulted sol-
vents of experiments measured above 150 °C.

Based on previous experiences, we selected finally
the acetic acid catalyzed system to integration into flow.
According to our flow system, the solution of 15 and 16 in
20% AcOH - 80% toluene solvent mixture was pumped
into an Asia heater loop reactor module which was
directly attached to the H-Cube Pro® (Fig. 9 and Table 4,
entries 17-20). Based on LC-MS results, under these con-
ditions large amount of by-product was formed during the
reductive ring closure. Furthermore, it can be said that
longer residence time (Table 4, entry 18, 32 min, 35 % 9),
and greater anhydride excess (Table 4, entry 20, 6 eq. 16,
47 % 9), resulted in the formation of more lactam type
product (9). We assumed, that the main reason of side
reactions is the residual 2-hydroxy compound (18, Fig. 8)
due to low acetic acid content, [13] which can undergo
intermolecular coupling reactions.

In order to avoid accumulation of 18, in the next experi-
ments we enhanced the acidity by addition acetic acid after
the Asia heater within a T-mixer (Table 4, entry 21-26).
The optimal parameters to produce the largest amount of
7 are 3 equivalents 16, 30 min reaction time for acylation
and 80 % acid content for reductive ring closure reaction
(entry 23,72 % 7).

3 Conclusion

In conclusion, this work covers alternative synthetic meth-
ods to produce 2-(1H-benzo[d]imidazole-2-yl)alkanoic
acids (7, 8) and 2,3-dihydro-1H-pyrrolo[1,2-a]benzim-
idazole-1-one (9) or 3,4-dihydro-pyrido[1,2-a]benzim-
idazol-1(2H)-one (10) using continuous flow chemistry.
Starting from o-nitro acylanilide derivatives (5, 6, 11, 12),
we have achieved good selectivities towards the desired
products (95 % 7,93 % 8,94 % 9, 86 % 10). Applying a sub-
sequent dehydration step, the lactam ring closed product is
obtainable with good selectivity (64 %, 9). Short reaction
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Fig. 7 Examination of the effect of the temperature on the acylation
reaction using Amberlyst-XN-1010 as catalyst
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Fig. 8 Structure of compound 18

times, and ease of continuous operation means this meth-
odology offers a complementary alternative to existing lit-
erature procedures. We have demonstrated that with care-
fully selected solvent ratios and acylating agent excess, a
good selectivity towards the desired 2-(1H-benzo[d]imid-
azol-2-propionic acid, or 2,3-dihydro-1H-pyrrolo[1,2-a]
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benzimidazole-1-one (7) is feasible connecting the acyla-
tion step into the reductive cyclisation step (72 % 7). In the
cases of starting materials 5 and 6 the consecutive reaction
steps, namely nitro group reduction, intramolecular ring
closure, dehydration step and a second intramolecular ring
closure were successfully connected in our flow system,
providing a novel method for efficient preparation of the
target compounds using domino reactions.

4 Experimental

4.1 General methods

4.1.1 Chemicals

All solvents, reagents and starting material 6 were pur-
chased from commercial vendors and were used without
further purification.

4.1.2 Analytics

'H and *C NMR spectra were recorded on Bruker Avance
III HD 400 MHz, Chemical shifts (§) are given in parts
per million (ppm) from an internal standard of tetrameth-
ylsilane (‘"H: 0.00 ppm, *C: 0.0 ppm) or DMSO-d6 (C:
39.4 ppm). All coupling constants (J) are reported in Hertz
(Hz). The analysis of the reaction products were per-
formed on an HPLC-MS. Experiments were carried out
on an Agilent 1200 liquid chromatography system cou-
pled with an 6410 QQQ-MS (Agilent Technologies, Palo

Table 4 results of the integration of acylation reaction into the flow system. (General procedure D)

. v, Asia heater T, v, 7 9
Entry  Anhydride eq. [mMLmin"]  volume [mL] [°C] [mLmin] [%] [%]
17 3 0.50 4 200 . 36 17
18 3 0.50 16 200 . 31 35
19 1.2 0.50 16 200 . 49 2
20 6 0.50 16 200 . 16 47
21 1.2 0.12 4 200 0.38 55 1
22 12 0.12 4 200 0.88 56 1
23 3 0.12 4 200 0.38 7 7
24 3 0.12 4 200 0.88 60 5
25 3 0.12 16 200 0.38 49 17
26 3 0.12 16 200 0.88 59 22
— AcOH
NO,
Asia heater H-Cube Pro
F= ===\
NH, ‘@‘ I I N N
N -O- ——— - b + D
0 T L - . :
0, " 5% PYC,Sulfided H COOH
o 150°C, 20 bar

