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The Theoretical Substantiation of the Targeted Search for New 
DPP4 Inhibitors. Computational Studies of Potential Candidates
Abstract
Growing evidence suggests that dipeptidyl peptidase 4 (DPP4) inhibitors, in addition to their role in improving glycemic 
control, help to reduce endothelial dysfunction and have hypolipidemic, anti-atherosclerotic, antitumor, antiviral, and neu-
rotropic properties. This multi-target property may be one of the reasons for repurposing therapeutic treatment strategies 
with existing agents and the basis for finding new agents to inhibit this target. Based on the structural prerequisites and the 
evolutionary path of creating DPP4 inhibitors, an inhibitory (R)-β-aminoamide base was used as the basis for constructing 
potential candidates. It contained a substituted piperazine-2-one derivative and (S)-pyrrolidine-2-carbonitrile fragment, as 
well as phenyl and diphenyl rings, which were additionally saturated with substituents of various electronic structures, in 
position 4 of the β-aminoamide chain. The construction of the molecules was carried out taking into account the corre-
spondence of chiral centers to combinations of chiral chains at the DPP4 binding site to possibly prevent a decrease in the 
inhibitory activity. In silico assessment of the “drug-likeness” and pharmacokinetic profile of the group of compounds studied 
showed that it had favorable characteristics and could be recommended for further molecular docking in order to predict 
the likely inhibition of the catalytic activity of DPP4. According to the results of docking, molecules with a moderate and high 
affinity were found. A detailed analysis of the resulting complexes showed that only nine compounds had a binding mode 
similar to classical inhibitors. According to the calculated array of values and analysis of the results of docking among the 
derivatives tested, a hit compound was found as a promising DPP4 inhibitor.
Keywords: gliptins; dipeptidyl peptidase-4 (DPP4); virtual screening; ADMET; molecular docking

М. М. Сулейман, А. П. Семенець, Н. П. Кобзар, Л. О. Перехода
Національний фармацевтичний університет Міністерства охорони здоров’я України,  
вул. Григорія Сковороди, 53, м. Харків, 61002, Україна
Теоретичне обґрунтування цілеспрямованого пошуку нових інгібіторів DPP4. Обчислювальні 
дослідження потенційних кандидатів
Анотація
Дедалі більша кількість доказів свідчить про те, що інгібітори дипептидилпептидази 4 (DPP4), окрім їхньої ролі в по-
кращенні глікемічного контролю, допомагають полегшити ендотеліальну дисфункцію, володіють гіполіпідемічною, 
антиатеросклеротичною, протипухлинною, противірусною та нейротропною властивостями. Така мультитаргетна влас-
тивість може бути однією з підстав перепрофілювати терапевтичні стратегії лікування наявними засобами та приво-
дом для пошуку нових агентів для інгібування цієї мішені. З огляду на структурні передумови та еволюційний шлях 
створення інгібіторів DPP4 для конструювання потенційних кандидатів було використано (R)-β-аміноамідну молекуляр-
ну платформу. Вона містила заміщене похідне піперазин-2-ону і (S)-піролідин-2-карбонітрильний фрагмент, а також 
фенільні й дифенільні кільця в положенні 4 β-аміноамідного ланцюга, які додатково було насичено замісниками різ-
ної електронної будови. Побудову молекул проведено з урахуванням відповідності хіральних центрів до комбінацій 
хіральних ланцюгів у сайті зв’язування DPP4 для можливого запобігання зниженню інгібіторної активності. Іn silico 
оцінювання «лікоподібності» і фармакокінетичного профілю досліджуваної групи сполук засвідчило, що вона має 
сприятливі характеристики і може бути рекомендована для подальшого молекулярного докінгу, за результатами якого 
виявлено молекули, які мали помірний і високий афінітет, проте лише дев’ять сполук мали тип зв’язування, подібний 
до класичних інгібіторів. За обчисленим масивом значень та аналізом результатів докінгу було визначено сполуку-хіт 
як перспективний інгібітор.
Ключові слова: гліптини; дипептидилпептидаза-4 (DPP4); віртуальний скринінг; ADMET; молекулярний докінг
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■ Introduction

The search for new drugs among small mole- 
cules does not lose its relevance, and an effective 
tool for achieving this goal is certainly to iden-
tify a target that would be involved in a large  
number of biochemical and physiological processes. 
Based on this strategy, the therapeutic effecti- 
veness of existing drugs used for other diseases 
can be repurposed for the treatment of seeming-
ly unrelated pathologies. In our opinion, one of 
these targets is dipeptidyl peptidase-4 (DPP4),  
a widely expressed transmembrane glycoprotein  
with peptidase activity in the extracellular do- 
main, which regulates numerous biological pro- 
cesses. DPP4 is a serine protease that can cleave  
substrates with proline or alanine fragments in 
the penultimate position [1]. Native substrates 
of the enzyme are glucagon-like peptide-1, neu- 
ropeptide Y, secretin, pituitary adenylate cyclase  
activating polypeptide, endorphins, endomorphins,  
brain natriuretic peptide, beta-melanocyte stimu- 
lating hormone, amyloid peptides. DPP4 degrades  
and regulates numerous chemokines and cyto- 
kines and acts as a cell surface receptor, binds to 
adenosine deaminase, interacts with the extra- 
cellular matrix, and controls cell migration and 
differentiation [2, 3]. Today, there is a group of 
substances (gliptins) that inhibit this protease 
[4, 5]. In addition to their role in improving gly- 
cemic control, they can relieve endothelial dys-
function in patients with Type 2 diabetes [6]. 
The anti-inflammatory effect of DPP4 inhibitors,  
which has been reported in clinical and preclini-
cal studies of endothelial dysfunction and dia-
betic ulcers, indicates the additional usefulness 
of this class of drugs [7]. It is known that chronic 
vascular complications associated with diabetes 
are associated with atherosclerosis. DPP4 inhi- 
bitors are involved in controlling risk factors by 
regulating blood lipids and lowering blood pres-
sure. The atherosclerotic effect is also associated  
with improved endothelial cell dysfunction by in- 
creasing the level of circulating endothelial pro- 
genitor cells, regulating mononuclear macro- 
phages, and suppressing inflammation and oxi-
dative stress [7, 8]. A large number of studies 

demonstrate that this protease also plays an im-
portant role in the immune system, and is espe-
cially expressed in immune cells, such as T cells, 
B cells, NK cells, dendritic cells, and macropha- 
ges [9]. In this regard, research is underway on 
known inhibitors for the treatment of immune-
mediated diseases. Currently, there are studies on  
the possibility of using gliptins against COVID-19.  
Recent studies have shown that the binding do- 
main of the spike protein receptor can interact  
with human DPP4 to facilitate viral entry, in ad- 
dition to the usual pathway of binding to angi-
otensin-converting enzyme 2 (ACE2) [10, 11]. 
Interfering with such an interaction is a poten- 
tial strategy for effectively preventing viral rep-
lication, but long-term clinical data have not yet  
been obtained. Growing evidence suggests that 
endogenous peptides, such as glucagon-like pep- 
tide-1 (GLP-1) and stromal cell-derived factor-1α  
(SDF-1α) provide neuroprotection in a number  
of experimental models of Alzheimer’s disease.  
Thus, maintaining the functional activity of SDF-1α  
and GLP-1 by inhibiting DPP4 will enhance the 
involvement of resident and non-resident circu-
lating brain stem cells, which is a non-invasive 
approach for stimulating neurogenesis [12, 14].

DPP4 inhibitors are considered viable agents 
for the treatment of neurodegenerative diseases,  
such as Parkinson’s disease, which neuroprotec- 
tive and therapeutic potential is provided by le- 
veling dopaminergic degeneration, promoting neu- 
ronal regeneration [13, 14]. Figure 1 shows the 
scheme of pharmacologically determined and po- 
tential therapeutic use of DPP4 inhibitors.

It should be noted that the use of existing DPP4  
inhibitors for these pathologies has a softening 
effect. This effect is explained by the fact that 
the known inhibitors can affect peripheral DPP4 
since they cannot pass through the intact blood-
brain barrier [14]. In this regard, the search for 
the “ideal” DPP4 inhibitor is continuing so far.

■ Materials and methods

The design of potential inhibitors of dipep-
tidyl peptidase-4 for virtual screening was car-
ried out using the Marvin Sketch 20.5 program. 
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ADMET parameters were calculated using in si- 
lico tool – pkCSM [15]. Toxicity was assessed using  
the ProTox 3.0 online program [16]. For calcula-
tions, 2D structures of molecules were converted  
to the SMILES format using the SMILES Trans-
lator online tool. The Autodock 4.2 software pack- 
age was used for the receptor-oriented flexible 
docking. Ligands were prepared using the MGL 
Tools 1.5.6 program. The Ligand optimization was  
performed using the Avogadro program. To per-
form calculations in the Autodock 4.2 program, 
the output formats of the receptor and ligand 
data were converted to a special PDBQT format.  
In our previous studies, a similar software package 
was used [17, 18]. The active macromolecule cen- 
ter of the dipeptidyl peptidase-4 (dpp4) (PDB ID:  
5Y7J) from the Protein Data Bank (PDB) was 
used as a biological target for docking. The re-
ceptor maps were made in MGL Tools and Au-
toGrid programs. Water molecules, ions, and the  
ligand were removed from the PDB file. Visuali- 
zation of the resulting complexes of the molecu- 
les studied in the active sites of the receptors was  
carried out using the Discovery Studio Visualizer  
program. The following docking parameters were  
set: the translational step was 2 Å; the torsional 
freedom coefficient was 0.2983; the cluster toler-
ance was 2 Å; the external lattice energy – 1000; 
the maximum initial energy – 0; the maximum 
number of attempts – 10,000; the number of struc- 
tures in the population – 150; the maximum num- 
ber of stages of energy estimation – 2,500,000; 
the maximum number of generations – 27,000; 
the number of structures passing to the next ge- 
neration – 1; the level of gene mutation – 0.02; 
the level of the crossover – 0.8; the method of the 
crossover – arithmetic. The α-Gaussian distribu- 
tion parameter was equal to 0, and the β-para- 
meter of the Gaussian distribution was 1.

■ Results and discussions

Many DPP4 inhibitors have appeared in 
the pharmaceutical market. They are used as  

a relatively new class of hypoglycemic drugs 
called “gliptins” [19]. There are warnings that 
these compounds may have an increased risk of 
toxic effects on the pancreas, namely due to the 
occurrence of pancreatitis and pancreatic cancer 
during their long-term use. Large independent 
studies conducted by the Food and Drug Admi- 
nistration have not shown evidence of pancrea- 
tic toxicity and are not consistent with available 
scientific data [20]. Therefore, the search for new 
structural analogs of this group is undoubtedly 
relevant and justified. It should be noted that 
each of DPP4 inhibitors introduced into clinical 
practice has its own structural differences and 
binding mechanisms. At the first stage of the tar- 
geted search for new gliptins, empirical experi-
ence and logical-structural analysis were used 
to theoretically substantiate the choice of basic 
structures. Figure 2 shows the Structure/Activi- 
ty Relationships of the known DPP4 inhibitors. 

Based on the structural prerequisites and the  
evolutionary path of creating gliptins, an inhibito-
ry (R)-β-aminoamide platform was taken as a ba- 
sis for constructing potential inhibitors (Table 1).  
It contained either a substituted piperazine-2-one  
core or (S)-pyrrolidine-2-carbonitrile fragment, as  
well as phenyl rings in position 4 of the β-amino- 
amide chain, which were additionally saturated 
with substituents of various electronic structures. 
The configuration of the molecule is crucial for li-
gand-enzyme interactions, so that the construc- 
tion of the molecules was carried out taking into 
account the correspondence of the chiral centers  
to combinations of chiral chains at the DPP4 bin- 
ding site to possibly prevent a decrease in the 
inhibitory activity.

For the constructed molecules, the parame- 
ters of “drug-likeness” were calculated for compli-
ance with the Lipinsky’s rule (Table 1). The Li- 
pinski’s rule of five requires that a compound has  
a molecular weight of no more than 500, should not 
form more than five hydrogen bonds, and should  
not accept more than ten hydrogen bonds, while 
the logP coefficient should be less than 5 [23].  

Figure 1. Pharmacologically determined and potential therapeutic use of DPP4 inhibitors 
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Based on the calculations, only compound 2 had a 
molecular weight not significantly higher than the  
established criteria, so we subjected all the com-
pounds studied to the predictive ADMET analysis.

Absorption plays a significant role in the drug  
activity, i.e. poorly water-soluble drugs show a lo- 
wer rate of absorption when taken orally, which 
may affect the revision of the dosage level. The cal- 
culated parameters for solubility and absorption  
determined that the molecules tested had mo- 
derate solubility and a high level of absorption 
in the intestine (Table 2).

P-glycoprotein is known to function as a bio-
logical barrier displacing toxins and xenobiotics  
from cells. According to the calculated data, com- 
pounds 1, 2, 10 and 11 are likely to have appro-
priate pharmacokinetic effects that can be used 
to obtain certain therapeutic benefits or lead to 
contraindications. 

However, the calculated volumes of distribu- 
tion of these compounds had optimal values com- 
parable to other molecules studied. The level of the 
predicted fraction that will be unbound in plasma, 
the parameters of a possible penetration through 
the BBB and CNS indicate that all molecules 
have the moderate penetration and distribution  

indicators to a greater extent. Clinical trials have  
shown that the induction of isoenzymes, such as  
CYP2C9 and CYP3A4 is associated with diabe-
tes; therefore, the interference with metabolism  
can lead to a decrease in the drug activity [23]. 

According to the values obtained, none of the 
compounds was a substrate for CYP2C9, and only  
compounds 1, 2, 10, and 11 showed a possible 
inhibition of CYP3A4. As for the substrate ac-
tivity to OCT2, only compound 1 might have a 
potential drug interaction, all other compounds 
did not show this possibility (Table 2).

In the next step, we assessed the toxic effects 
of the molecules tested using the pkCSM and 
ProTox tools and determined the class for each 
compound (Table 3). The lethal drug is classi-
fied as Class I, and the least toxic or beneficial 
compound as Class VI. Based on these proper- 
ties, we have found that compounds 1 – 5 belong 
to Class V, and all others belong to Class IV [24].  
The next step in computer assessment, which would  
allow selection of the most promising compounds 
for further experimental studies, is the compu-
tational molecular analysis method to describe 
the binding efficiency and affinity (molecular 
docking).

