Materials International
Open Access Journal (ISSN: 2668-5728)
Article
Volume 6, Issue 1, 2024, 10

https://doi.org/10.33263/Materials61.010

Synthesis, Physico-Chemical Properties and Theoretical
Prediction of Electroanalytical Properties of the Novel
Benzo-[b][1,8]-naphthyridine-5(10H)-one and Thione

Volodymyr V. Tkach 1*® | Marta V. Kushnir 1@ Lyudmyla O. Omelyanchik 2@

Viktoria I. Gencheva 2@, Yulia Yu. Petrusha 2@, Vira v. Kopiika 2@, Olga V. Luganska 2@,
Yana G. Ivanushko *® |, José Inécio Ferro da Paiva Martins “® Jarem R. Garcia 5@,

Maria Jodo Monteiro *@ | Petro 1. Yagodynets’ 1@

Chernivtsi National University, 58000, Kotsyubyns'ky Str. 2, Chernivtsi, Ukraine
Zaporizhzhia National University, 69600, Zhukovsky Str. 66, Zaporizhzhia, Ukraine
Bukovinian State Medical University, 58001, Teatralna Sqg., 9, Chernivtsi, Ukraine,
Faculty of Engineering of the University of Porto, 4200-465, Rua Dr. Roberto Frias, s/n, Porto, Portugal
State University of Ponta Grossa, Uvaranas Campus, Av. Gal. Carlos Cavalcanti, 4748, 84030-900, Ponta Grossa, PR,
Brazil
6 University of Tras-os-Montes and Alto Douro, Quinta de Prados, 5001-801, Folhadela, Vila Real, Portugal
*  Correspondence: nightwatcher2401@gmail.com (V.V.T.), ved1988mid@rambler.ru (P.1.Y.);
Scopus Author ID 55758299100
Received: 27.09.2023; Accepted: 12.01.2024; Published: 19.02.2024

g~ W e

Abstract: A novel group of heterocyclic compounds with potential biological and electroanalytical
activity has been obtained and characterized. The compounds have been obtained by condensative
heterocyclization of 2-bromo pyridine with anthranilic acid derivatives. Both of them have been
characterized and evaluated as potential monomers and electrode modifiers. It has been shown that the
novel compounds and their polymers may serve as excellent carbon electrode modifiers for the
electrochemical determination of biologically active compounds.
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© 2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Pyridine, quinoline, and acridine are heterocyclic compounds, possessing derivatives
with highly expressed biological activity [1-12] and dyeing properties. It is known that some
of the pyridinic derivatives are calcium ion antagonists by blocking the calcium channels and
possess radio-protecting, cardio-protecting, hepato-protecting antitumor, antimutagenic,
antibacterial, antiprotozoal and hypotensive activities, the reason why they are widely used in
medicine, pharmacy, and agriculture. They are also used as dyes and pigments [13-21], some
of them fluorescent, and as monomers for conducting polymers for electroanalytical use [22—
27].

Nowadays, a search for novel quinolinic biologically active compounds, dyes, and their
polymer is caused by the necessity of treatment of neglected tropical diseases (malaria, dengue,
chikungunya, zika, etc.), new infectious diseases, like COVID-19, Ebola, analytical detection
of other biologically active and environmentally aggressive compounds including chemical
warfare agents and environmentally stable food additives [28-35]. For this reason, the goal of
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this work is to obtain the novel aza-acridonic and aza-thioacridonic heterocyclic compounds,
characterize them, and investigate theoretically their electroanalytical activity in the
electrochemical determination of biologically active compounds using dopamine and ascorbic
acid as models [36—49]. This investigation will also include analyzing the corresponding
mathematical model and comparing their behavior with the behavior of similar compounds in
similar systems [47-49].

2. Materials and Methods

2.1. Experimental.

All the reagents have been commercially acquired from Enamine® (Kyiv) and used as
given. IR-spectra has been taken on Bruker Alpha using the KBr pills. The mass spectra were
taken using Varian MAT-311A equipment, and the elemental composition of the novel
compounds was verified on a Vario EL Cube elemental analyzer using the sulfanilamide
standard.

The schematic representation of the synthetic procedures has been described in the
Figure 1:
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Figure 1. Scheme of the synthesis of the compounds.
2.1.1. Benzo[b][1,8]naphthyridine-5(10H)-one (1) (8-aza-9-acridone).