Fig. 9 The integration of acylation reaction into the flow system. (General procedure D)
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Alto, CA, USA). Analysis was at 40 °C on a Cortecs C18
column (150x4.6 mm, 2.7 pm) (Waters), with a mobile
phase flow rate of 1.0 mL/min. Composition of eluent A
was 0.1 % (v/v) trifluoroacetic acid (TFA) in water (pH
1.9), eluent B was a mixture of acetonitrile and water
in 95:5 (v/v) with 0.1 % (v/v) TFA. A linear gradient of
15-65 % B was applied at a range of 0-17 min. The MSD
operating parameters were as follows: ESI positive ion-
ization, scan ion mode (100-600 m/z), drying gas tem-
perature 350 °C, nitrogen flow rate 12 Lmin!, nebuliser
pressure 40 psi, capillary voltage 2500 V, fragmentor
voltage 60 V.

4.1.3 General procedure A

Synthesis of 7, 8 and 9, 10 products using continuous flow
one-pot reductive cyclisation method, starting from S, 6
and 11, 12: The appropriate starting materials were com-
pletely dissolved in glacial acetic acid in a flask under
nitrogen (0.05 M). The reaction parameters, including
temperature (150 °C), liquid flow rate (0.5 mLmin"),
and hydrogenation gas pressure (20 bar), were selected
on H-Cube Pro® (catalyst cartridge: 30 mm 5 %Pt/C,
Sulfided), and the system was conditioned by pumping
only pure solvent (glacial acetic acid) through the flow
reactor for at least 30 min. After the system stabilized, the
substrate solution was introduced. The reaction was com-
plete after a single passage through the apparatus and the
product stream was continuously collected in a gas-liquid
separator.

4.1.4 General procedure B

Synthesis of 9 using continuous flow one-pot reductive
cyclization and a subsequent dehydration step: Compound
5 was completely dissolved in glacial acetic acid in a
flask under nitrogen (0.05 M). The parameters of one-
pot reductive cyclization were conditioned as described
before in general procedure A. From the gas-liquid sep-
arator the crude reaction solution pumped with a HPLC
pump to an Asia heater module, with 4 or 16 mL reactor
volume, and a back pressure regulator was attached at
the end (250 or 350 psi). The reaction was complete after
a single passage through the apparatus and the product
stream was continuously collected.

4.1.5 General procedure C

Optimization of acetylation using microwave reactor: A
mixture of o-nitroaniline (15) and succinic anhydride (16),
the catalyst (50 w% Amberlyst XN-1010 ion exchange

resin, or AcOH), solved in the appropriate solvent (2 mL)
and was heated at 100-200 °C under N, in a closed vial in
CEM Discover Microwave reactor equipped with a pres-
sure controller applying 220 W for 30 min. After evapora-
tion of the solvent the crude product obtained.

4.1.6 General procedure D

Synthesis of 7 using continuous flow acylation and a subse-
quent one-pot reductive cyclization: o-Nitroaniline (15, for
0.05 M solution) and succinic anhydride (16) (1.2 or 3 or 6
eq.) were completely dissolved in the appropriate solvent
(20 % acetic acid, 80 % toluene) in a flasks under nitrogen.
An Asia heater module, with 4 or 16 mL reactor volume
was connected to the H-Cube Pro® with a 30 cm PTFE tube
(1/16”) (T1: 200 °C) (Table 4, entry 17-20). In the case of
entry 21-26, we pumped acetic acid to the reaction mixture
after the Asia heater across a static T-mixer. The parame-
ters of one-pot reductive cyclization were conditioned as
described above in general procedure A. The reaction was
complete after a single passage through the apparatus and
the product stream was continuously collected.

4.2 Synthesis of 4-((2-nitrophenyl)amino)-4-
oxobutanoic acid (5) [19]

To a vigorously stirred solution of o-nitroaniline (1.0 g, 7.5
mmole) in acetic acid (20 mL), 16 (8.25mmole) was added
in one lot. The reaction mixture was refluxed under nitro-
gen atmosphere for 72 h. The cooled reaction mixture was
concentrated by evaporation and the product was obtained
by column chromatography using: hexane-ethyl acetate
eluent system with silica gel 60 (0.040 — 0.063 mm). Yield:
62 %. 'H-NMR (DMSO- d6) 6,;: 2.49 (2H, t, J: 7.0), 2.60
(2H, t, J: 7.0), 745 (1H, td, J: 8.5, 1.5), 7.64 (1H, d, J: 8.0),
7.71 (1H, td, J: 8.5, 1.5), 7.93 (1H, dd, J: 8.0, 1.5), 10.30 (1H,
br s), 12.17 (1H, br s). '3C NMR (DMSO- d6) §.: 173.5,
170.4, 142.2, 133.9, 131.3, 125.1, 125.0, 124.9, 30.8, 28.7.