N

N
N

N

ONH2

F

F

CF3

N
H

N

O CN
F

Sitagliptin

OH

Vildagliptin Saxagliptin

N

NC

H

H

O

H2N

OH

N

NN

O

O

Me

N

NH2

Alogliptine

N

NN

N

O

O

N

N

Me Me

Me

N

NH2

Linagliptin

N

F

NN

O

O

Me

N

NH2

Trelagliptin

N

NN

O

N
HMe

H
N

O

N

NC

Anagliptin

N

NC

F

O

F

F
H2N

Denagliptin

NH

N

O

O

O

F

F F
NH2

Evogliptin

Figure 2. Structure/Activity Relationships within the group of known DPP4 inhibitors. Mandatory fragments responsible for the  
inhibitory activity of the enzyme are highlighted in red, blue, and green (occupy subsites S1, S2 and S2ext respectively); additional 
fragments highlighted in purple are located in subsites S1´ and S2´, which contribute to the increase of inhibitory activity [21, 22]
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Table 1. The calculated parameters of “drug-likeness” for potential DPP4 inhibitors

Compound Structural formulas LogP Molecular Weight H bond Donors H bond Acceptors
1 2 3 4 5 6

1 N

NH

O

O
ONH2

F

F

2.9 459 2 4

2 N

NH

O

O
ONH2

CF3

F3C

4.7 559 2 4

3

N

N

NH

O

O
ONH2

F

F
1.2 408 2 5

4

N

N

NH

O

O
ONH2

F

1.1 390 2 5

5

N

N

NH

O

O
ONH2 0.9 372 2 5

6

F

N

N

ONH2

F

F

1.8 311 1 3

7 N

N

ONH2

F

F
N

1.6 318 1 4
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1 2 3 4 5 6

8 N

N

ONH2

F

N

1.4 300 1 4

9 N

N

ONH2

N

1.3 282 1 4

10
N

N

ONH2

F

F

3.3 369 1 3

11

N

N

ONH2

CF3

F3C

5.1 469 1 3

 

Table 1 (continued)

Table 2. The calculated ADME parameters for potential DPP4 inhibitors 
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e 
/  
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to

r I
 / 

II

VD
ss

Hu
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4

Fr
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tio
n 

un
bo

un
d5

BB
B 

pe
rm

ea
bi

lit
y6

CN
S 

pe
rm

ea
bi

lit
y7

CY
P3

A4
 su

bs
tr

at
e 

/ 
in

hi
bi

to
r

CY
P2

C9
 in

hi
bi

to
r

To
ta

l с
le

ar
an

ce
8

Re
na

l O
CT

2 
su

bs
tr

at
e

1 -4.759 1.017 96.476 Yes / Yes / Yes 0.79 0.102 -0.962 -2.615 Yes/ Yes No 0.543 Yes
2 -4.766 0.99 90.996 Yes / Yes / Yes 0.671 0.061 -1.134 -2.175 Yes/ Yes No 0.279 No
3 -3.297 0.209 73.656 Yes / No / No 0.104 0.312 -0.996 -2.974 No / No No 0.726 No
4 -3.335 0.201 75.419 Yes / No / No 0.174 0.338 -0.793 -2.936 No / No No 0.764 No
5 -3.301 0.186 72.034 Yes / No / No 0.275 0.389 -0.574 -2.876 No / No No 0.831 No
6 -3.289 1.215 92.497 No / No / No 0.254 0.383 -0.622 -2.98 No / No No 0.679 No
7 -3.269 0.146 80.607 No / No / No 0.227 0.357 -0.585 -3.002 No / No No 0.708 No
8 -2.833 0.134 82.355 No / No / No 0.401 0.367 -0.38 -2.617 No / No No 0.747 No
9 -2.211 0.12 78.938 No / No / No 0.588 0.379 -0.095 -2.561 Yes / No No 0.831 No

10 -4.611 1.072 93.365 Yes / Yes / Yes 0.766 0.11 -0.187 -2.325 Yes / Yes No 0.567 No
11 -5.741 0.55 87.878 Yes / Yes / Yes 0.997 0 -0.557 -1.874 Yes / Yes No 0.309 No

Note: units of measurement 1(logS in mol L–1), 2 (logPapp in 10-6 cm sec–1), 3 (%absorbed), 4 (log in L kg–1), 5 (Fu), 6 (log BB), 7 (log PS), 8 log in mL min–1 kg–1)
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Molecular docking of compounds was perfor- 
med relative to the selected crystallographic mo- 
del (PDB ID: 5Y7J) at the well-controlled bind-
ing site of DPP4 inhibitors. Evogliptin was cho- 
sen as a reference drug since it was co-crystal-
lized relative to the selected target, and the re-
docking results obtained (scoring function, free 
energy, and binding constant) were used as stan- 
dard ones.

As a result of Evogliptin redocking, key in- 
teractions with DPP4, which were in good agree-
ment with the results of crystallographic studies, 
were identified [25] (Figure 3).

According to the estimated values (Table 4),  
the molecules studied had the best energy positions  

with moderate values of the scoring function, ex- 
cept for molecules 2 and 11, which had absolute 
affinity values higher than those of Evogliptin.  
In turn, compound 11 had a better result in terms  
of free energy and binding constant values com-
pared to the reference indicators.

To assess the binding modes of new molecu- 
les relative to the DPP4 binding site, a detailed 
analysis of the geometric location of energy ad-
vantageous positions was performed, and all the 
resulting complexes with the target under study 
were analyzed.

As expected, almost all of the compounds tes- 
ted (3 – 9) had the same binding mode to Evoglip-
tin (Figure 4, A), namely the substituted phenyl 
rings occupied the hydrophobic pocket S1 and in- 
teracted with Ser630, Val656, Tpr659, Tyr662, 
Tyr666, Val711, and Asn710 amino acid residues;  
piperazin-2-one and pyrrolidine parts were loca- 
ted against the Phe357 side chain, thus occupy-
ing the extended S2 and S2ext subsites where 
the S2 pocket referred to the pocket formed by 
Arg125, Arg669, Glu205, Glu206, Phe357, and 
Arg358, and the S2ext subsite referred to the 
subsite formed by Phe357, Arg358, Ser209, and  
Val207. The (R)-β-amino part of the butanoyl group  
formed hydrogen bonds with Tyr662, Glu206, and  
Glu205 residues. In some complexes, hydrogen 
bonds with the His740 amino acid residue – a 
part of the catalytic triad of the enzyme (Ser630, 
His740, Asp708) – were observed. It should be 
noted that molecules 10 and 11, which substi-
tuted diphenyl rings in the (R)-β-amino group, 
contributed to the immersion of molecules in both  
the hydrophobic pocket S1 and site S2 forming 
broad interactions with the corresponding ami-
no acid chains (Figure 4, B).

Table 3. Basic toxicity parameters calculated using the pkCSM 
and ProTox tools

Co
m

po
un

d pkCSM tool ProTox tool

Oral Rat Chronic 
Toxicity (LOAEL) 
log in mol kg–1

Oral Rat Acute
Toxicity (LD50)  

mol kg–1

LD50 in 
mg kg–1

toxicity 
class

1 1.193 3.338 2973 V1 

2 0.909 3.251 2973 V

3 2.506 2.925 2973 V 

4 1.428 2.745 2973 V 

5 1.372 2.588 2973 V 

6 2.070 2.600 1160 IV2

7 2.068 2.461 1160 IV

8 1.521 2.398 1160 IV

9 1.439 2.604 630 IV

10 1.412 2.606 1850 IV

11 0.932 3.016 326 IV

Note: 1Class V: may be harmful if swallowed (2000 < LD50 ≤ 5000);  
2Class IV: harmful if swallowed (300 < LD50 ≤ 2000)
 

 
Figure 3. Visualization of Evogliptin redocking relative to DPP4

Table 4. The estimated values of docking of the compounds 
studied in the DPP4 site

Compound Affinity DG1,  
kcal mol–1

EDoc2,  
kcal mol–1 Ki3, μM

1 -8.5 -5.62 75.64
2 -9.0 -4.87 270.34
3 -8.4 -5.66 70.60
4 -8.0 -5.37 115.18
5 -8.0 -6.22 27.62
6 -7.6 -5.90 47.31
7 -7.7 -6.54 16.08
8 -8.1 -6.25 26.41
9 -8.1 -6.40 20.25

10 -8.4 -6.72 11.81
11 -9.7 -7.32 4.34

Evogliptin -8.5 -5.53 88.17

Note: 1scoring function; 2binding free energy; 3binding constant
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Figure 4. Superpositions of molecules 3 – 9 (A), and 10 – 11 (B) at the DPP4 binding site compared to Evogliptin  
(compound 3 – orange, compound 4 – gray, compound 5 – purple, compound 6 – red, compound 7 – brown, compound 8 – yellow, 
compound 9 – lilac, compound 10 – green, compound 11 – blue, Evogliptin – blue)
 

Figure 5. Diagrams of intermolecular interactions of hit compound 11 (A) and compound 10 (B). Visualization of bonds is shown  
by dashed lines of the corresponding color: Vander Waals forces – light green, hydrogen bonds – green, light gray; halogen – blue; 
π-anion interaction – orange; donor–donor bond – red; π-π interaction – purple, π-Alk and Alk interaction – pink
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Among the molecules studied, a hit com-
pound 11 (affinity DG = -9.7 kcal mol–1, EDoc 
= -7.32 kcal mol–1, Ki = 4.34 µm) was found.  
It formed a number of favorable interactions with  
the amino acid chains of the DPP4 site (Figu- 
re 5, A). However, among the compounds that 
had an inherent binding mode for enzyme inhibi- 
tors, compound 10 was found with moderate calcu-
lated docking values (affinity DG = -8.4 kcal mol–1,  
EDoc = -6.72 kcal mol–1, Ki = 11.81 µm). It for- 
med an unfavorable donor–donor interaction with  
the Tyr662 residue with the participation of the 
(R)-β-amino part of the butanoyl group (Figu- 
re 5, B). This type of interaction can lead to non-
binding efficacy. Therefore, compound 10 is not 
recommended for further research.

Among the compounds studied, molecules 1 
and 2 had a binding mode that was not charac-
teristic for DPP4 inhibitors. According to a de-
tailed analysis of the location of these molecules, 
it has been found that the interaction with the 
site occurs due to the substituted diphenyl rings 
that interact with the corresponding amino acid 
chains of sites S1 and S2, and the inhibitory (R)-
β-amino group and the substituted piperazine-
2-one part do not have a characteristic binding 
to amino acids in well-documented sites. This in- 
dicates that these compounds probably will not 
be able to inhibit the catalytic activity of DPP4, 
despite the fairly good calculated docking values 
(Table 3). Therefore, they are not recommended 
for further research. Figure 6 shows superposi-
tions of compounds 1 and 2 relative to the target 
under study compared to Evogliptin.

■ Conclusions

In silico assessment of the “drug-likeness” and  
pharmacokinetic profile of the group of compounds  
studied has shown that it has favorable charac- 
teristics and can be recommended for further mo- 
lecular docking in order to predict the likely in- 
hibition of the catalytic activity of DPP4. Accor- 
ding to the results of docking, molecules with 
a moderate and high affinity have been found.  
A detailed analysis of the resulting complexes has  
demonstrated that only 9 compounds have a bin- 
ding mode similar to classical inhibitors. Accor- 
ding to the calculated array of values and analy-
sis of the results of docking hit compound 11 has 
been found as a promising inhibitor.
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Immunotherapy of Diseases and Nanotechnology: 
Current State and Prospects
Abstract
Nanotechnology can be used to treat a number of diseases, which are currently the main cause of death in the world, and 
allow to achieve the desired therapeutic effect for the patient. This mini-review focuses on the analysis of scientific literary sources 
dealing with the application of nanotechnology in the immunotherapy of diseases and covers the period from 2016 to 2022. 
In particular, it provides an overview of recently discovered nanotechnologies (including immunomodulatory nanosystems) 
used for the prevention and treatment of various diseases, including cancer, infectious, inflammatory, and autoimmune 
diseases. The review also discusses the role of nanosystems in cancer immunotherapy. Additional attention is paid to na-
nomaterials with new structures, properties, and functions, which are used in the modern practice of treating viral and 
bacterial infections. A part of the paper is devoted to nanoparticles that enhance the effect of immunosuppressive cells in 
the treatment of inflammatory and autoimmune diseases. The analysis performed clearly demonstrates the relevance of 
nanotechnologies for the use in the immunotherapy of diseases. We hope it will allow researchers to identify new areas for 
using nanoparticles in the treatment of diseases of various etiologies.
Keywords: nanosystem; nanotechnology; nanoparticle; nanomaterials; autoimmune disease; disease treatment
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університету Міністерства охорони здоров’я України,  
майдан Захисників України, 17, Харків, 61001, Україна
Імунотерапія захворювань та нанотехнології: сучасний стан та перспективи
Анотація
Нанотехнології можна використовувати для лікування певних захворювань, що сьогодні є основною причиною смерт-
ності у світі, бо це дозволяє досягти необхідного терапевтичного ефекту для пацієнта. Цей мініогляд, що охоплює 
період з 2016 до 2022 рр., зосереджено на аналізі наукових літературних джерел, у яких висвітлено застосування на-
нотехнологій в імунотерапії захворювань. Йдеться, зокрема, про нещодавно відкриті нанотехнології (разом з імуно-
модулювальними наносистемами), що їх застосовують для профілактики і лікування  раку, інфекційних, запальних та 
аутоімунних захворювань. Розглянуто особливості використання в сучасній практиці лікування вірусних і бактеріаль-
них інфекцій наноматеріалів з новими структурами, властивостями та функціями. Схарактеризовано наночастинки, 
які посилюють дію імуносупресивних клітин у лікуванні запальних та аутоімунних захворювань. Проведений аналіз 
наочно демонструє актуальність нанотехнологій для імунотерапії захворювань і, сподіваємось, дозволить дослідни-
кам визначити нові напрями використання наночастинок у лікуванні захворювань різної етіології.
Ключові слова: наносистема; нанотехнологія; наночастинка; наноматеріали; аутоімунні захворювання; лікування 
захворювань
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■ Introduction

Today, immunotherapy has evolved into an 
effective strategy for the prevention and treat-
ment of various diseases, including cancer, infec-
tious, inflammatory, and autoimmune diseases. 
Immunomodulatory nanosystems can easily im-
prove therapeutic effects while simultaneously 
overcoming many barriers to treatment, such as 
inadequate immune stimulation, side effects, and  
the loss of bioactivity of immune agents during cir-
culation. In recent years, researchers have been  
constantly developing nanomaterials with new 
structures, properties and functions.

In cancer immunotherapy, nanosystems play  
an important role in activating immune cells and  
modulating the tumor microenvironment, as well  
as in combination with other antitumor approaches.

Regarding infectious diseases, there are many 
promising results of using vaccines made of na-
nomaterials against viral and bacterial infections. 
In addition, nanoparticles also enhance the effect  
of immunosuppressive immune cells in the treat- 
ment of inflammatory and autoimmune diseases.

A human immune system is able to protect 
them from many diseases based on a process cal- 
led “immune surveillance”. In theory, viruses, bac- 
teria and cancer cells can be quickly identified as  
foreign antigens and eliminated by immune cells.  
However, pathogens have developed a number 
of effective mechanisms to evade immune clear-
ance by inhibiting phagocytosis, blocking anti- 
gen presentation, or directly killing immune cells.  
Cancer cells can shift the tumor microenviron-
ment (TME) into a highly immunosuppressive 
state by recruiting immunosuppressive immune 
cells and expressing a series of inhibitory cyto- 
kines, enzymes, and checkpoint molecules, thereby  
promoting tumor immune evasion. These barri-
ers certainly reduce the efficiency and intensity 
of immune responses. Conversely, aberrant ac-
tivation of immune cells can cause uncontrolled 
inflammatory, autoimmune or allergic diseases. 
Abnormal inflammation can also lead to the trans-
plant rejection and hinder the regeneration of 
tissues and organs, so therapeutic interventions 
are necessary to maintain the homeostasis and 
function of the immune system [1].

