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Abstract:  This paper describes the SpAr regioselectivity of the
9-chloropyrido[1,2-a]benzimidazole reaction by experimental and quantum
chemistry methods. We conducted the halogenation process in sulfuric acid
using N-bromosuccin- or N-chlorosuccinimide. Two isomeric products 8-
Hal-9-chloropyrido[1,2-a]benzimidazole — and  6-Hal-9-chloropyrido[1,2-
albenzimidazole occurred. Predominantly, the introduction of the electrophilic
particle occurred at the 8th position of the heterocycle. Using quantum
chemistry methods, we found the orbital control of the electrophilic
halogenation reaction and determined the orientation of the electrophile
particle introduction by the distribution of the boundary electron density in the

substrate. This corresponded well with the experimental data.
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Introduction

Pyrido[1,2-a]benzimidazoles are the prospective compounds for the new drugs
production. This heterocyclic nucleus is a part of substances exhibiting various types of
biological activity: antimalarial [1], antitumour [2], oncoprotective [3], and antiviral ones [4].
Therefore, pyrido[1,2-a]benzimidazole derivatives with antimicrobial activity are of particular
interest [5]. Thus, a number of effective antibiotics based on rifaximin containing this
heterocycle in its structure have been developed [6].

According to numerous experimental data, introduction of halogen atoms into
azaheterocyclic systems show enhancing of their biological activity [7-9]. For example, the
paper [7] shows increasing in the number of halogen atoms in an azagetheroaromatic system
enhanced the antimicrobial effect and also decreased the value of the minimum inhibitory
concentration. Also, [9] reported a two or more fold decrease in the required concentration for
inhibition of fungal cultures in the presence of halogens in the compound structure.
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The simplest way to synthesis halogen derivatives of pyrido[1,2-a]benzimidazoles
represents the introduction of halogen atoms under the electrophilic aromatic substitution
reaction conditions. However, due to the small amount of data on the reactivity of
pyrido[1,2-a]benzimidazoles in the SgAr reaction, this method has not yet been widely used in
organic synthesis.

We have previously studied the regioselectivity of the nitration and halogenation reaction
of 7-R-pyrido[1,2-a]benzimidazoles (R = Cl or electron acceptor groups) [10]. Introduction of
the electrophilic particle occurred in the 8th position of the heterocycle. The second reaction
centre for electrophilic attack at R = Cl was the 6th position. 9-Substituted derivative was not
obtained during the SzAr reaction.

We used 9-chloropyrido[1,2-a]benzimidazole (1) as a substrate for further studying the
regularities of this chemical process and obtaining of a polyhalogen derivative of
pyrido[1,2-a]benzimidazole. It contains halogen atoms including those at the 9th position.

Main body

We conducted the synthesis of 9-chloropyrido[1,2-a]benzimidazole (1) according to the
previously developed methodology [11, 12] under the conditions of reductive intramolecular
heterocyclisation reaction.

Cl
cl SnCl,*2H,0,
</ \: + _ FPOR a%HCl HCI
N
— 0. 5h 35°C
O,N

The structure of 1 was proved by 'H, *C NMR spectroscopy and high-resolution mass
spectrometry. We determined the assignment of proton and carbon atom signals from 2D
'"H-'H NOESY, 2D 'H-"*C HSQC (Fig. 1, left), and 2D 'H-'*"N HMBC spectra (Fig. 1, right).
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Fig. 1. Fragments of '"H-*C HSQC (left) and "H-*N HMBC (right) spectra of 9-chloropyrido[1,2-a]benzimidazole (1)
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The use of heteronuclear single-quantum (HSQC) and multijunction (HMBC)
correlation spectroscopy allowed the identification of the H® signal associated with C?, which is
one of the possible reaction centres for electrophilic attack.