1,33 g (0,01 mol) of anthranilic acid is dissolved in 50 ml of DMFA, and 1 ml (0,01
mol) 2-bromo-pyridine in 50 ml DMFA, 1,38 g (0,01 mol) of potassium hydrocarbonate and
0,3-0,5 g of reduced copper are added. The mixture is heated and intensively stirred during 6-
7 h. Further, the reaction mixture is diluted by hot water and filtered out. The filtrate is acidified
by diluted chloridic acid, and the precipitate is filtered out and dried. Yield 1,66 g (85%). The
product is obtained as yellow crystalline needles with a melting point of 278-280°C
(crystallized from ethanol). Found, %: C — 73,2; H—4,0; N — 14,1; C12HsNz0. Calculated, %:
C-73,5H-41;,N-14.2.

2.1.2. Benzo[b][1,8]naphthyridine-5(10H)-thione (1) (8-aza-9-thioacridone).

1,96 g (0,01 mol) of the compound (1) is dissolved in 50 ml pyridine, and 1,58 g (0,01
mol) of phosphorus pentasulfide is added. The reaction mixture is heated for 1,5 h.
Furthermore, 20 ml of water is added, followed by 30-40 min reflux. The reaction mixture is
cooled and diluted with water. The precipitate is filtered out and dried. The product is obtained
in the form of yellow needles. Yield 1,86 g (95%). M.P. 162-164 0C (from ethanol). Found,
%: C—-67,7, H-4,0; N - 13,3; S — 15,0. C12HsN:S. Calculated, %: C — 67,9; H - 3,8; N —
13,2; S—-15,1.

The mechanism of the first reaction is analogous to Ullmann coupling, with the only
difference that the coupling is accompanied by heterocyclization with the 4-pyridonic ring
closure in the middle of the product due to the enhanced electrophilicity of the 3™ position of
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the pyridinic ring, activated by bromine atom. 8-aza-9-thioacridone has been obtained for the
first time by reacting 8-aza-9-acridone with phosphorus pentasulfide. Both substances are
yielded as yellow needle crystalline substances, insoluble in alkalies and organic solvents and
limitedly soluble in carbonate water solutions. Both of the substances may manifest prototropic
(keto-enolic in A — C and thioketo-thioenolic tautomery in D - F), which is confirmed by mass
spectra (Figure 2)'

ereiees
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Flgure 2. The tautomeric forms of the compounds 1(A, B, C); 2 (D, E, F).

The mass spectrum of compound 1 contains the band of molecular ion [M]* with m/z
196. The isotope correction, equal to 14,23%, corresponds to the theoretically calculated
(14,173%) for the molecular composition C12HsN20. The presence of three tautomers of the
compound 1 may be proven by the IR spectrum (KBr), containing the absorbance bands of the
bonds (cm™): 3400 = v nH (broadband), 3080 = v cHapow, 1700 = v c-0, 1640 = v c-o of pyridonic
ring. The bands at 1610, 1540, and 1530 correspond to the bonds v c-c; v c-n, and the bands at
1465, 1455, 1350, 1150, 1135, 770, 685 depict the 8-oscillations of the hetaryl moiety. These
data confirm the presence of forms B and C in the crystalline state of compound 1.

The mass spectrum confirms that the fragment CO leaves the structure of the molecular
ion [M]* (as 8-azacarbazolic derivative), confirming the presence of the structures B and C
(the ion has m/z 108). From the analysis of the mass-spectrum of metastable ions, it is possible
to conclude that the ion with m/z 167 is formed, which may be caused by either the direct
C—OH elimination from [M]* or with randomized hydrogen loss by the ion [M—CO]". In our
case, it is impossible to estimate the content and impact of the enolic form A, which is very
small, as J/M—CO/*:J/M—COH/* ion intensity relation is nearly equal to 451), which confirms
the presence of the forms B and C. The presence of the ions with m/z =142 — / (M—CO)
—C2H2/*, m/z=141 — / (M—CO) —HCN/" and m/z 140 — / (M—CO) —H2CN/" indicates the
possible presence of the tautomer B in the gas phase.

Therefore, the presence of all three tautomeric forms of compound 1 with the significant
impact of the forms B and C is proven.