■ Results and discussion

Nanotechnology can solve the existing prob-
lems and thus achieve the desired therapeutic 
effect. Studies have shown that nanoplatforms 

exhibit many useful properties, including co-
de-livery of antigens and adjuvants to the same 
antigen-presenting cells (APC) or intracellular 
compartments [2]; increased half-life of bioacti- 
ve cargo molecules due to prevention of decom-
position by enzymes during blood circulation; in- 
creased accumulation in tumor tissues due to the  
size-dependent effect of the enhanced permeabili- 
ty and retention (EPR) [3]; surface modification 
to certain target tissues or cells [4]; the stimulus- 
sensitive behavior for safe circulation and intel-
ligent drug release [5, 6]; more tolerable doses 
due to less accumulation in non-target organs 
and tissues [7]; the surface binding of both an-
tigens and costimulatory molecules to create of 
artificial APC (aAPC) for powerful T-cell activa-
tion [8]; various routes of drug delivery, such as 
intranasal administration or subcutaneous de-
livery using a patch with microneedles [2, 9]; in-
ternal immunomodulatory functions of created 
nanoparticles [10].

Researchers have synthesized nanoparticles 
with different structures and biological functions  
for drug delivery. Some of the most commonly used  
nanosystems are polymer nanoparticles [11, 12], 
liposomes [13, 14], micelles [15, 16], nanogels [4, 
17, 18], gold nanoparticles [19, 20] and carbon 
nanomaterials [21]. These nanoplatforms have 
demonstrated phenomenal capabilities in facili- 
tating the immunostimulatory or immunosuppres- 
sive regulation through targeted delivery and con- 
trolled release of antigens, adjuvants and immu-
noregulatory agents in response to a stimulus. 
One of the strategies to improve the localization 
of encapsulated cargoes in tissues or target cells 
is the chemical modification of nanoparticles with  
target fragments. For example, nanomaterials de- 
corated with a DEC-205 antibody (Ab), CD40 Ab,  
CDllc Ab or mannose can be internalized predo- 
minantly by dendritic cells (DC) via the receptor- 
mediated endocytosis [22, 23]. Similarly, folic acid,  
lectins, and CD44 are used to recognition by the 
corresponding receptors overexpressed on mac-
rophages [24]. The surface binding of CD3 Ab 
or tLypl peptide showed an increased uptake by  
T-cells and regulatory T-cells (Treg), respective-
ly [25, 26]. In addition, nanoplatforms consist-
ing of dextran or dextran sulfate have intrinsic 
properties of targeting macrophages [27].

Researchers have devoted considerable atten- 
tion to the specific functionalization of nanopar- 
ticles in the treatment of a wide range of diseases  
where nanoparticles act as the main component 
rather than delivery vehicles. In particular, in 
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tumor immunotherapy, stimuli-sensitive nano-
materials are being developed to maintain the 
structural integrity in the serum and promote 
the release of a specific payload in TME [28, 29].  
Internal and external stimulus – responsive stra- 
tegies (pH [6, 30, 31], reduction [5, 32], enzymes 
[14, 33] light [34], heat and reactive oxygen spe-
cies (ROS) [35]) are involved in creation of nano-
particles and achieved an improved antitumor 
effect. In addition, other antitumor molecules and 
agents can be added to these nanoplatforms for 
the synergistic combination therapy.

It should be noted that in the last few deca- 
des, immunotherapy has become a rapidly grow-
ing method of cancer treatment [36, 37]. Unlike 
chemotherapy, radiation therapy and surgery, 
it aims to activate immune cells to identify and 
destroy tumor cells. In this way, side effects on 
normal organs and tissues can be significantly  
reduced. Moreover, the immunotherapeutic stra- 
tegy also provides long-term protection against 
tumor recurrence due to the induction of the im-
munological memory [38].

Recently, much attention has been paid to the  
immune checkpoint blockade therapy targeting  
cytotoxic T-lymphocyte antigen 4 (CTLA-4), pro-
grammed cell death 1 (PD-1) or ligand, cell death 1  
(PD-L1), negative regulation of T-lymphocytes [39].  
Adoptive cell transfer (ACT), especially chimeric 
antigen receptor (CAR)-T therapy using ex vivo  
expanded and genetically engineered T-cells for  
antigen-specific tumor therapy, has also recently  
been approved by the United States Food and 
Drug Administration (FDA) for B-cells and ther-
apy of non-Hodgkin’s lymphoma [40]. Based on 
the results obtained, the effectiveness of cancer 
immunotherapy can be further improved with the  
help of nanotechnology. However, immunothera- 
peutic treatments for solid tumors are limited 
due to the strong immunosuppressive TME, as 
well as the abnormal extracellular matrix. More 
seriously, the “off-target” effects of immunomodu- 
latory agents can cause damage to normal tis-
sues and cells.

Today, nanotechnology has been proven to im- 
prove the therapeutic efficacy of cancer immu-
notherapy mainly due to three aspects:

• protection of antigens and adjuvants, es-
pecially in the case of nucleic acid;

• effective delivery to APC and initiation of  
a powerful tumor antigen-specific immune  
response;

• reprogramming of the TME to restore im- 
mune surveillance.

Recently, a large number of nanoparticle-based  
delivery systems aimed at modulating immune 
cells have been developed for cancer treatment 
[41, 42] and some of them have undergone vari-
ous stages of clinical trials [43], confirming their 
great therapeutic potential as anticancer agents. 
For example, during Phase III clinical trials, non- 
small cell lung cancer (NSCLC) patients vacci- 
nated with tecemotide (L-BLP25) containing the  
immunoadjuvant monophosphoryl lipid A and syn- 
thetic mucin 1 lipopeptide (MUC1) showed an 
increased three-year survival rate of 49 % com-
pared to 27 % of patients receiving only mainte-
nance therapy. In addition, it should be noted 
that another 12 new liposomal drugs for the treat- 
ment of cancer patients developed by various ma- 
nufacturers (Merck, Oncothyreon Canada Inc.,  
Biontech RNA Pharmaceutical, GlaxoSmithKline,  
Lipotec Pty Ltd.) are completing clinical trials. 
GlaxoSmithKline also developed a liposomal drug  
for the treatment of malaria; Crucell Berna Bio- 
tech LTD – liposomes for the treatment of hepa-
titis A; Statens Serum Inst. – a liposomal drug 
for the treatment of tuberculosis; Biotherapeu-
tics Inc., Crucell Bema Biotech Ltd., CSL Bio-
therapies are studying virosomal drugs against  
influenza. To achieve accurate and controlled drug  
delivery, smart nanoparticles with more com-
plex structure and special drug release proper-
ties are also produced according to the distinc-
tive features of TME, such as slightly acidic pH 
(6.5 – 6.8), high levels of glutathione and hydro-
gen peroxide (H2O2), disruption of the produc-
tion of proteinases, such as matrix metallopro-
teinase-2 (MMP-2) [33, 44].

Recently, advances in the field of nanotech-
nology have stimulated the study of a large num- 
ber of nanomaterials for the activation and ma- 
turation of APC. Liposomes are the most favora-
ble material of immunotherapeutic nanosys-
tems for clinical use due to the lack of toxicity 
and immunogenicity, Lipo-MERIT, iscomatrix, 
Lipovaxin MM, etc. It has been proven that, in 
addition to liposomes, some other nanomateri-
als are safe for the human. For example, On-
coquest-L, an anti-cancer vaccine undergoing 
phase I clinical trials, is made from an extract of 
the patient’s own cancer cells, and IL-2 is deli- 
vered by proteoliposomes. Two cholesteryl pullu-
lan-based cancer vaccines, CHP-NY-ESO-1 and  
CHP-HER2, elicited antigen-specific immune 
responses against NY-ESO-1 and HER2 in the 
presence of adjuvant OK-432 in esophageal can-
cer patients [45].
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Nanomaterials, such as PLGA, iron oxide na- 
noparticles, virus-like particles (VLP) and con-
jugated polymers, can enhance the uptake of APC  
cells and stimulate the immune response [46]. 
Meian-A VLP used for the treatment of stage 
III-IV malignant melanoma is in phase III clini-
cal trials [47]. The VLP Melan-A vaccine compo- 
sed of a protein coat derived from bacteriophage 
Qbeta, CpG, and a peptide antigen from melano- 
ma cells elicited greater than twofold increase 
in antigen-specific T-cell responses in 76 % of pa- 
tients. In some other cases, nanoparticles are also  
designed as an important component of the final 
product in order to facilitate the effect of tumor 
antigens on the host immune system.

Another strategy avoids the need to escape 
from endosomes and provides efficient T-cell acti- 
vation and tumor eradication by designing aAPC 
based on the modification of nanosized particles, 
including magnetic beads, liposomes, polymeric 
and paramagnetic nanoparticles [48, 49]. aAPC 
mainly contain two signals for the T-cell activa-
tion, that is, the MHCI-antigen complex and a co- 
stimulatory signal, such as anti-CD28 and anti-
CD3 Abs [50]. They can be administered intra-
venously in vivo or used in ACT ex vivo.

Many studies conducted in recent years have 
shown that combining immunotherapy with other  
anticancer approaches, such as chemotherapy, 
phototherapy, and radiation therapy, has a sy- 
nergistic effect and significantly improves ther-
apeutic efficacy against a wide range of malig-
nancies [51, 52]. Chemotherapeutic agents or ex- 
ternal influences (light and radiation) not only 
directly destroy tumors, but participate in the 
immune process, causing the death of immuno-
genic (ICD) tumor cells.

The concept of ICD proposed in recent years 
demonstrates that dying tumor cells (DTCs) can 
generate a mass of antigens and increase the for- 
mation of damage-associated molecular patterns 
(DAMP), such as adenosine triphosphate, CRT, 
heat shock proteins and high mobility groups. 
DAMP provide the “eat me” signals for antigen 
recognition and phagocytosis by DC and trigger 
the activation of the adaptive immune response 
[53]. More importantly, ICD-derived tumor an-
tigens can be controlled by the immune system 
and pose threat to abscopal and metastatic tu-
mors, which is called the “abscopal effect” [51, 54].

Chemotherapy is the preferred therapeutic  
regimen in the clinic, but its application is seri-
ously hampered by its notorious side effects and 
tumor recurrence. Chemotherapy in combination  

with immunotherapy can reduce toxicity and im- 
prove the therapeutic effect. In chemoimmuno- 
therapy, low-dose chemotherapy is able to indu- 
ce ICD of tumor cells and lead to the release of  
tumor antigen, thus preventing serious side ef- 
fects. At the same time, immunoregulatory agents  
provide a favorable environment for highly ef- 
ficient antigen presentation and activation of APC  
and cytotoxic T-cells. Many studies, in which 
chemo/immunotherapeutic agents are encapsu-
lated in nanoscale drug delivery systems, have 
been successful [13, 39, 55].

For example, the FEN group [13] loaded the  
TLR9 agonist CpG into a nanodepot platform (NDP)  
consisting of cationic liposomes and thiolated hya- 
luronic acid. CpG-NDP was then conjugated to 
the surface of immunogenic DTC induced by mi- 
toxantrone, an anthracenedione antitumor agent.  
The experiment showed that DTC-CpG-NDP vac- 
cination significantly stimulated the generation  
of tumor antigen-specific CD8+T cells and strong-
ly protected against melanoma infection.

It should be noted that some of the traditio- 
nal chemotherapeutic agents unexpectedly exert  
an immunoregulatory effect on immune cells. 
For example, the chemotherapeutic drug pacli- 
taxel (PTX) has a modulating effect on the po-
larization of macrophages according to the ML-
based phenotype at low concentrations [56]. 
Unlike free PTX, NP-PTX can be efficiently endo-
cytosed by macrophages and stimulate the mac- 
rophage polarization in a dose-dependent man-
ner without causing obvious toxicity to immune 
cells. Although the mechanism underlying this 
phenomenon is not fully understood, it repre-
sents an unconventional strategy for investigat-
ing the immunomodulatory function of chemo-
therapeutic agents.

Many attractive characteristics of nanopar- 
ticles in cancer immunotherapy are also appli- 
cable to prevent or counteract bacterial and vi-
ral infections, such as human immunodeficiency 
virus (HIV), influenza, encephalitis, hepatitis,  
Ebola, pneumonia, etc. [7, 57]. For the prevention 
of these diseases, anti-infective vaccines used  
certain antigenic components instead of whole 
microbes to increase the immune efficiency.  
However, these antigens are more easily broken 
down by enzymes and removed from the blood-
stream. Moreover, they usually require the help of 
adjuvants to effectively activate the immune sys-
tem. In addition, DNA vaccines have also shown  
a great potential in recent years, but their use 
in clinical practice is limited due to their low  
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safety and efficacy. Nanotechnology opens up the  
possibilities of a new generation of anti-infective  
vaccines. Currently, nanovaccines based on viro-
somes and liposomes against infectious diseases 
have shown good effectiveness. Two nanoparticle- 
based vaccines, Inflexal V and Epaxal, are FDA 
approved for the prevention of malaria, influen-
za and hepatitis A. Nanoparticles of appropriate 
size can deliver antigens and adjuvants to im-
mune cells by encapsulation or surface conjuga-
tion. Nanoparticles are also designed as a reser-
voir for the slow release of antigens to increase 
the exposure of APC. For DNA vaccines, nanopar-
ticles provide a non-viral delivery strategy that  
transports genetic material in a site-specific man- 
ner. Ample evidence has supported the promising  
effects of nanotechnology-based vaccines against 
infectious diseases, which benefit from the im- 
proved delivery efficiency, convenient nanopartic- 
le engineering and the intrinsic adjuvant func-
tion. Immunomodulatory systems using nanopar- 
ticles for the prevention and treatment of infec-
tious diseases include a vaccine with nanoparti-
cles against HIV, influenza, bacterial infection 
and other infectious diseases.

Nanoparticles, including inorganic and poly-
meric nanoparticles, as effective delivery vehi-
cles have shown effective immunization to pro-
tect against bacteria and infections. Thus, gold 
nanoparticles are better for preparing a nano- 
vaccine due to good biocompatibility, a simple syn- 
thesis process and, most importantly, the adju-
vant activity. For example, gold nanoparticles 
conjugated to Pseudomonas aeruginosa flagellin 
showed antibody titer against flagellin compared 
to flagellin formulated in Freund’s adjuvant [58].  
In another study, Vetro et al. [59] developed a 
glycoconjugate nanoparticle vaccine that modi-
fied gold nanoparticles with pneumococcal cap-
sular polysaccharide antigens, which were an 
important component of the current commercial 
vaccine and also required for pneumococcal in-
fection. A glucose derivative was added as an 
internal component of the gold nanoparticles to 
increase water solubility, and the T-helper pep-
tide OVA was also loaded on to the gold nano-
particles. This glycoconjugate vaccine induced a 
potent and specific IgG-Ab-dependent immune 
response against Streptococcus pneumoniae in 
mice. Many other studies have highlighted the 
improved outcome of fighting infections due to  
the use of nanotechnology for the delivery of an- 
tigen and/or adjuvants [60, 61]. Next, it is in-
teresting to focus on the design and application 

of biomimetic nanoparticles with a modified 
surface as a vaccine against bacterial infection. 
Nanoparticle platforms, designed with their in-
herent ability to neutralize toxins and enhance 
immunity, have superior properties over tradi-
tional methods due to the increased safety and 
more efficient removal of toxins or antigens.