We added bromine and chlorine atoms to the 9-chloropyrido[1,2-a]benzimidazole
molecule (1) in concentrated H,SO, using N-bromosuccinimide (2a) or N-chlorosuccinimide

(2b).
cl Cl < C
HS0,  — _—
- Ny + 7& — N + N
1

1
2a-b 3a-b 4a-b
where X = a) Br; b) Cl

We put solutions of halogenating agent 2a and substrate 1, taken in equimolar amounts,
simultaneously into the reactor at 30 °C. We conducted the reaction for 20 h. Analysis of the
obtained reaction mass by 'H NMR spectroscopy showed the presence of two products
8-bromo-9-chloropyrido[1,2-a]benzimidazole (3a) and 6-bromo-9-chloropyrido[1,2-a]benzimidazole
(4a) in the ratio 3a: 4a = 1:0.47. Approximately 40 per cent of the starting substance remained
unreacted. We obtained similar results using 2b and observed the formation of two isomers of
8,9-dichloropyrido[1,2-a]benzimidazole (3b) and 6,9-dichloropyrido[1,2-a]benzimidazole
(4b) at the ratio 3b : 4b = 1 : 0.37. The chlorination reaction was slower. Conversion 1 was
only 22 %.

The amount of unreacted starting substance 1 in the bromination and chlorination
reactions decreased with increasing the time to 30 h and the reaction temperature SzAr to 50 °C
but remained significant. The conversion of 1 was more affected by increasing the amount of
halogenating agent in the reaction mass. Thus, 100% conversion of compound 1 was observed
ataratioof1:2a=1:1.4and1:2b=1:3.0.

We added a SzAr solution of the halogenating agent in H,SO, gradually for 10 h at 45 °C
to increase the regioselectivity of the reaction. Then we stirred the reaction mixture at this
temperature for another 10 h. The 8,9-dihalogenpyrido[1,2-a]benzimidazoles (3a,b) were
obtained with 89 and 87% yield, respectively, after recrystallisation in chloroform.

The structure of dihalogen derivatives 3 was proved by 'H, *C NMR spectroscopy and
high-resolution mass spectrometry. We determined the assignment of proton and carbon atom
signals from 2D '"H-'H NOESY, 2D 'H-"*C HSQC, and 2D 'H-"N HMBC spectra. Fig. 2 shows
fragments of the 'H-"C HSQC (left) and 'H-"N HMBC (right) spectra of
8,9-dichloropyrido[1,2-a]benzimidazole (3b).
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Fig. 2. Fragments of 'H-"C HSQC (left) and 'H-"N HMBC (right) spectra of
8,9-dichloropyrido[1,2-a]benzimidazole (1)

There were no H*/C? and H®/N' interaction cross-peaks in the '"H-C HSQC and 'H-"*N
HMBC spectra of this compound, which were observed for substrate 1. This indicated the
substitution of a hydrogen atom for a halogen in the 8th position of the heterocycle.

Thus, the introduction of the electrophilic particle occurred predominantly in the
ortho-position rather than the para-position relative to the substituent, contrary to the -I-effect
of the chlorine atom.

We calculated the charge and orbital characteristics of 9-halogenpyrido[1,2-a]benzimidazole
(1) and its imide nitrogen protonated heterocyclic derivative (1') in order to explain the
orientation of the SgAr reaction using the B3LYP/6-31G** method. We performed the
calculations within the density functional theory with hybrid exchange-correlation functions
[13-15] (DFT B3LYP/6-31G** method) for open electron shells [15] using the PC
GAMESS/Firefly software package [16] and the ORCA 5.0.4 programme [17]. We performed
geometry optimisation both in the gas phase and using a discrete SMD solvation model. We
used water as a solvating shell. Table 1 and Table 2 present the results of calculations.

Table 1. Charges and boundary electron densities on C atoms in the HOMO of
9-chloropyrido[1,2-a]benzimidazole (1)

Number Charges Boundary electron densities | Charges on C Boundary electron densities
of atom onC on C in HOMO (including on C in HOMO
solvation) (including solvation)

C! 0.14079 0.10956 0.05368 0.09143

C? -0.15330 0.09383 -0.20670 0.07990

c -0.06353 0.07206 -0.11925 0.05012

Cct -0.12548 0.12162 -0.20686 0.10033

C¢ -0.11755 0.15708 -0.21034 0.12035

c’ -0.08905 0.00784 -0.15481 0.00553

(o -0.10077 0.15710 -0.17739 0.13071
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Table 2. Charges and boundary electron densites on C atoms in the HOMO of
9-chloropyrido[1,2-a]benzimidazole (1°)

Number Charges Boundary electron densities | Charges on C Boundary electron densities
of atom on C on C in HOMO (including on C in HOMO
solvation) (including solvation)

c 0.16595 0.05468 0.08589 0.06994

C -0.13602 0.05678 -0.18660 0.06122

c -0.04089 0.01222 -0.09491 0.01984

Cct -0.10482 0.07300 -0.16754 0.08333

C¢ -0.09227 0.20653 -0.16762 0.14518

c’ -0.07852 0.00110 -0.14530 0.00127

Cct -0.07950 0.21158 -0.15275 0.15638

Analyses of the charges on the C atoms in the neutral (see Table 1) and nitrogen
protonated molecule (see Table 2) showed the largest formal negative charge on the C* atom.
According to the charge control, the probability of SzAr reaction implementation by other
reaction centres was lower one. This contradicted the experimental data obtained about the
reaction proceeding in the 6th or 8th positions.