The mass-spectrum of the compound 1 (evaporation temperature 85°C): 50/21/, 51/39/,
52/11/,63/10/, 64/11/, 76/11/, 77/15/, 78/56/, 84/30/ — M—CO/?*, 92/10/, 98/12/ — /M/?*, 114/5/
— (M—-CO)-HCN/*, 140/10/, 141/5/, 142/6/, 167/15/, 168/67/, 169/67/, 169/9/, 196/100 —/M/*,
197/14/.

The mass spectrum of compound 2 contains the peak /M/* with m/z 212. The HRMS
of this compound confirms its molar mass as equal to 212,0394, which corresponds to the
brutto-formula Ci12HsN2S, which confirms the correspondent structural formula.
https://materials.international/ 3 0f 10
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As it is an acridonic analog, the thioacridone may exist in three tautomeric forms: D, E,
and F. Nevertheless, the thiolic form of compound 2 is much more stable than compound 1, in
which the impact of the molecular ions /M—H/*, /M—S/* and /M—SH/* is equal to 50%.

Therefore, compound 2 has three tautomers, the impacts of which are related as
D:(E+F). The CS ion elimination confirms the presence of the forms E or F. /M—CS/, ion, as
in 1, has an aza-carbazolic radical-cationic structure. The further ion decomposition is
analogous to 1. The ion with m/z 108 appears during the acridonic ring decomposition, which
confirms the presence of the tautomer E or F.

The mass-spectrum of the compound 2 (tevap= 90°C), m/z: 50/10/, 51/23, 69/12/, 78/25/,
105,5/12/ — /M—H/?*, 106/40/— /M/**, 108/20/, 140/10/, 168/84/, 179/6/, 186/10/ — (M—HCN/*,
211/88/,212/100 — /M/*, 213/14/.

The IR-spectrum of compound 2 reveals the absorbance bands (in cm™), correspondent
to 3400 = v nH (broadband), characterizing the form E or F, 3020 = v cH arom., 2380 = v sH (thiol
D), 1630, 1600, 1540, 1560, 1500, 1440 corresponding to v c=c, c=x (8-aza acridine moiety),
1240 — v c-s (azathioacridone E or F).

Therefore, both IR and MS spectra confirm the presence of tautomeric forms and proton
and electron delocalization. This also confirms the stability of radical-cation in different
resonance forms, which favors the electropolymerization and chain propagation of both
synthesized compounds, analogously to [22—-27]. The electropolymerization will be given by
positions 2 and 6 of the 8-aza-9-(thio)acridonic ring. For the anodic route, the polymerization
potential of compound 2 will be lower than for compound 1 (especially in form D, compared
to form A), as the thiolic group possesses more donating properties, which enhances the
molecule electrophilicity.

The cathodic route, in which radical-anion acts as a chain initiator, is also possible,
being more expressed for compound 1, in which the pyridonic moiety in the middle acts as an
acceptor (Figure 3).

O SH
—
* N N n * ~ Z
N N~ N

Cathodic Anodic
Electropolymerization Electropolymerization
@ (b)
Figure 3. Conducting polymer structures for the (a) cathodically synthetized poly; (b) anodically synthetized
poly.

Both polymeric forms may be excellent electrode modifiers for the electrochemical
determination of biologically active compounds, as theoretically proven below. We chose
ascorbic acid as dopamine as model compounds, as they are popular analytes for
electroanalysis and biologically important [37-49]. Also, they describe the two-proton-two-
electron leaving processes, including hydroquinone to quinone oxidation.

So, taking some assumptions [37—49] and considering that the ascorbic acid may either
interact with the polymer or dope its active sites with the further electrooxidation within the
polymer matrix, we describe the behavior of this system by the differential equation-set (1):
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fﬂzg(g(ao—a)—ra—rd)

dt
Z=2(En-h-mn) (1)

%=%(ra+rd + 1 —1,)

Herein, 4 and H are ascorbic acid and dopamine diffusion coefficients, ao and ho their
bulk concentrations, a and h their pre-surface concentrations, § is the diffusion layer thickness,
p is the modified poly(1) or poly(2) surface coverage degree, P is its maximal surface
concentration and the parameters r stand for the correspondent reaction rates, calculated as (2

- 5):

ra = kqa(1—p) 0
ry = kqa*(1 — p) exp (22) (3)
= kph(1 —p) 4)
ro = kop exp (“22) (5)

Herein, the parameters k stand for the correspondent reaction rate constants, x is the
ascorbic acid polymer doping reaction order, n, and x are the numbers of electrons transferred
during the doping and oxidative regeneration of the polymer, F is the Faraday number, ¢,
stands for zero-charge-related potential slope, R is the ideal gas constant, and T is the absolute
temperature.