The next area of improving medicine is the 
development of DNA vaccination. However, de-
spite the low cost and rapid production of DNA 
vaccines, their low stability and insufficient im-
munogenicity limit their use in the prevention 
and treatment of various infectious diseases. 
Nanotechnology provides a new opportunity in 
the development of nanoparticle platforms con-
taining DNA vaccines for controlled and targeted 
delivery to specific cells. Draz et al. [57] reported 
DNA vaccination against a model hepatitis C vi-
rus using plasma gold nanoparticles that could 
be activated by specific electrical pulses to fa-
cilitate pore formation in the adjacent cell mem-
brane and increase membrane permeability for 
DNA transfection. In this case, the absorption 
of the DNA vaccine by myocytes significantly in- 
creases after the joint administration of the free 
DNA plasmid and gold nanoparticles to the ani-
mals, which allowed more efficient expression of  
the encoded genes. Moreover, due to the low elec-
tric field required for this process, cell destruc-
tion or lysis can be avoided.

In addition to the ability to enhance the pro- 
inflammatory immune response, nanoparticle plat- 
forms have also been used to induce immune to- 
lerance against chronic or acute inflammation, 
autoimmune diseases, transplant rejection and 
allergy. Unlike cancer and infections, which en-
ter the human body through an insufficient im-
mune response, these diseases arise as a result 
of an improper overreaction of the immune sys-
tem to autoantigens, allogeneic antigens dur-
ing transplantation, or environmental factors. 
Considering the fact that nanotechnological im-
munostimulation has attracted much attention, 
monitoring the immunosuppressive properties of  
nanomaterials is equally important to alleviate  
the immune-mediated burden. Immunosuppres- 
sants, mostly with small molecules, have shown 
improved therapeutic efficacy in recent years. 
However, long-term treatment can lead to se-
vere systemic toxicity or immunodeficiency [62]. 
Many immunosuppressants, such as methotrex-
ate, rapamycin and dexamethasone, are hydro-
phobic drugs and have a limited biological ac-
tivity. These agents are randomly and widely 
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distributed in the body after introduction, lead-
ing to serious side effects in non-target tissues 
and causing damage of the liver, muscles and 
the gastrointestinal tract.

Anti-inflammatory cytokines, such as IL-4, 
have been widely studied in the treatment of va- 
rious autoimmune diseases. However, their short  
half-life determines the introduction of high do- 
ses and inevitable systemic toxicity. The thera- 
peutic delivery of microRNAs (miRNAs) for sym- 
ptom control can also be challenging due to lim-
ited efficacy, low stability, and the lack of tar-
geting. Nanotechnology overcomes the existing 
shortcomings of immunosuppressants through 
multiple aspects, such as providing protection 
against degradation, prolonging blood circula-
tion and facilitating the immune cell-targeted de- 
livery [63]. The nanoparticle itself can also be 
converted into an immunomodulatory compo-
nent, and nanoparticles delivering the antigen-
MHC complex can expand antigen-specific Treg 
to control inflammatory disorders.

■ Conclusions

Nanotechnology opens up great opportunities  
for the prevention and treatment of infectious 
diseases since the coded delivery of antigens 
and adjuvants significantly increases the immu-
nogenicity of microbial components and demon-
strates higher efficacy than conventional vac-
cines using whole microbes. 

Thus, nanomaterial-based immunotherapy 
is rapidly developing and will show significant 
potential over the past few decades. Thanks to 
constantly improved production methods and 
design strategies, nanotechnology is success-
fully used to control and prevent many diseases  

through immune regulation. As discussed above,  
the data presented highlight excellent tumor 
treatment outcomes due to the activation of APC  
and T-cells, regulation of Treg, TAM and MDSC 
in immunosuppressive TME and the synergism 
with chemotherapy, phototherapy and radio-
therapy. In the prevention and eradication of in- 
fectious viruses and bacteria, the nanoparticle-
based vaccine provides higher absorption of APC 
and induces improved T and B cell responses.  
In addition, the coded delivery of tumor anti-
gens and adjuvants in nanosized carriers in-
creases the effectiveness of anticancer vaccines. 
A new trend in cancer immunotherapy involves 
the recognition of tumor neoantigens, which ori- 
ginate from patient-specific cancer mutations 
and can be identified as “foreign” by the immune 
system. Although a tumor neoantigen may be an 
ideal candidate for personalized cancer immu-
notherapy, it is rare in some cancers with low 
mutations, and therefore, a combination with 
radiation therapy or chemotherapy is preferable 
to increase the burden of mutations, as well as 
tumor neoantigens. In addition, the process of 
identification and synthesis of neoantigen pep-
tides is time-consuming, and new techniques 
and methods are urgently needed to reduce this 
time period [64].

Then nanomaterials have emerged as a new 
antibacterial weapon in addition to antibiotics in 
protecting against various microbial infections,  
including resistant bacteria. It is known that na-
nomaterials cause lethality in two ways, name-
ly, the destruction of cell membranes and the 
production of ROS. However, it has been found 
that nanomaterials have the increased antimic- 
robial activity with lower toxicity and do not 
cause drug resistance compared to antibiotics.
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5-Trifluoromethoxy-substituted Nicotinic Acid, Nicotinamide 
and Related Compounds
Abstract
A practical and convenient method for synthesizing nicotinic acid and nicotinamide with the trifluoromethoxy group in posi-
tion 5 of the ring has been developed. A series of related compounds, for example, nicotinic aldehyde and nicotinic alcohol, 
have been synthesized. It has been shown that 3-bromo-5-trifluoromethoxypyridine is a convenient and efficient synthon for 
palladium-catalyzed coupling reactions. The trifluoromethoxy group has been found to be remarkably stable against hydroiodic 
acid in contrast to the methoxy group.
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5-Трифлуорометоксизаміщена нікотинова кислота, нікотинамід і споріднені сполуки
Анотація
Розроблено практичний і зручний метод синтезу нікотинової кислоти та нікотинаміду з трифлуорометоксигрупою 
в положенні 5 кільця. Було синтезовано деякі споріднені сполуки, наприклад, нікотиновий альдегід і нікотиновий 
спирт. З’ясовано, що 3-бромо-5-трифлуорометоксипіридин є зручним синтоном для каталізованих паладієм реакцій 
сполучення. Визначено, що, на відміну від метоксигрупи, трифлуорометоксигрупа є надзвичайно стійка до дії йодо-
водневої кислоти.
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■ Introduction

A fluorine atom has a privileged position 
within the halogen family for drugs and agro-
chemicals design due to its unique properties –  
small size, high electronegativity, and the ability  
to form a strong C-F bond. In 2020, about 20 % of 
the commercial pharmaceuticals were fluorine-
containing drugs, and their total quantity was 
340 compounds. Commonly, they were fluoro-

substituted arenes (167 compounds) or hetero-
cycles (20 compounds), as well as trifluorometh-
ylated arenes and heteroarenes (64 compounds). 
Fluorinated ethers were an important group of 
pharmaceuticals represented by 18 compounds, 
among them four were trifluoromethoxylated are- 
nes, namely riluzole (treatment of amyotrophic  
lateral sclerosis), pretomanid and delamanid  
(treatment of tuberculosis), and sonidegib (treat- 
ment of basal cell carcinoma) [1].
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Nitrogen-containing heterocycles are the most  
popular compounds for drug design. At least 85 % of  
pharmaceuticals contain such a fragment in their  
structure. Therefore, it seems unexpected that a 
small number of drugs with a fluorine-containing  
heterocyclic ring is known (42 compounds). More-
over, only single fluorine atom or the trifluoro-
methyl group represent fluorinated substituents 
[1]. Such circumstances can be explained by the 
absence of practical and cheap synthetic ways to  
heterocycles with other fluorinated groups, in par- 
ticular fluorinated ethers [2]. Methodologies for 
the synthesis of fluorinated ethers are signifi-
cantly different from methods for the prepara-
tion of alkyl ethers. It is impossible to use tri- 
fluoromethyl iodide or trifluoromethyl triflate for  
direct trifluoromethylation of oxygen nucleophi- 
les in the same way as methyl iodide or methyl 
triflate. This is due to the strong electronegati- 
vity of a fluorine atom that results in reverse po-
larity of I-CF3 and TfO-CF3 bonds as compared 
to I-CH3 and TfO-CH3 [2, 3]. A few different stra- 
tegies can be applied for the preparation of fluo- 
rinated ethers. The first method was based on 
the ether fluorination. It was incorporated into 
organic chemistry by Lev Yagupolskii in 1955 [4].  
The main limitation of this method is the harsh 
conditions of the fluorination stage. Neverthe-
less, this approach was successfully applied to  
the synthesis of trifluromethoxy substituted he- 
terocycles [5 – 7]. Pyridines with the trifluoro- 
methoxy group in various positions of the ring –  
α-, β- and γ-substituted pyridines – were obtained  
by this method. However, this reaction success-
fully occurred only when at least one α-position of 
the ring was occupied by a chlorine atom. The same  
feature was also found to be characteristic for 
pyrazine derivatives [7]. The second approach to 
trifluoromethoxylated heterocycles is the cycli-
zation of the fluorinated precursors [8, 9]. A novel 
route to trifluoromethoxy substituted heterocy-
cles is based on trifluorometylation of the hy-
droxyl group by the action of hypervalent iodine 
reagents or direct trifluoromethoxylation [10].  
Although the examples of direct trifluoromethoxy- 
lation are known from the literature [11], these  
methods are promising for preparing the α-substi- 
tuted pyridine ring mainly, at the same time, the  
synthesis of β-trifluormethoxipyridine in such a  
manner is controversial. Direct introduction 
of the trifluoromethoxy group occurred under 
more mild reaction conditions than fluorination. 
Therefore, it can be applied to a wide range of 
substrates. From the other hand, these methods 

require expensive reagents that are used in a large 
excess.

It can be summarized that each of the above- 
mentioned strategies – fluorination of ethers, nuc- 
leophilic substitution or direct trifluoromethxy-
lation of hydroxy-compounds – requires some im- 
provements before it becomes a practical method.  
In the current study, we concentrated our atten-
tion on the scalable synthesis of nicotinic acid 
and related compounds with the trifluorometh-
oxy group in position 5.

■ Results and discussion

A series of trifluoromethoxysubstituted pyri-
dines was prepared earlier [6]. The method used 
in this paper was based on chlorination-fluori-
nation techniques that allowed to obtain a se-
ries of α-chloropyridines with the OCF3-group in 
various positions. These compounds were used 
for the preparation of pyridines with different 
functional groups: amines, aldehydes, acids, si-
lanes, etc. However, 5-trifluoromethoxy substi-
tuted nicotinic acid or any suitable precursors 
for its preparation were not described in this 
research.

Key compounds for the synthesis of nicotinic 
acid 4 and nicotinamide 5 with trifluoromethoxy 
substituent are shown in Scheme 1. We found 
that transformation of 5-hydroxynicotinic acid 7  
(or its methyl ester) into the corresponding chlo- 
rothionoformate or methylxanthate with further  
chlorination-fluorination gave no positive results 
(route 1). Similarly, our attempts to transform  
bromopyridinol 6 to 3-bromo-5-trifluoromethoxy- 
pyridine in such a manner failed, despite such 
transformation was well documented for pyridi- 
nes with halogen atoms in α-position (route 2) [5, 
6]. Taking into account this feature of the pyri-
dine ring, α-chloro-substituted pyridines 1 and 
2 were used as starting compounds (Scheme 1, 
route 3).

We tried to prepare pyridines 10 and 11 ac-
cording to [6] and found that this procedure was 
suitable for trichloromethoxysubstituted pyri-
dine 10, but gave poor results for pyridine 11. 
Modifications of the method (reversed mixing of 
the reagents) allowed us to increase the yield of 
11 from 15 to 78 % (Scheme 2). It should be not-
ed that chlorothionoformates 8 and 9 were used 
for further transformations without isolation in 
a pure state. Thus, the methodology proposed is 
very attractive in terms of handling such toxic 
compounds. Further fluorination of 10 and 11 by  
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antimony trifluoride led to trifluoromethoxysub-
stituted pyridines 12 and 13, respectively, in high 
yields.

For hydrodechlorination reaction of 12 and 
13, we used “red phosphorus / HI” as a reducing 
agent, and 3-bromo-5-trifluoromethoxypyridine 
(3) was prepared in a high yield. It is notewor-
thy that the reaction can be performed in a 50 g 
scale. It is worth mentioning that this reaction 
required the use of hydroiodic acid as a solvent. 
However, in contrast to the methoxy group that 
easily cleaves under these conditions (Zeisel 
determination of ethers [12]), trifluoromethoxy 
one remains intact even after prolonged heat-
ing. No evidence of this group destruction was 
found in 19F NMR spectra of the reaction mix-
ture. Thus, both isomers 12 and 13 were suc-
cessfully transformed into 3 in the same yields. 
With this in mind, we also used the mixture of 
chloropyridines 1 and 2 for preparing pyridine 3.  

This mixture can be easily obtained by chlorina-
tion of 5-bromopyridin-3-ol (6) with sodium hy-
pochlorite [13] and, as a result, is more avail-
able than individual isomers 1, 2.

We have found that 3-bromo-5-trifluorometh-
oxypyridine (3) is a convenient starting material 
for a wide range of 5-trifluoromethoxysubstitut-
ed pyridines (Scheme 3). Bromopyridine 3 can 
be readily lithiated by the action of n-buthyllith-
ium, and after the treatment with carbon diox-
ide, nicotinic acid 4 was formed in almost quan-
titative yield. This acid was used for preparing 
5-trifluoromethoxynicotinamide (5) by common 
methods with a high yield. Lithiated pyridine 3 
readily reacted with ethyl formate yielding nico-
tinic aldehyde 14. This aldehyde was reduced to 
alcohol 15 with a high yield.

Bromopyridine 3 was also used in palladium-
catalyzed cross-coupling reactions. Bromine was 
substituted with boronic ester under Pd(dppf)Cl2  
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catalysis to form pyridine 16. Compound 3 readily  
reacted with tert-butyl carbamate under Pd2dba3  
catalysis yielding Boc-protected amine 17a. After  
deprotection, aminopyridine 17 was obtained in 
50 % yield in two steps.

Alternatively, we investigated the metalation  
of chloro-substituted pyridine 13 using n-butyl-
lithium (Scheme 4). We found that a mixture of 
nicotinic and isonicotinic acids was formed af-
ter treating lithium derivatives with carbon di-
oxide. If the reaction mixture was saturated by 
gaseous CO2 at -95 – -100°C, a mixture of acids 
18 – 19 (1:1) was obtained. When lithiated pyri-
dine was poured onto solid carbon dioxide (-78 °C),  
the main product was isonicotinic acid 18 (5:1). 
We supposed that the rearrangement of the ini-
tially formed 3-lithium isomer into 4-isomer oc-
curred at temperatures higher than -78 °C due 
to a strong α-effect of the OCF3 group.

In contrast to nicotinic acids 18 and 19, nico- 
tinic aldehyde 20 was formed selectively and ob- 
tained in a high yield of 79 % by the reaction of  
3-bromo-2-chloro-5-trifluoromethoxypyridine (13)  
with n-butyllithium and further treatment with 
DMF. In this case isomerization did not occur, 
probably because the interaction of lithiated py- 
ridine with DMF proceeded faster than with car- 
bon dioxide.

It was shown that this aldehyde 20 could be 
reduced to alcohol 21 by sodium borohydride or  
oxidized by potassium permanganate yielding  
nicotinic acid 19. In both cases, the target pro- 
ducts were obtained in almost quantitative yields.  
2-Chloronicotinic acid 19 was used for prepar-
ing 5-trifluoromethoxynicotinic acid (4). A chlo-
rine atom was reduced by Pd catalysed hydro-
genation. This reaction occurred at atmospheric 

pressure, and the product was obtained in a high 
yield.