We further used the concept of electron density boundary distribution in the substrate
molecule to explain the orientation of the electrophilic particle introduction into
pyrido[1,2-a]benzimidazole 1. The position in the substrate that has the highest electron
density in the HOMO is most favoured for electrophilic attack in the SgAr reaction [18]. The
efficiency of the concept was demonstrated by evaluating the reactivity of condensed
polyazaheterocycles in the SgAr reaction [19].

The boundary electron densities in the HOMO on atoms (fs) were estimated using the
expression to compare the reactivity indices when a compound interacts with an electrophilic

agent
f =2 Z Cizﬂ, (1)

where ¢, are the decomposition coefficients of the HOMO decomposition by AOs centred on
atoms (A).

According to the data obtained, C® and C® atoms made the largest contribution to the
electron density of the HOMO. The values of the coefficients on these atoms in neutral molecule
1 did not differ significantly. The differences between the contributions of C°® and C* atoms
increased considering the solvation environment of the molecule. The contribution difference
between C*® atom and C° atom to the electron density of the HOMO was further increased in
the solvated 1' cation molecule. Therefore, the position 8 of pyrido[1,2-a]benzimidazole should
be the preferred centre for the attack of the electrophilic particle in the SzAr reaction according
to the concept of Fukui [15]. It agrees with the experimental data obtained (Table 3).
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Table 3. Boundary electron densities on C atoms in the substrate HOMO and percentage content in the SzAr
reaction products in the reaction mass

The position of the electrophilic attack C* c?
Boundary electron densities on C in HOMO of solvated molecule 1’ 0.14518 0.15638
Percentage content of bromination reaction products* 3a and 4a 32% 68%
Percentage content of chlorination reaction products* 3b and 4b 27% 73%

* - substrate and reagent were introduced into the reactor simultaneously.

Thus, the positions 6 and 8 of the heterocycle were the reaction centres in
9-chloropyrido[1,2-a]benzimidazole for electrophilic attack during the SgAr reaction. The
formation of 8,9-dihalogen derivative of pyrido[1,2-a]benzimidazole occurred to greater
extent. The SgAr reaction had orbital control according to quantum-chemical modelling data.
The introduction orientation of the electrophilic particle was determined by the electron
density boundary distribution in the substrate. The contribution of C* atom to the HOMO of
the substrate was greater than the C° one. This correlated with the synthesis results.

Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
and did not adjust. NMR spectra were recorded on a Bruker Avance-II 600 spectrometer with
operating frequencies of 600.13, 150.90 and 60.81 MHz for 'H, "*C and "*N nuclei, respectively.
A solvent was DMSO-ds, internal standard was the residual solvent proton signal (J 2.5) for the
'"H NMR spectrum and the *C DMSO-d; signal (8 39.5) for the carbon spectra at 25 °C for 1
and 60 °C for 3a,b. Heating for substances 3a,b is related to the limited solubility of the
compounds. Mass spectra were recorded on a FINNIGAN MAT instrument. INCOS 50,
electron flux energy 70 eV.

Methodology for the synthesis of 9-chloropyrido[1,2-a]benzimidazole (1)