The doping of the ascorbic acid may be realized by either cation-radical sites or the
pyridinic nitrogen atoms (its realization depends on the solution pH and on the tautomeric form
by which the polymer is formed), and it may influence the polymer conductivity. Nevertheless,
this influence wont negatively impact the electroanalytical activity of the polymer of the novel
8-azaacridinic compounds, as the steady-state stability condition is satisfied in a vast
concentration range for both analytes, as shown below.

3. Results and Discussion

In order to investigate the electroanalytical process of dopamine and ascorbic acid
determination by the polymer of the novel aza acridinic compound, we analyze the steady-state
stability of the equation-set (1) and expose the Jacobian determinant as (6):

agq ai, as
(a21 azz azs) (6)

azi; 04z Az
In which:
a1 = %(_ % - ka(l - p) - xkaax_l(1 - p) exp (n;‘{’o)) ()
a;; =0 (®)
A3 = %(kaa + kqa* exp (%) — Jikqa*(1 = p) exp (%)) ©)
az; =0 (10)
on=3(A-ha-p) @
a3 = %(kdh ) (12)
o=kt ok e () @9
Az = %(kd(l -p)) (14)
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33 ——( k,a —k,a exp( )+]kdax(1—p)exp(np(p°) kah —

k, exp (XF%) + jk,p exp (xF%)) (15)

In terms of the oscillatory behavior, this system will resemble the simplest case. Still,
the oscillatory behavior will be more probable, as the double electric layer and surface ionic
force, conductivity, and impedance will be affected by two electrochemical stages instead of
only one for the simplest case.

The Hopf bifurcation, correspondent to the oscillatory behavior, is realized if the main
diagonal elements (7), (11), and (15) contain the positive elements, describing the positive
callback. Only one of them (15) possesses two of those elements, which are jk,a*(1—
p) exp( ) and jk,p exp (222), positive if j>0, each one corresponds to the del ionic force

cyclic changes by each one of the electrochemical processes. The oscillations are expected to
be frequent and of small amplitude.

Simplifying the expressions during the determinant analysis, we introduce new
variables, rewriting the determinant as (16):

-2 o —T
—~l 0o -a1-4 —P (16)
by A -T-P-0

Considering that:
_Det ] {> 0, for steady - S.tate st;albility
= (0 monotonic instability

Opening the brackets and considering the requisite - Det J >0, salient from the criterion,
we obtain the steady-state stability and monotonic instability (detection limit) conditions,
expressed as:

EUAT + AT + AP + A0+ AQ) + X(AT + AP + A0 +
> 0, linear concentration range (18)

= 0, detection limit

If —Det J>0, the Routh-Hurwitz stability criterion is valid, and the steady-state is thereby
stable, providing an efficient electrochemical detection of both substances. Moreover, although
the stability region is narrower than in similar systems [47—49], it even lets us use this system
as an electroanalytical for sensing purposes due to the efficient analytical signal interpretation.
The electroanalytical process is both diffusion and kinetically controlled.

The condition Det J=0 corresponds to the detection limit, manifested by the monotonic
instability. It may be seen as an N-shaped part of the steady-state voltammogram, depicts the
margin between stable and unstable states, and corresponds to steady-state multiplicity. In other
words, multiple steady-states, each one unstable, coexist at this point.

The system's behavior becomes more dynamic if a chlorogenic analyte, like sucralose,
is used. It is analogous to that described in the article [47] for the anodic process and [48] for
the cathodic.

(17)

AQ){

4. Conclusions

Two novel aza acridinic derivatives have been synthesized and characterized. The IR
and MS analysis has confirmed the possibility of tautomeric transformations, which facilitate
electropolymerization by both cathodic and anodic routes. The analysis of the mathematical
model for the use of conducting polymer for each of these compounds for ascorbic acid and
dopamine electrochemical determination confirms its efficiency as an electrode modifier.
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