■ Conclusion

A synthetic approach based on chlorination-
fluorination of the chlorothionoformate group in 
the pyridine core is a convenient and practical  
route for trifluoromethoxylated pyridines. The pre- 
sence of a chlorine atom in α-position of pyridi- 
ne (either 2 or 6) is necessary for successful trans- 
formation, and in both cases 2- or 6-chloro-3-bro-
mo-5-trifluoromethoxysubstituted pyridines are 
obtained in high yields. In contrast to methoxy  
group, the trifluoromethoxy one is stable to the 
hydroiodic acid action. This remarkable property  
of the trifluoromethoxy group allows to reduce a 
chlorine atom in α-position of the pyridine ring 
selectively without destruction of the OCF3 group 
and reduction of a bromine atom in β-position of 
the ring. 3-Bromo-5-trifluoromethoxy pyridine is  
a promising building block demonstrated by me- 
talation reactions and Pd-catalyzed syntheses. 
Using this precursor, analogues of natural prod-
ucts– nicotinic acid and nicotinamide with trif-
luoromethoxy group have been synthesized.

■ Experimental part
1H NMR spectra were recorded using a Var-

ian VXR-300 instrument at 300 MHz, a Bruker 
AVANCE DRX 500 spectrometer at 500 MHz, or  
a Varian UNITY-Plus 400 instrument at 400 MHz.  
13C NMR spectra (proton decoupled) were recor- 
ded on a Bruker AVANCE DRX 500 instru-
ment at 125 MHz, or a Varian UNITY-Plus 400 
spectrometer at 100 MHz, or a Varian VXR-300  
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instrument at 75 MHz. 19F NMR spectra were re- 
corded at 376 MHz using a Varian UNITY-Plus 
400 spectrometer or at 188 MHz using a Mercury 
VX 200 Varian instrument. The chemical shifts 
are given in ppm relative to TMS and CCl3F, 
respectively, as internal or external standards. 
The LC-MS spectra were registered on an Agi-
lent 1100 instrument with a diode-matrix and 
an Agilent 1100 LS/MSD SL mass-selective de-
tector. The GC-MS spectra were registered on a 
Hewlett-Packard HP GC/MS 5890/5972 instru- 
ment (EI 70 eV). The melting points were deter-
mined in open capillaries using an SMP3 instru-
ment. The elemental analysis was performed in  
the Analytical Laboratory of the Institute of Orga- 
nic Chemistry of mass-selective detector NASU.

For the column chromatography, Merck Kie-
selgel 60 silica gel was used. Thin-layer chroma- 
tography (TLC) was carried out on aluminium-
backed plates coated with silica gel (Merck Kie-
selgel 60 F254).

Unless otherwise stated, commercially avail-
able reagents were purchased from Enamine Ltd.  
(Kyiv, Ukraine) and were used without purifica- 
tion. The solvents were purified according to the 
standard procedures. Antimony trifluoride was 
sublimed immediately prior to use. Chlorination 
of 5-bromopyridin-3-ol with sodium hypochlorite  
was performed according to [13]. Pure 5-bromo-
2-chloro-pyridin-3-ol (M. p. 188 °C) was obtained by  
SiO2 column chromatography with the mixture 
of hexane/ethyl acetate (1:4) as an eluent (Rf 0.5).

Trichloromethoxypyridines (10) and (11).  
The general procedure

Method A. The solution of thiophosgene 
(41.4 g, 0.36 mol) in 300 mL of chloroform was 
added dropwise to the vigorously stirred mixtu- 
re of hydroxypyridine 1 or 2 (75 g, 0.36 mol) and 
sodium hydroxide (15.1 g, 0.38 mol) in 300 mL 
of water at 0 °C, and the mixture was stirred for  
2 h at the same temperature. The organic layer 
was separated, washed with water, and dried over  
MgSO4. Prepared in such a manner the chloro-
form solution of chlorothionoformate was satu-
rated with chlorine and stirred for 48 h at room 
temperature. The excess of chlorine was then re- 
moved with N2 gas stream. The solvent was dis-
tilled off under reduced pressure (300 mbar), and  
the residue was distilled in a vacuum yielding the  
corresponding trichlorometoxypyridine 10 or 11.

Method B. Sodium hydroxide (15.8 g, 0.40 mol)  
in 300 mL of water was added dropwise to the 
vigorously stirred mixture of hydroxypyridine 1  
or 2 (75 g, 0.36 mol) and thiophosgene (41.4 g,  

0.36 mol) in chloroform at 0°C, and the mixture 
was stirred for 2 h at the same temperature. The or- 
ganic layer was separated, washed with water, 
and dried over MgSO4. Prepared in such a man-
ner the chloroform solution of chlorothionoforma- 
te was saturated with chlorine and stirred for 
48 h at room temperature. The excess of chlo-
rine was removed with N2 gas stream. The sol-
vent was distilled off under reduced pressure 
(300 mbar), and the residue was distilled in a va- 
cuum yielding the corresponding trichlorometoxy- 
pyridine 10 or 11.

5-Bromo-2-chloro-3-trichloromethoxypyridi- 
ne (10)

A colorless oil or a low melted solid. Yield – 
64.5 g, 55 % (Method A); 72.7 g, 62 % (Method B).  
B. p. 115 – 117 °C at 0.5 mbar; M. p. 32 °C. Anal. 
Calcd for C6H2BrCl4NO, %: C 22.12, H 0.62, N 
4.30. Found, %: C 21.97, H 0.85, N 4.08. 1H NMR  
(400 MHz, CDCl3), δ, ppm: 8.15 (1H, d, 3JHH = 2.4 Hz,  
4-PyH), 8.41 (1H, d, 3JHH = 2.4 Hz, 6-PyH). 13C NMR  
(100 MHz, CDCl3), δ, ppm: 111.5, 117.8, 132.7, 
143.7, 144.7, 147.5.

3-Bromo-2-chloro-5-trichloromethoxypyridi- 
ne (11)

A colorless oil or a low melted solid. B. p. 
120 – 122 °C at 0.5 mbar; M. p. 45 °C. Yield – 17.7 g,  
15 % (Method A); 91.5 g, 78 % (Method B). Anal. 
Calcd for C6H2BrCl4NO, %: C 22.12, H 0.62,  
N 4.30. Found, %: C 22.01, H 0.80, N 4.12. 1H NMR  
(400 MHz, CDCl3), δ, ppm: 8.02 (1H, d, 3JHH = 2.4 Hz,  
4-PyH), 8.43 (1H, d, 3JHH = 2.4 Hz, 6-PyH). 13C NMR  
(100 MHz, CDCl3), δ, ppm: 112.1, 119.9, 136.3, 
142.2, 147.0, 149.0.

Trifluoromethoxypyridines (12) and (13).  
The general procedure

The corresponding trichloromethoxypyridine  
10 or 11 (81.5 g, 0.25 mol) was added in portions 
to the mixture of SbF3 (134 g, 0.75 mol) and SbCl5  
(7.5 g, 0.025 mol) at 100 °C. The mixture was stir- 
red for 5 h at 145 – 150 °C, cooled to room tempe- 
rature, mixed with 650 mL of CH2Cl2, and then 
quenched with an aqueous solution of K2CO3 
(517 g, 3.75 mol in 2.5 L of water) and KF (653 g,  
11.25 mol in 1.25 L of water). The precipitate was  
filtered off, the organic layer was separated, wash- 
ed with water, and dried with MgSO4. The sol-
vent was distilled off, and the residue was dis-
tilled in a vacuum yielding the corresponding 
trifluorometoxypyridine 12 or 13.

5-Bromo-2-chloro-3-trifluoromethoxypyridi- 
ne (12)

A colorless oil. Yield – 58.1 g (84 %). B. p. 90 – 92 °C  
at 20 mbar. Anal. Calcd for C6H2BrClF3NO, %: 
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C 26.07, H 0.73, Cl 12.82. Found, %: C 25.88, 
H 0.50, Cl 13.04. 1H NMR (400 MHz, CDCl3), δ, 
ppm: 7.78 (1H, s, 4-PyH), 8.41 (1H, s, 6-PyH). 
13C NMR (100 MHz, CDCl3), δ, ppm: 118.6, 120.3 
(q, 2JCF = 262.5 Hz, OCF3), 133.1, 142.0, 143.5, 
148.4. 19F NMR (300 MHz, CDCl3), δ, ppm: 
-57.55 (s, OCF3). GC-MS, m/z (Irel, %): 277 (100) 
[M(79Br37Cl)/(81Br35Cl)]+, 275 (79) [M(79Br35Cl)]+, 
279 (24) [M(81Br37Cl)]+.

3-Bromo-2-chloro-5-trifluoromethoxypyridi- 
ne (13)

A colorless oil. Yield – 63.1 g (91 %). B. p. –  
105 – 107 °C at 20 mbar. Anal. Calcd for  
C6H2BrClF3NO, %: C 26.07, H 0.73, Cl 12.82. 
Found, %: C 25.80, H 0.55, Cl 12.49. 1H NMR 
(300 MHz, CDCl3), δ, ppm: 7.86 (1H, dd, 3JHH =  
2.4 Hz, 4JHF = 1.8 Hz, 4-PyH), 8.32 (1H, dd, 3JHH = 
2.4 Hz, 4JHF = 1.8 Hz, 6-PyH). 13C NMR (100 MHz, 
CDCl3), δ, ppm: 120.2 (q, 1JCF = 260.5 Hz, OCF3),  
120.3, 134.6, 140.7, 144.4, 148.9. 19F NMR (300 MHz,  
CDCl3), δ, ppm: -58.93 (s, OCF3). GC-MS, m/z (Irel, 
%): 277 (100) [M(79Br37Cl)/(81Br35Cl)]+, 275 (79)  
[M(79Br35Cl)]+, 279 (24) [M(81Br37Cl)]+.

The synthesis of 3-bromo-5-trifluoro- 
methoxypyridine (3)

The mixture of 3-bromo-2-chloro-5-trifluoro- 
methoxypyridine (13) (63.0 g, 0.23 mol) and 
red phosphorus (85.0 g, 2.75 mol) in 1 L of 57 % 
aqueous HI was refluxed for 48 h. The progress 
of the reaction was monitored by 19F NMR spec-
tra. The excess of phosphorus was filtered off 
via a glass filter, and the resulting solution was  
poured into the solution of Na2CO3 (400 g, 3.8 mol)  
in 2.5 L of water. The product was extracted with  
CH2Cl2 (6×400 mL), the extract obtained was 
washed with water (3×250 mL), and dried with 
MgSO4. The solvent was distilled off, and the 
residue was distilled in a vacuum yielding pyri-
dine 3 (50.2 g, 90 %).

5-Bromo-2-chloro-3-trifluoromethoxypyridi- 
ne (12) (63 g, 0.23 mol) was used for preparing 
pyridine 3 (46.2 g, 83 %) by the same procedure. 
When the mixture of chlorinated pyridines 12 
and 13 in the ratio of 4:1 (50 g, 0.18 mol) was 
used for this reaction, bromopyridine 3 was ob-
tained in 83 % yield (36.3 g).

A colorless oil. B. p. 100 – 105 °C at 70 mbar. 
Anal. Calcd for C6H3BrF3NO, %: C 29.78, H 1.25,  
Br 33.02. Found, %: C 29.88, H 1.53, Br 32.85. 
1H NMR (400 MHz, CDCl3), δ, ppm: 7.73 (1H, s, 
4-PyH), 8.48 (1H, s, 2/6-PyH), 8.63 (1H, s, 2/6-PyH).  
13C NMR (75 MHz, CDCl3), δ, ppm: 120.3 (q, 1JCF 
= 260.7 Hz, OCF3), 120.4, 131.4, 141.1, 145.9, 
149.4. 19F NMR (300 MHz, CDCl3), δ, ppm: 

-58.74 (s, OCF3). GC-MS, m/z (Irel, %): 241 (100) 
[M(79Br)]+, 243 (98) [M(81Br)]+.

The preparation of 5-trifluoromethoxy- 
nicotinic acid (4) from bromopyridine (3)

n-Butyllithium (2.5 M solution in hexane, 7 mL,  
17.4 mmol) was added to 25 mL of vigorously stir- 
red toluene at -70 –  -65 °C. After the addition was  
completed, bromopyridine 3 (4 g, 16.5 mmol) was  
added at the same temperature, and the mixture 
was stirred for additional 30 min. Then the mix-
ture was cooled to -85 – -90 °C, and 12 mL of THF 
were added. The reaction mixture was stirred for  
15 min, then poured into crushed dry ice (ca. 15 g).  
The product was extracted with aqueous sodium 
hydroxide solution (2 g, 50 mmol in 40 mL of wa-
ter), washed with MTBE, and acidified with 3 % 
aqueous hydrochloric acid to pH 5.5. The precipi-
tate was filtered and crystallized (water/ethanol 
5-to-1 mixture) yielding nicotinic acid 4 (2.9 g, 85 %).

The preparation of 5-trifluoromethoxy- 
nicotinic acid (4) from 2-chloro-5-(trifluo- 
romethoxy)nicotinic acid (19)

The mixture of 2-chloronicotinic acid 19 (0.5 g,  
2 mmol), ammonium formate (0.2 g, 3 mmol) and  
10 % Pd on charcoal (0.2 g) in methanol (10 mL) 
was stirred in hydrogen atmosphere for 24 h. 
The mixture was filtered, the solvent was evap-
orated in a vacuum, and the residue was diluted 
with 3 % hydrochloric acid and extracted with 
ethyl acetate. The organic solution was dried 
with MgSO4, evaporated in a vacuum yielding 
nicotinic acid 4 (0.33 g, 79 %).

5-Trifluoromethoxynicotinic acid (4)
A colorless powder. M. p. 148 – 149 °C. Anal. 

Calcd for C7H4F3NO3, %: C 40.60, H 1.95. Found, 
%: C 40.48, H 2.13. 1H NMR (500 MHz, DMSO-d6),  
δ, ppm: 8.19 (1H, s, 4-PyH), 8.90 (1H, s, 2/6-PyH),  
9.08 (1H, s, 2/6-PyH). 13C NMR (125 MHz,  
DMSO-d6), δ, ppm: 120.4 (q, 1JCF = 257.7 Hz, 
OCF3), 128.6, 129.4, 145.5, 146.8, 149.4, 165.3. 
19F NMR (470 MHz, DMSO-d6), δ, ppm: -58.38 
(s, OCF3). LC-MS, m/z (CI): 207 [M]+.