4.3 Synthesis of N-substituted cyclic amides (11, 12)
Acylated o-nitroaniline derivatives (about 200 mg,
2.1 mmol, 1 eq.) were dissolved in Ac,O (5 mL) separately
and the mixtures were stirred for 5 h at 100 °C. The ace-
tic anhydride was removed under vacuum, the resulting
brown solid was washed with cold acetone and then dried
under reduced pressure to give the pure product.

4.3.1 1-(2-Nitrophenyl)pyrrolidine-2,5-dione (11) [20]
Yield: 58 %. '"H-NMR (CDCl,) 6,: 2.96 (4H, m), 7.39 (1H,
dd, J: 7.5, 1.0), 7.63 (1H, td, J: 8.0, 1.5), 7.77 (1H, td, J: 8.0,



1.5),8.20 (1H, dd, J: 8,0, 1.0). ®C NMR (CDCI,, 126 MHz)
5,: 1754, 134.5, 130.6, 130.2, 126.1, 28 8.

4.3.2 1-(2-Nitrophenyl)piperidine-2,6-dione (12) [21]
Yield: 54 %. '"H-NMR (CDCIl,) §: 2.15 (2H, m), 2.83 (4H,
m), 7.28 (1H, dd, J: 7.5, 1.0), 7.61 (1H, td, J: 7.5, 1.5), 7.72
(14, td, J: 7.5, 1.5), 8.21 (1H, dd, J: 8.0, 1.5). C NMR
(CDCL,) 6.: 172.3,134.5, 131.9, 129.9, 126.0, 32.9, 17.0.

4.4 Synthesis of 2-substituted benzimidazole derivatives
using continuous flow (7, 8)

4.4.1 3-(1H-Benzo|d]imidazol-2-yl)propanoic acid (7)
[12]

'H NMR (DMSO-d6): 6, 12.2 (1H, s), 7.47 (2H, dd, J: 6.0,
3.3), 7.13 (2H, dd, J: 6.0, 3.0), 3.04 2H t, J: 7.5), 2.76 (2H
t,J: 7.5). ®C NMR (75 MHz, DMSO-d6): 3. 173.5, 154.0,
138.6, 121.2, 14.4, 31.3, 23.8.

4.4.2 4-(1H-Benzo|d]imidazol-2-yl)butanoic acid (8) [22]
'HNMR (DMSO-d6): 5, 7.48 (2H, dd, J: 6.0, 3.3), 7.18 2H
dd, J: 6.0,3.0),2.94 2H t, J: 7.3), 2.31 (2H, m), 2.11(2H, m).
BC NMR (75 MHz, DMSO-d6):5. 180.9, 156.5, 139.3,
123.3, 115.3, 36.7, 29.3, 25.6.
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4.5 Synthesis of benzimidazole lactam derivatives using
continuous flow (9, 10)

4.5.1 2,3-Dihydro-1H-benzo[d]pyrrolo[1,2-a]imidazol-
1-one (9) [12]

'H NMR (CDCl)) §,, 7.87 (1H, d, J: 7.5), 7.67 (1H dd, J:
7.2, 1.2), 7.38-7.28 (2H, m), 3.29-3.16 (4H, m). *C NMR
(CDCl,) 6., 169.9, 162.1, 149.3, 128.48, 125.4, 124.3, 120.0,
113.0, 34.5, 21.2.

4.5.2 3,4-Dihydrobenzo[4,5]imidazo[1,2-a]pyridin-
1(2H)-one (10) [23]

'HNMR (CDCL,) 3, 8.79-8.76 (1H, m), 8.26-8.23 (1H, m),
7.95-7.88 (2H, m), 3.68 (2H, t, J: 6.4), 3.36 (2H, t, J: 6.6),
2.75-2.67 (2H, m). "C NMR (CDCL,) §. 169.0, 154.3,
134.8,125.2, 120.2, 119.2, 116.7, 115.4, 33.7, 25.1, 20.3.
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