We added a solution of 2.50 g (0.00369 mol) of SnCL-2HO in 15 ml of isopropanol at
35 °C to a solution of 1.00 g (0.00369 mol) of N-(2-nitro-6-chlorophenyl)pyridinium chloride
in 15 ml of 4% HCI. We performed the reaction at 35 °C for 0.5 h. We then cooled the reaction
mixture and treated with 25% NH4OH to pH = 7-8 extracted with several portions of hot
chloroform (X = 150 ml). We distilled off the solvent, obtaining the product as a beige coloured
powder. Yield is 91%. T. melt. 101-103 °C. 'H NMR (DMSO-ds, 6, ppm, ] /Hz): 9.27 (dt, J = 7.0,
1.2, 1H, H'), 7.74 (dd, ] = 8.2, 0.9, 1H, H°), 7.67 (dt, ] = 9.2, 1.2, 1H, H*), 7.56 (ddd, ] = 9.2, 6.6,
1.3,1H,H%),7.42 (t,]=7.9,1H,H"),7.32(dd, J]=7.7,0.9, 1H, H?®), 6.98 (td, ] = 6.8, 1.3, 1H, H?).
BC NMR (DMSO-ds, §, ppm.): 148.5 (C*), 145.8 (C**), 130.4 (C?), 127.7 (C'), 125.7 (C"), 124.1
(C*), 121.6 (C?), 118.0 (C?), 117.4 (C°), 117.1 (C*), 110.8 (C*). HRMS: m/z calculated C;;H;CIN,
203.6396 [M+H]*, found 203.6391.

Methodology for the synthesis of 8-Hal-9-chloropyrido[1,2-a]benzimidazoles (3a,b)

We added a solution of 2.00 g (0.01 mol) of 9-chloropyrido[1,2-a]benzimidazole in
25 ml H»SO4 to a solution of 2.5 g (0.014 mol) of N-bromosuccinimide (2a) for the synthesis of
3a or 4.0 g (0.03 mol) of N-chlorosuccinimide (2b) for the synthesis of 3b in 50 ml of H,SO4 at
35 °C for 10 h, followed by stirring for another 10 h at 40-45 °C. Then we poured the mixture
into ice and treated it with 25% NH,OH to pH = 7-8. The beige precipitate was filtered off,
washed with cold water and dried.
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8-Bromo-9-chloropyrido[1,2-a]benzimidazole (3a) Yield is 89%. T. melt. 121-124 °C. 'H
NMR spectrum (DMSO-d, §, ppm, J/Hz): 9.35 (d, 1H, H', ] =7.3),7.76 (d, 1H, H*, ] = 8.5), 7.69
(m, 2H, H%), 7.62 (t, 1H, H>, ] = 7.9), 7.05 (t, 1H, H2, ] = 6.9). *C NMR (DMSO-ds, 8, ppm):
148.8 (C*), 143.9 (C*), 130.6 (C?), 127.4 (CY), 126.3 (C7), 124.9 (C*), 123.6 (C?), 119.4 (C°),
117.2 (C*), 115.8 (C%), 111.1 (C?). HRMS: m/z calculated C;;HsBrCIN, 282.5357 [M+H]*, found
282.5352.

8,9-dichloropyrido[1,2-a]benzimidazole (3b). Yield is 87%. T. melt. 131-135 °C. '"H NMR
(DMSO-ds, 8, ppm, J/Hz): 9.27 (dt, ] = 7.1, 1.2, 1H, H'"), 7.69 (d, ] = 8.7 Hz, 1H, H°), 7.65 (dt,
J=9.2, 1.2, 1H, H*), 7.59 - 7.55 (m, 2H, H?, H’), 7.00 (td, ] = 6.9, 1.3, 1H, H?). 3C NMR
(DMSO-ds, §, ppm): 148.8 (C*), 143.9 (C*), 130.4 (C%), 127.2 (C'), 126.2 (C7), 124.9 (C*),
123.5 (C¥), 118.4 (C°), 117.0 (C*), 115.7 (C%), 111.0 (C2). HRMS: m/z calculated C;;HsCLN,
238.0847 [M+H]*, found 238.0841.

Calculation part

We performed quantum-chemical electronic structure calculations using the PC
GAMESS/Firefly software package and the ORCA 5.0.4 programme. We used PC
GAMESS/Firefly to optimise the geometry of compound 1 and its imide nitrogen protonated
heterocycle derivative 1’ in the gas phase. The ORCA software was used to optimise the
geometry of 1 and 1’ taking into account the solvate shell. We considered the impact of the
medium using the electron density solvation model (SMD). The electronic parameters of the
molecule were calculated in the framework of density functional theory with a hybrid exchange-
correlation functional (DFT method B3LYP/6-31G**) for open electron shells. The boundary
electron densities in the HOMO on carbon atoms (fa) were calculated according to formula (I).
We used the programs wxMacMolPlt [20] and ChemCraft [21] to process the data and visualise
the calculation results.
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