The synthesis of 5-(trifluoromethoxy)ni- 
cotinamide (5)

Nicotinic acid 4 (1 g, 4.8 mmol) was added in 
portions to thionyl chloride (2.9 g, 24 mmol) at 
0 °C. The mixture was stirred at 70 °C for 2 h  
until the evolution of gas was completed. The ex- 
cess of thionyl chloride was distilled off in a va- 
cuum, and the residue was dissolved in MTBE 
(10 mL). A concentrated aqueous solution of am-
monia (2 mL) was added dropwise to the solution  
at 0 °C, and the precipitate formed was filtered 
and dried in a vacuum.
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A colorless powder. Yield – 0.85 g (85 %). M. p.  
147 – 148 °C. Anal. Calcd for C7H5F3N2O2, %: C 
40.79, H 2.45, N 13.59. Found, %: C 40.60, H 2.55,  
N 13.70. 1H NMR (400 MHz, DMSO-d6), δ, ppm: 
7.82 (1H, s, NH2), 8.22 (1H, s, 4-PyH), 8.32 (1H, 
s, NH2), 8.83 (1H, s, 2/6-PyH), 9.07 (1H, s, 2/6-
PyH). 13C NMR (125 MHz, DMSO-d6), δ, ppm: 
120.4 (q, 1JCF = 257.7 Hz, OCF3), 128.6, 129.4, 
145.5, 146.8, 149.4, 165.3. 19F NMR (376 MHz, 
DMSO-d6), δ, ppm: -57.68 (s, OCF3). LC-MS, m/z 
(CI): 207 [M+H]+.

The procedure for 5-trifluoromethoxy- 
nicotinaldehyde (14)

n-Butyllithium (2.5 M solution in hexane, 7 mL,  
17.4 mmol) was added to 25 mL of vigorously stir- 
red toluene at -70 – -65 °C. After the addition was 
completed, the solution of bromopyridine 3 (4 g, 
16.5 mmol) in toluene (10 mL) was added to the 
mixture at the same temperature, and the mix-
ture was stirred for further 30 min. The reaction 
mixture was cooled to -85 – -90 °C, 12 mL of THF 
was added, the reaction mixture was stirred for  
15 min, ethyl formate (1.5 g, 20 mmol) was add- 
ed dropwise at the same temperature. After the  
addition was completed, the mixture was warm- 
ed to -10 °C, and the solution of NaHSO4 (4 g,  
33 mmol) in 10 mL of water was added. The pro- 
duct was extracted with MTBE, the extract ob-
tained was washed with a brine, and dried with 
MgSO4. The solvent was distilled off, and the 
residue was distilled in a vacuum yielding nico-
tinic aldehyde 14 as a colorless oil.

Yield – 2 g (64 %). B. p. 50 – 52 °C at 0.5 mbar. 
Anal. Calcd for C7H4F3NO2, %: C 43.99, H 2.11, N 
7.33. Found, %: C 42.71, H 2.35, N 7.12. 1H NMR  
(300 MHz, CDCl3), δ, ppm: 8.01 (1H, s, 4-PyH), 
8.77 (1H, s, 6-PyH), 9.02 (1H, s, 2-PyH), 10.15 
(1H, s, CHO). 13C NMR (100 MHz, CDCl3), δ, ppm:  
120.3 (q, 2JCF = 260.5 Hz, OCF3), 126.7, 132.3, 
146.5, 147.9, 149.9, 189.0. 19F NMR (188 MHz, 
CDCl3), δ, ppm: -58.38 (s, OCF3). GC-MS, m/z 
(Irel, %): 191 (100) [M]+.

The preparation of 5-trifluoromethoxy- 
pyridin-3-yl-methanol (15)

Sodium borohydride (0.6 g, 15 mmol) was add- 
ed to the solution of 5-(trifluoromethoxy)nicoti-
naldehyde (14) (1 g, 5 mmol) in ethanol (30 mL) 
at 0 °C, and the mixture was stirred at room tem- 
perature for 4 h. The solvent was evaporated in 
vacuum, and 10 mL of water was added to the 
mixture. The mixture was acidified with 10 % 
aqueous HCl to pH 1 – 2, stirred at room tempera- 
ture for 12 h, and then neutralized with NaHCO3.  
The product was extracted with MTBE, the extract  

was dried over MgSO4. The solvent was distilled 
off, and the residue was distilled in a vacuum to 
give alcohol 15 as a colorless oil.

Yield – 0.85 g (89 %). B. p. 92 – 93 °C at 0.5 mbar.  
Anal. Calcd for C7H6F3NO2, %: C 43.53, H 3.13, N 
7.25. Found, %: C 43.37, H 3.33, N 7.22. 1H NMR  
(300 MHz, CDCl3), δ, ppm: 4.06 (1H, br. s, OH), 
4.73 (2H, s, CH2OH), 7.60 (1H, s, 4-PyH), 8.33 
(1H, s, 2/6-PyH), 8.40 (1H, s, 2/6-PyH). 13C NMR 
(100 MHz, CDCl3), δ, ppm: 61.3 (CH2OH), 120.3 
(q, 1JCF = 260.0 Hz, OCF3), 127.0, 138.6, 141.3, 
146.0, 146.3. 19F NMR (188 MHz, CDCl3), δ, ppm:  
-58.66 (s, OCF3). GC-MS, m/z (Irel, %): 193 (100) 
[M]+.

The preparation of 3-(4,4,5,5-Tetramethyl- 
1,3,2-dioxaborolan-2-yl)-5-trifluoromethoxy- 
pyridine (16)

The mixture of bromopyridine 3 (6 g, 25 mmol),  
bis(pinacolato)diboron (8.2 g, 32 mmol), potassium 
acetate (9.7 g, 100 mmol) and Pd(dppf)Cl2·CH2Cl2  
(1 g, 1.2 mmol) in 90 mL of dioxane was stirred 
for 24 h at 95 – 100 °C under argon atmosphere. 
The mixture was cooled to room temperature, 
filtered through a SiO2 pad, diluted with water 
(150 mL), and extracted with MTBE. The pro- 
duct was purified by SiO2 column chromatogra-
phy using a mixture of hexane/MTBE in 3:1 as 
an eluent (Rf 0.3).

A colorless powder. Yield – 5.8 g (80 %). M. p.  
35 – 37 °C. Anal. Calcd for C12H15BF3NO3, %: C 
49.86, H 5.23. Found, %: C 50.01, H 5.40. 1H NMR  
(300 MHz, CDCl3), δ, ppm: 1.35 (12H, s, 4×CH3), 
7.90 (1H, s, 4-PyH), 8.59 (1H, s, 2/6-PyH), 8.86 
(1H, s, 2/6-PyH). 13C NMR (150 MHz, CDCl3), 
δ, ppm: 24.6 (CH3), 84.6 (C(CH3)2), 118.3, 120.3 
(q, 1JCF = 260.1 Hz, OCF3), 133.9, 145.0, 145.8, 
153.4. 19F NMR (300 MHz, CDCl3), δ, ppm: 
-58.0 (s, OCF3). GC-MS, m/z (Irel, %): 289 (100) 
[M(11B)]+, 288 (26) [M(10B)]+.

tert-Butyl 5-(trifluoromethoxy)pyridin-
3-yl-carbamate (17a)

The mixture of bromopyridine 3 (4.8 g, 20 mmol),  
tert-butyl carbamate (3.5 g, 30 mmol), caesium 
carbonate (13 g, 40 mmol), Pd2dba3 (0.9 g, 1 mmol)  
and Xantphos (0.6 g, 1 mmol) in 50 mL of dioxane  
were stirred for 24 h at 95 – 100 °C under argon at-
mosphere. The mixture was cooled to room tem- 
perature, filtered through a SiO2 pad, diluted 
with water (150 mL), and extracted with MTBE. 
The product was purified by SiO2 column chro-
matography using the mixture of hexane/ethyl 
acetate (5:1) as an eluent (Rf 0.2).

A colorless powder. Yield – 3.8 g (69 %). M. p.  
60 – 62 °C. Anal. Calcd for C11H13F3N2O3, %: C 47.49,  
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H 4.71, N 10.07. Found, %: C 47.28, H 4.88, N 
10.24. 1H NMR (400 MHz, CDCl3), δ, ppm: 1.55 
(9H, s, t-Bu), 7.38 (1H, s, 4-PyH), 8.22 (1H, s, 
2/6-PyH), 8.48 (1H, s, NH). 13C NMR (125 MHz, 
CDCl3), δ, ppm: 28.2 (C(CH3)3), 81.8 (C(CH3)3), 
118.3, 120.4 (q, 1JCF = 260.2 Hz, OCF3), 135.9, 
137.2, 137.5, 146.4, 152.7. 19F NMR (300 MHz, 
CDCl3), δ, ppm: -58.54 (s, OCF3).

3-Amino-5-trifluoromethoxypyridin (17)
The mixture of compound Boc-17 (3.8 g,  

14 mmol) and trifluoroacetic acid in CH2Cl2 were  
stirred at room temperature for 20 h. The mixture 
was neutralized with sodium carbonate, wash- 
ed with water, and dried with MgSO4. The sol-
vent was distilled off, and the residue was dis-
tilled in a vacuum to yield pyridine 17 as a color-
less solid.

Yield – 1.8 g (72 %). B. p. 60 – 62 °C at 1 mbar; 
M. p. 35 – 37 °C. Anal. Calcd for C6H5F3N2O, %: 
C 40.46, H 2.83, N 15.73. Found, %: C 40.31, H 
3.01, N 15.55. 1H NMR (400 MHz, CDCl3), δ, ppm:  
4.09 (2H, s, NH), 6.87 (1H, s, 4-PyH), 7.95 (1H, 
s, 2/6-PyH), 8.06 (1H, s, 2/6-PyH). 13C NMR 
(125 MHz, CDCl3), δ, ppm: 118.0, 120.5 (q, 1JCF 
= 260.0 Hz, OCF3), 136.0, 137.0, 137.5, 146.6, 
152.7. 19F NMR (300 MHz, CDCl3), δ, ppm: -58.5 
(s, OCF3). GC-MS, m/z (Irel, %): 178 (100) [M]+.

2-Chloro-5-trifluoromethoxy-nicotinalde- 
hyde (20)

n-Butyllithium (2.5 M solution in hexane,  
4.6 mL, 11.5 mmol) was added to 20 mL of vigor-
ously stirred toluene at -70 – -65 °C. After the ad-
dition was complete, the solution of pyridine 13 
(3 g, 10.8 mmol) in toluene (10 mL) was added 
to the mixture at the same temperature, and the 
mixture was stirred for further 30 min. The reac-
tion mixture was cooled to -90 – -85 °C, and 10 mL  
of THF was added, the reaction mixture was stir- 
red for 15 min, then DMF (2.4 g, 30 mmol) was 
added dropwise at the same temperature. After 
the addition was completed, the mixture was 
warmed to -10 °C, and the solution of NaHSO4 
(2.9 g, 20 mmol) in 10 mL of water was added. 
The product was extracted with MTBE, the ex- 
tract was washed with a brine, dried over MgSO4.  
The solvent was distilled off, and the residue 
was distilled in a vacuum to give chloronicotinic 
aldehyde 20 as a colorless oil.

Yield – 1.9 g (79 %). B. p. 65 – 66 °C at 1 mbar. 
Anal. Calcd for C7H3ClF3NO2, %: C 37.28, H 
1.34, N 6.21. Found, %: C 37.30, H 1.55, N 6.12. 
1H NMR (500 MHz, CDCl3), δ, ppm: 8.05 (1H, s, 
4-PyH), 8.51 (1H, s, 6-PyH), 10.37 (1H, s, CHO). 

13C NMR (125 MHz, CDCl3), δ, ppm: 120.1 (q, 
1JCF = 261.5 Hz, OCF3), 129.2, 129.5, 145.6, 
146.9, 150.6, 178.8. 19F NMR (188 MHz, CDCl3), 
δ, ppm: -57.92 (s, OCF3). GC-MS, m/z (Irel, %): 
225 (100) [M(35Cl)]+, 227 (30) [M(35Cl)]+.

2-Chloro-5-(trifluoromethoxy)pyridin-
3-yl-methanol (21)

Sodium borohydride (0.95 g, 25 mmol) was  
added to the solution of 2-chloro-5-(trifluoro- 
methoxy)nicotinaldehyde (20) (1.9 g, 8.4 mmol) 
in ethanol (40 mL) at 0 °C, and the mixture was 
stirred at room temperature for 4 h. The sol-
vent was evaporated in a vacuum, and 10 mL 
of water was added to the mixture. The mixture 
was acidified with 10 % aqueous HCl to pH 1 – 2, 
stirred at room temperature for 12 h, and then 
neutralized with NaHCO3. The product was ex-
tracted with MTBE, the extract was dried with 
MgSO4. The solvent was distilled off, and the 
residue was distilled in a vacuum to give alcohol 
23 as a colorless oil.

Yield – 1.8 g (94 %). B. p. 101 – 102 °C at  
0.5 mbar. Anal. Calcd for C7H5F3NO2, %: C 36.95,  
H 2.21, Cl 15.58. Found, %: C 36.90, H 2.28, 
Cl 15.55. 1H NMR (400 MHz, CDCl3), δ, ppm: 
2.25 (1H, br. s, OH), 4.78 (2H, s, CH2OH), 7.83 
(1H, s, 4-PyH), 8.22 (1H, s, 6-PyH). 13C NMR 
(100 MHz, CDCl3), δ, ppm: 61.2 (CH2OH), 120.3 
(q, 1JCF = 260.0 Hz, OCF3), 127.0, 138.6, 141.3, 
146.0, 146.3. 19F NMR (188 MHz, CDCl3), δ, 
ppm: -58.84 (s, OCF3). GC-MS, m/z (Irel, %): 227 
(100) [M(35Cl)]+, 225 (30) [M(35Cl)]+.

2-Chloro-5-(trifluoromethoxy)nicotinic 
acid (19)

Potassium permanganate (0.46 g, 3 mmol) was  
added to a mixture of aldehyde 20 (1 g, 4.4 mmol) 
and potassium carbonate (0.11 g, 0.8 mmol) in 
water (10 mL) at 50 – 60 °C. The mixture was 
stirred for 1 h at 60 °C, cooled to room tempera-
ture, filtered, and the water solution was acidi-
fied to pH 6 with 3 % aqueous hydrochloric acid. 
The product was filtered off, washed with water, 
and dried in a vacuum.

A colorless powder. Yield – 0.85 g (80 %).  
M. p. 142 – 143 °C. Anal. Calcd for C7H3ClF3NO3, 
%: C 34.81, H 1.25, Cl 14.68. Found, %: C 34.50, 
H 1.55, Cl 14.82. 1H NMR (300 MHz, DMSO-d6), 
δ, ppm: 8.24 (1H, s, 4-PyH), 8.89 (1H, s, 6-PyH), 
13.76 (1H, br. s, COOH). 13C NMR (75 MHz,  
DMSO-d6), δ, ppm: 116.4 (q, 1JCF = 260.5 Hz, OCF3),  
125.2, 128.1, 131.7, 147.0, 148.8, 164.2. 19F NMR  
(188 MHz, DMSO-d6), δ, ppm: -57.34 (s, OCF3).  
LC-MS, m/z (CI): 241 [M(35Cl)+H]+, 243 [M(35Cl)+H]+.
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The metalation of 3-bromo-2-chloro-5- 
trifluoromethoxy-pyridine (13) using n-bu-
tyllithium with the formation of the mix-
ture of isonicotinic (18) and nicotinic acids 
(19) 

n-Butyllithium (2.5 M solution in hexane, 
4.6 mL, 11.5 mmol) was added to 20 mL of vi- 
gorously stirred toluene at -70 – -65 °C. After the 
addition was completed, the solution of pyridine 
13 (3 g, 10.8 mmol) in toluene (10 mL) was added 
to the mixture at the same temperature, and the 
resulting mixture was stirred for further 30 min.  
The reaction mixture was cooled to -90 – -85 °C, 
and 10 mL of THF was added, the reaction mix-
ture was stirred for 15 min, then gaseous CO2  
(4.8 g, 0.11 mol) was bubbled through the reac-
tion mixture at -90 – -85 °C. After the addition was  

completed, the mixture was warmed to room 
temperature, washed with MTBE, acidified 
with 5 % hydrochloric acid to pH 2. The products 
were filtered off, washed with water, and dried 
in a vacuum.

The yield of the mixture of isonicotinic 18 and 
nicotinic 19 acids (1:1) was 1.95 g (75 %). In the 
case when the reaction mixture after the addi-
tion of THF and stirring for 15 min at -90 – -85 °C 
was poured into crushed dry ice, the yield of the 
mixture of acids 18 and 19 (5:1) was 2.2 g (84 %). 
The structures of products were determined by  
1H and 19F NMR and LC-MS methods. They were  
in good agreement with [6] for 2-chloro-5-(trifluo- 
romethoxy)isonicotinic acid (18), and the sample  
of pure 2-chloro-5-(trifluoromethoxy)nicotinic 
acid (19) prepared by oxidation of aldehyde 20.
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Recent Advances in the Synthesis and Biological Activity 
of Pyrrolo[2,3-c]pyridines
Abstract
Pyrrolo[2,3-c]pyridines (6-azaindoles) are the most promising nitrogen-containing heterocyclic compounds in the field of drug 
development. Exhibiting extraordinary versatility as pharmacophores, they are widely used in the development of kinase in-
hibitors, antiproliferative agents, and as potential therapeutic agents for the treatment of various diseases, including cancer 
and Alzheimer’s disease. A large number of works focusing on new methods and approaches in the synthesis of 6-azaindoes, 
as well as on the study of their biological activity, have been published worldwide. In our review, we tried to classify all 
currently known strategies for the construction of the 6-azaindole core, which were published within the last 15 years, the 
chemical diversity of the derivatives obtained, and their therapeutic potential in the context of medicinal chemistry. We hope 
that this work will generalize and facilitate the understanding of the strategy for the synthesis of pyrrolo[2,3-c]pyridines, as 
well as help scientists in their further research in the direction of 6-azaindoles.
Keywords: pyrrolo[2,3-c]pyridines; 6-azaindoles; biological activity; medicinal chemistry; heterocyclic compounds; drug 
development
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Останні досягнення в синтезі та біологічній активності піроло[2,3-c]піридинів
Анотація
Піроло[2,3-c]піридини (6-азаіндоли) є одними з найперспективніших серед азотовмісних гетероциклічних сполук у сфе-
рі розробки ліків. Виявляючи надзвичайну універсальність як фармакофори, вони відіграють ключову роль у розробці 
інгібіторів кіназ, антипроліферативних агентів та постають потенційними терапевтичними агентами для лікування 
різноманітних захворювань, зокрема раку та хвороби Альцгеймера. У світі опубліковано велику кількість робіт, зосе-
реджених на нових методиках та підходах у синтезі 6-азаіндолів, а також на дослідженні їхньої біологічної активності. 
У нашому огляді ми намагалися класифікувати всі відомі на сьогодні стратегії конструювання 6-азаіндольного ядра, 
опубліковані за останні 15 років, розглянути хімічне різноманіття одержаних похідних та їх терапевтичний потенціал 
у контексті медичної хімії. Ми сподіваємось, що ця робота узагальнить та полегшить розуміння стратегій синтезу 
піроло[2,3-c]піридинів, а також допоможе науковцям у їхніх подальших дослідженнях 6-азаіндолів.
Ключові слова: піроло[2,3-c]піридини; 6-азаіндоли; біологічна активність; медична хімія; гетероциклічні сполуки; 
розробка ліків
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■ Introduction

Nitrogen-containing heterocyclic compounds 
play one of the central roles in the realm of drug 
development, mainly thanks to their inherent mo- 
lecular polarity, water solubility, and the ability  
to permeate cellular membranes. The analysis of  
FDA-approved drugs reveals that an astonishing 
59  % of unique small-molecule drugs contain at 
least one nitrogen heterocycle, which demonstra- 
tes their importance in drug design and discove- 
ry [1]. This predominance is attributed not only 
to the versatility of nitrogen heterocycles in mi- 
micking the biological landscape, but also to their  
structural diversity, which offers myriad possibi- 
lities for the modulation of pharmacokinetic and 
pharmacodynamic properties.

Among all of the nitrogen-containing hetero- 
cycles, pyrrolo[2,3-c]pyridines stand out as a very  
promising scaffold due to its unique structural 
features and considerable biological activity. 
This class of compounds with the condensed pyr-
role and pyridine ring has long attracted a wide-
spread interest from the research community. 
This interest is demonstrated by the vast list of 
literature on synthetic methodologies, structural  
modifications, and the study of the medicinal 
and biological potential of the 6-azaindole core. 
The review by Popowycz et al. (2007) meticulous- 
ly summarized this data, highlighting the ver-
satility of 6-azaindoles in drug development and 
underscoring the synthesis of compounds via di-
verse strategies, including the Reissert, Batcho-
Leimgruber, Hemetsberger-Knittel syntheses, and  
their functionalization in various positions to en-
hance the biological activity [2]. It delves into 
the design of 6-azaindoles as biological targets 
and demonstrates their potential across a range 
of applications, from therapeutic agents to key 
synthetic intermediates.

However, since 2007, the synthesis and func-
tionalization capabilities of pyrrolo[2,3-c]pyridi- 
nes have significantly expanded due to advance-
ments in synthetic chemistry, the availability of 
new reagents, increased technical capabilities, and  
so on. This synthetic versatility combined with  
the inherent biological relevance of the pyrro- 
lo[2,3-c]pyridine core has led to the emergence 
of an immense amount of research, publications, 
and scientific works over the past 17 years.

Therefore, it seems to be very reasonable to  
complement the work of Popowycz, conduct a  
thorough analysis of all the new scientific achie- 
vements and provide a fresh thorough overview 

of the current state of research on pyrrolo[2,3-c]- 
pyridines, encompassing their synthesis, struc-
tural modifications, and pharmacological poten-
tial. By studying the current scientific develop-
ments in this field and identifying promising areas 
for future research, we hope to contribute to the 
ongoing efforts to use pyrrolo[2,3-c]pyridines in 
the search for new therapeutic agents.

■ Results and discussion

Pyrrolo[2,3-c]pyridines and their annulated 
derivatives can be synthesized by various synthe- 
tic strategies. However, it makes sense to high-
light three main principal approaches that 
stand out due to their efficiency and versatility: 
(1) the annulation of the pyrrole nucleus to the 
pyridine cycle; (2) the annulation of the pyridine 
nucleus to the pyrrole cycle; (3) the synchronous 
formation of the 6-azaindole system where both 
the pyrrole and pyridine rings are constructed in 
a single, concerted step. Each of these methods 
offers its own unique advantages in terms of re-
action conditions, functional group tolerance, and  
overall yield.

Initially, we propose focusing on the first me- 
thod, namely the annulation of the pyridine nu-
cleus to the pyrrole cycle.

1. Annulation of the pyrrole nuleus to the  
pyridine cycle

The first and one of the most common me- 
thods for forming the pyrrolo[2,3-c]pyridine frame- 
work 3 involves the Bartoli reaction of 2-halogen- 
3-nitropyridines 1 with vinyl magnesium bromi- 
de 2 in the THF solution [3 – 6] or using toluene as  
a solvent in the presence of a base [7] (Scheme 1).

The widespread application of this method can  
be attributed to its versatility, the high yields of  
targeted compounds it can achieve, and, of course,  
the possibility of using halogenated nitropyridi- 
nes as precursors. The Bartoli reaction is a clas-
sic, described in an immense number of scien-
tific studies and publications.

However, a two-step alternative approach al-
lows the synthesis of 2,3-unsubstituted 6-azain-
doles with much higher yields. For example, the  
reaction of 4-methyl-3-nitropyridines 4 with di- 
methylacetamide dimethyl acetal (DMFDMA) 
[8 – 11], lithium methylate in the DMF solution  
[12] or 1-tert-butoxy-N,N,N’,N’-tetramethylme- 
thanediamine [13] gives enamines 5, which re- 
ductive cyclization leads to the target pyrrolo- 
[2,3-c]pyridines (Scheme 2) with up to 100  % 
yields.
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The Bartoli reaction is also used and described  
for synthesizing 2-alkyl-substituted or 2,3-dialkyl- 
substituted pyrrolo[2,3-c]pyridines 7, among the  
functionalized derivatives of which potent po-
tassium-competitive acid blockers (P-CABs) have 
been identified (Scheme 3) [14].

It is worth noting that this approach facili-
tates the incorporation of versatile alkyl groups 
in critical positions of the pyrrolopyridine core, al-
lowing to fine-tune the molecule interaction with  
the H+/K+-ATPase enzyme. The subsequent func-
tionalization of these derivatives has led to the 
identification of compounds exhibiting remark-
able in vitro and in vivo inhibitory activities 
against gastric acid secretion, positioning them 
as promising leads for the development of new 
therapies for diseases associated with the in-
creased stomach acid production.

Thus, the utility of the Bartoli reaction con-
sists not only in constructing complex nitrogen-
containing heterocycles, but also in enabling the  
targeted modification of these molecules to enhance 
their pharmacological profiles, thereby offering 
a valuable strategy for the discovery and optimi-
zation of novel P-CABs.

The next described method for constructing 
the 6-azaindole core is the Sonogashira reaction.  
The interaction of tert-butyl (4-iodopyridine-3-yl)
carbamate 8 with a terminal alkyne 9 at room 
temperature gave the alkylation product 10; its 
heating at 80 °C provided a smooth cyclization 
to 2-benzyl-oxymethylpyrrolo[2,3-c]pyridine 11, 
from which a new tricyclic diamine 12 could be 
synthesized by further functionalization [15].  
In addition, to implement a tandem Sonogashira  
coupling/intramolecular cyclization reaction and  
obtain 6-azaindole 11 in one stage, the reaction  
mixture of iodopyridine 8 with a terminal alkyne 
9 was heated (Scheme 4).

Undoubtedly, our review would be incomple- 
te without mentioning the study from 2005 [16] 
where the authors described a one-step method  
for constructing a combinatorial library of 6-aza- 
indole derivatives 15, it involves the direct di- 
lithiation of unprotected 3-amino-4-picoline 13. 
The condensation of the dianion A obtained with  
carboxylic acid esters, thioester, or dihydrofura- 
none 14 led to a number of 2-substituted pyrro- 
lo[2,3-c]pyridines with quite good and competi-
tive yields (Scheme 5).
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Scheme 1. The “classic” Bartoli reaction of nitropyridines with a vinyl Grignard reagent
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Another convenient method for synthesizing 
2-alkyl(aryl, heteroaryl)-substituted 6-azaindo- 
les 19 is the palladium-catalyzed reaction of 
gem-dichloro olefins 17 and boronic acids 18, 
which includes a tandem intramolecular C-N 
coupling and the intermolecular Suzuki process 
(Scheme 6) [17].

In work [18] an example of obtaining 2-phe-
nyl-1H-pyrrolo[2,3-c]pyridine 15 using a Pd-cata- 
lyzed and carbon monoxide mediated reductive  
cyclization of 3-nitro-4-styrylpyridine 20 (Sche- 
me 7) was described. In a similar transformation,  

authors of work [19] used phenyl formate as a CO 
source (Scheme 7).

Another example of the Pd-catalyzed synthe- 
sis of 6-azaindoles 25 was developed based on the 
Sonogashira reaction followed by a tandem C–N 
coupling and cyclization with amines. The inter-
action of 3,4-dibromopyridine 21 with alkynes 22  
led to 3-bromo-4-(arylethynyl)pyridines 23, the 
treatment with aromatic amines produced a range  
of pyrrolo[2,3-c]pyridines 25 (Scheme 8) [20].

The work documented in [21] outlines a 
one-pot method for synthesizing 3-substituted  
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Scheme 4. The Sonogashira reaction in the synthesis of 6-azaindole core
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Scheme 5. The scheme of the synthesis of the combinatorial library of 6-azaindole derivatives
 

N

CHO

NHBoc
N

N
H

Cl Cl

Boc

CHCl3, PPh3

t tBuOK,  BuOH
heptane, PhMe

17, 60 %

R B(OH)2

Pd(OAc)2, S-Phos,

K3PO4*H2O, PhMe, 100 oC

N N

Boc

R

19, 55 91 %–16

18

R = PrCH=CH, Ph, 2-MeCn 6H4, 4-MeOC6H4,

4-CF3C6H4, 2-naphtyl, 3-thienyl
N OMe

Scheme 6. The alternative approach to 2-alkyl(aryl, heteroaryl)-substituted 6-azaindoles



ISSN 2308-8303 (Print) / 2518-1548 (Online) 35

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (1)

6-azaindoles 28 by the Pd-catalyzed direct an-
nulation of ortho-chloroaminopyridine 26 with 
aldehydes 27 (Scheme 9). It is noteworthy that 
the authors of [22] used the Fischer cyclization 
of 3-hydrazinyl-2-methoxypyridine 29 and pro-
tected phenylacetaldehyde 30 as an alterna-
tive metal-free method for obtaining 3-phenyl-
6-azaindole 28 (Scheme 9).

A series of works [23 – 25] describe the con-
densation of nitropyridines 31 with diethyl oxa- 
late followed by the reductive cyclization of the  
resulting product 32 to yield ethyl 1H-pyrrolo- 
[2,3-c]pyridine-2-carboxylates 33, which are used  

as building blocks in the synthesis of an im-
mense range of biologically active compounds 
(Scheme 10).

The synthesis of isomeric ethyl 1H-pyrrolo- 
[2,3-c]pyridine-3-carboxylates 36 was achieved 
by the condensation of 3- and 5-nitropyridines 
34 with diethyl malonate in the presence of NaH 
in the DMF solution, yielding the corresponding 
diethyl 2-pyridylmalonates 35. The reduction of 
the nitro group in these compounds followed by 
the heterocyclization with 25  % aqueous ammo-
nia solution in situ led to the formation of the 
target products 36 (Scheme 11). Derivatives of 
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Scheme 7. The synthesis of 2-phenyl-1H-pyrrolo[2,3-c]pyridine with the reductive cyclization
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diethyl malonates 35 were converted into ethyl 
esters of acetic acid 37 by the decarboxylation 
treated with LiCl in a water/DMSO mixture at 
reflux. The reductive cyclization of derivatives 37  
with zinc in acetic acid produced 5-amino- and 
7-amino-6-azaindoles 38 (Scheme 11) [26]. On the  
example of the synthesis of ethyl 5-amino-2-hy- 
droxy-1H-pyrrolo[2,3-c]pyridine-3-carboxylate 36,  
the authors of work [27] tried the heterocycli-
zation in a Parr hydrogenator using a catalytic  
amount of Pd on carbon in ethanol and the treat- 
ment with the 18  % solution of hydrochloric acid,  
as well as treating diethyl malonate 35 with an 
excess of SnCl2·H2O in ethanol under ultrasound 
activation (Scheme 11) [27].

Meanwhile, the condensation of 4-chloro-3-nit- 
ropyridine 39 with ethyl cyanoacetate yielded 
ethyl 2-cyano-2-(3-nitropyridin-4-yl)acetate 40; 
its intramolecular cyclization upon the treatment  
with powdered zinc in acetic acid led to the for-
mation of ethyl 2-amino-1H-6-azaindole-3-car-
boxylate 41 (Scheme 12) [28, 29].

The Pd-catalyzed cyclization of tert-butyl 
2-(5-nitropyridin-4-yl)acrylate 43 obtained by the  
condensation of the corresponding ethanoate 42  
with 1,3,5-trioxane in the presence of calcium oxi- 
de and potassium carbonate yielded the expec- 
ted tert-butyl 6-azaindole-3-carboxylate (Sche- 
me 13) [30].

The authors of work [31] developed a one-pot  
variant for the synthesis of 2-trifluoromethyl-6- 
azaindoles 46. The acylation of 2-methoxy-3-nit- 
ropyridine 45 with ethyl trifluoroacetate led to  
the formation of the intermediate 1,1,1-trifluoro- 
3-(3-nitropyridin-4-yl)propan-2-one (A) cyclized  
under the action of Zn in acetic acid to 2-(tri- 
fluoromethyl)-6-azaindole 46_1. In contrast, the 
reaction of 2-chloro derivative 45 resulted in a 
mixture of 6-azaindole 46_2 (yield 33  %) and cy-
clic hemiaminal 47 (yield 49  %). An improvement 
in the yield of the target 7-chloropyrrolo[2,3-c]- 
pyridine 46_2 was achieved by dehydration by 
stirring the mixture of products in glacial acetic 
acid for 3 days (Scheme 14).
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Scheme 11. The example of the synthesis of isomeric ethyl 1H-pyrrolo[2,3-c]pyridine-3-carboxylates
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Another convenient approach to 3-trifluoro-
methyl-6-azaindoles was described in 2020 [32]. 
The hydration of trifluoracetyl derivative 48 in 
hydrochloric acid at 80 oC for 16 hours gave easy 
removing of the tri fluoroacetyl group to give 3-H 
2-trifluoromethyl 6-azaindole.  This efficient sca- 
lable synthetic route to 2-trifluoromethyl 6-aza- 
indole made possible the synthesis of a variety 
of 3-substituted 2-trifluoromethyl 6-azaindoles 
and their partially saturated derivatives 49 – 54 
(Scheme 15).

In 1970, the synthesis of 3-formyl-6-azaindole  
by the Vilsmeier-Haack formylation in 19  % yield  
was described for the first time. However, in 2024,  
this work was expanded and supplemented by 
a study concerning the scope and limitations of 
the synthesis of 3-formyl-6-azaindoles 56 via the  
Vilsmeier-Haack formylation of the corresponding  
3-amino-4-methyl pyridines 55 (Scheme 16) [33].

This method was demonstrated to be very ef-
fective, scalable, and regioselective, requiring no 
catalysts and quite easy to perform.

Also, the same year, the synthesis of 6-azain-
doles via the formal electrophilic [4+1]-cyclization 
of 3-amino-4-methyl pyridines from the whole set  
of 3-amino-4-methylpyridine derivatives was de- 
scribed in detail (Scheme 17) [34]. The essen-
tial difference compared to all similar reactions 
previously known is the absence of the activation  
of the methyl group by a strong base. It allows 
to provide the cyclization in mildly acidic condi- 
tions and significantly enlarges its scope. 3-Methyl- 
amino-4-methylpyridine and 3-hydroxy-4-methyl- 
pyridine were preparatively entered into the re-
action, giving the corresponding fused pyrrolo-/
furano-derivatives though in hydrated form.

While pyrrolo[2,3-c]pyridines themselves are  
of substantial interest mainly due to their po-
tential as pharmacophores, the move towards 
synthesizing their annulated derivatives opens 
new possibilities in drug design. Approaches to 
them include strategies, such as intramolecular 
cyclization reactions, the use of transition metal- 
catalyzed cross-coupling reactions, and employing  
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heteroatom insertions. Each method offers its own  
set of advantages in terms of selectivity, yield, 
and the types of annulated structures that can 
be achieved.

A one-pot, two-step method for synthesizing 
highly functionalized derivatives of 6-azaindole 61  
was developed based on the nucleophilic aroma- 
tic substitution reaction of perfluoropyridine 59 
with heterocyclic ketene aminals 60 promoted by  
two bases, K2CO3 and Cs2CO3 (Scheme 18) [35].

A convenient route for obtaining condensed 
derivatives of 6-azaindoles 63 and 64 is based 
on a simple four-step cascade sequence; its key 
stages are Cu-catalyzed coupling of boronic acids 
62 with di-tert-butyl diazodicarboxylate (DBAD) 
and the Fischer indolization (Scheme 19) [36]. 

The interaction of 3-hydrazinyl-2-methoxypyri-
dine 29 with cyclohexanone under the Fischer cyc- 
lization conditions was also effective for the annu- 
lation of the tricyclic system 63 (Scheme 19) [22].

An effective method for obtaining β-carbolines 
68 involved directed lithiation of 3-fluoropyridi- 
nes 65 followed by zincation and the Negishi cross- 
coupling with 2-halogenanilines 66, leading to the  
formation of 2-aminobiaryls 67. Further treatment  
of derivatives 53 with an excess of NaHMDS fa-
cilitated the intramolecular aromatic substitu-
tion, yielding the target 9H-pyrido[3,4-b]indoles 
68 (Scheme 20) [37].

Another convenient approach to the synthesis 
of β-carbolines 71 is based on a double C–N coupling  
catalyzed by copper of 3,4-dibromopyridine 69 with  
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a series of amines 70 (Scheme 21) [38]. In turn, 
the authors of work [39] successfully used the 
Pd-catalyzed Buchwald-Hartwig reaction to ob-
tain β-carbolines 71, and dicarbolines 72 and 73 
(Scheme 21).

In work [40], the synthesis of a new electron-
deficient 2,5-diazacarbazole (2,5-NCz) (77) was 
reported for the first time. The synthetic path-
way involved the interaction of 2-chloro-3-nitro-
pyridine (74) with boronic acid 75 and the cy-
clization of the resulting 3-nitro-2,4’-bipyridine 
(76) to 2,5-NCz (77). It is worth noting that com-
pound 77 synthesized possesses a high level of 
the triplet energy T1 = 2.77 eV and a potential 

for creating organic electronic materials in the 
photoelectric field. Through structural modi-
fication of product 77, two new materials for 
electron transport (ETM), p-S25NCzDPA and 
p-D25NCzDPA 78, were developed and used 
to manufacture sky-blue fluorescent OLEDs 
(Scheme 22).

For the synthesis of pyrido[4’,3’:4,5]pyrro- 
lo[2,3-d]pyrimidine derivatives 82, among which  
a dual inhibitor of the FMS-like tyrosine kinase 
3 (FLT3) and cyclin-dependent kinase 4 (CDK4) 
were identified, 5-(3-chloropyridin-4-yl)pyrimi- 
dine-2,4-diamine 81 was introduced into the  
Buchwald-Hartwig reaction. This compound was  
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Scheme 18. The method for the synthesis of annulated pyrrolo[2,3-c]pyridines with EWG in the pyrrole cycle
 

N

R

B(OH)2

O

N N
H

OMe

1. DBAD, Cu(OAc)2*H2O

MeOH, 65 oC, 1 h

2. 4M HCl in dioxane

80 oC, 18 h
63, 55 61 %–

Ph
O

1. DBAD, Cu(OAc)2*H2O

MeOH, 65 oC, 1 h

2. 4M HCl in dioxane, 80 oC, 18 h

N N
H

Ph

64, 61 %

62

N

OMe

NHNH2

O

29

aq H2SO4, , 2 h�

R = H, MeO

Scheme 19. The synthesis of condensed 6-azaindoles via the Cu-catalyzed coupling of boronic acids
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Scheme 20. An effective method for the synthesis of β-carbolines
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obtained by the Negishi cross-coupling of 5-bro- 
mopyrimidine-2,4-diamine 79 with boronic acid 
80 (Scheme 23) [41].

2. Annulation of the pyridine nucleus to 
the pyrrole cycle

The next strategy for the synthesis of the pyr-
rolopyridine core is through the annulation of the 

pyridine nucleus onto the pyrrole cycle. In work 
[42] a regioselective approach to the synthesis 
of pyrrolo[2,3-c]pyridine 85 was demonstrated 
by interacting 1H-pyrrole-2-carbaldehydes 83 
with propargylamine to form propargylimine 
84, the reaction of 6π-electrocyclization of which 
at high temperature gave the target product 85 
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N
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Scheme 21. An alternative route to β-carbolines
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Scheme 22. The synthesis of new electron-deficient 2,5-diazacarbazole
 

N

NH2N

Br

N
H

R N

B(OH)2

Cl

Na2CO3, 1,4-dioxane

120 150– oC

N

N NH2

H
N

R

N
Cl

N

N

N
N

Pd2dba3

R

NH2

79 81 82, 84 85 %–

+
PdCl2(PPh3)2

XantPhos, NaO But

1,4-dioxane, 150 oC

80

R = cyclopentyl, Cy, 4-Me-Cy, -4-Me-Cy, 4,4'- -Me-Cytrans di

Scheme 23. The synthesis of pyrido[4’,3’:4,5]pyrrolo[2,3-d]pyrimidine derivatives



ISSN 2308-8303 (Print) / 2518-1548 (Online) 41

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (1)

(Scheme 24). Also, an effective variant В for ob- 
taining 6-azaindole 85 was implemented by heat- 
ing 1-methyl-1H-pyrrole-2-carbaldehyde 83 and 
phenylpropargylamine in the presence of mole- 
cular sieves (Scheme 24) [43].

A method for constructing highly functionali- 
zed 6-azaindoles 87 involved the iodine-mediated  
electrophilic cyclization of 2-alkynyl-1-methylene  
azides 86 (Scheme 25) [44].

The intramolecular cyclization of the poly-
substituted 6-azaindole 90 obtained from the re-
action of ethyl 1H-pyrrole-3-carboxylate 88 and 
N-Ts-glycine 89 under LiHMDS treatment led to 
the highly functionalized pyrrolo[2,3-c]pyridine 
91 (Scheme 26) [45].

The Ir(III)-catalyzed reaction of pyrroloxime 
92 and α-diazocarbonyl derivative 93 proved to be  
effective for the synthesis of N-oxide pyrrolo- 

[2,3-c]pyridine 94. It is worth noting that this 
represents a straightforward method for the syn- 
thesis of phosphorylated heterocycles, which are 
highly important in the organic synthesis and me- 
dicinal chemistry (Scheme 27) [46].

In terms of the synthesis of β-carboline deri- 
vatives through the annulation of the pyridine nuc- 
leus onto the pyrrole cycle, the Pictet-Spengler 
cyclization is one of the most common methods. 
The interaction of tryptamine or serotonin 95 with  
aldehydes in acetic acid led to the formation of 
tetrahydro-β-carbolines 96; its structural modi-
fication yielded derivatives 97 and 98 – potential  
phosphodiesterase-4 inhibitors (Scheme 28) [47].

A series of tetrahydro-β-carbolines and me- 
thyl tetrahydropyrido[3,4-b]indole-3-carboxyla- 
tes 100 synthesized from tryptamine or the me-
thyl ester of tryptophan 99 and aldehydes were  
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Scheme 24. A regioselective approach to pyrrolo[2,3-c]pyridines
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Scheme 25. The method for obtaining highly functionalized 6-azaindoles
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Scheme 26. Another approach to highly functionalized 6-azaindoles
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alkylated and acylated in position 2 to obtain po- 
tential antimicrobial agents 101 (Scheme 29) [48].

Tetrahydro-β-carbolines 103 were synthesized  
via a microwave-assisted version of the Pictet-

Spengler reaction from the methyl ester of try- 
ptophan 102 and aldehydes in methanol in the 
presence of trifluoroacetic acid (TFA). The inter- 
mediate products 103 were transformed into the  

N
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MeMe
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O
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+
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Scheme 27. The synthesis of pyrrolo[2,3-c]pyridine N-oxide
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Scheme 28. The synthesis of β-carboline derivatives through the Pictet-Spengler cyclization
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corresponding N-substituted tetrahydro-β-carbo- 
lines 104, hydantoin 105, and pyrazine 106 con-
densed derivatives (Scheme 30) [49].

The β-carboline derivatives 104 – 106 obtained  
were analyzed as potential analgesics and an-
tagonists of TRPM8 binding sites (transient re-
ceptor potential melastatin 8 ion channel) [49].

2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-1- 
carboxylic acids 108 were obtained by the reac- 
tion of tryptamines 107 with glyoxylic acid [50 – 52].  
The subsequent esterification of acids 108 in the 
presence of thionyl chloride in methanol yielded 
methyl tetrahydropyrido[3,4-b]indole-1-carboxy- 
lates 109; its aromatization with potassium per-
manganate or sulfur in refluxing xylene led to  
methyl 9H-pyrido[3,4-b]indole-1-carboxylates 110  
(Scheme 31). Otherwise, the authors of [53] used  
DBN in the air to oxidize alkyl-, aryl-, and he- 
teroaryl-substituted β-carbolines 109 (Scheme 31).

In a series of studies [54 – 58], a general ap-
proach to the synthesis of methyl 9H-pyrido[3,4-
b]indole-3-carboxylates 114 is described. This ap-
proach includes the Pictet-Spengler reaction of 
tryptophan 111 and aldehydes 99, esterification  

of acids 112, and oxidation of tetrahydro-β-car- 
bolines 113 (Scheme 32). A similar synthetic path- 
way was used to obtain (3S)-methyl-1H-pyrido- 
[3,4-b]indole-3-carboxylates [59, 51].

On the other hand, the authors of study [60] 
initiated the construction of the β-carboline core  
118 by esterifying L-tryptophan 115 with metha- 
nol in the presence of SOCl2 to obtain hydrochlo-
ride 116, which was subjected to the Mannich 
reaction with formaldehyde in an acidic media, 
yielding tetrahydro-β-carboline-3-carboxylate 
117. The oxidation of the latter with trichloro- 
isocyanuric acid (TCCA) in DMF produced me-
thyl 9H-pyrido[3,4-b]indole-3-carboxylate 118 
(Scheme 33).

A one-pot method for the synthesis of β-car- 
boline 121 was developed through the reaction of 
tryptamine 119 and pyridine-2-carboxaldehyde 
120 in refluxing anisole followed by reduction 
with the Pd/C system (Scheme 34). It is notewor-
thy that the copper(II) complexes 122 based on 
1-(pyridin-2-yl)-9H-pyrido[3,4-b]indole 121 were  
tested for the antitumor activity against myeloid 
leukemia 1 (Mcl-1) [61, 62].

N
H

NH2

CO2Me

TFA, MeOH, mW N
H

NH

CO2Me

102 103
R

N
H

N

COR1

R

N
H

N

R

N
H

N

R

R2

N

O

O

R2

NH

O

O

R2

104

105

106

R
CHO

1

3

5

11a

6

12a

3

104: R, R1, R2; Ph, OMe, Bn (1 ,3 ); Ph, OMe, Bn (1 ,3 ); H, NHCHR S S S 2(4-F)Ph, H (3 ); Bu, NHCHS i 2(4-F)Ph, H

(1 ,3 ); Bu, NHCHR S i 2(4-F)Ph, H (1 ,3 ); CHS S 2CH2CO2Me, NHCH2(4-F)Ph, H (1 ,3 ); CHR S 2CH2CO2Me,

NHCH2(4-F)Ph, H (1 ,3 ); CHS S 2CH2CO2H, NHCH2(4-F)Ph, H (1 ,3 ); CHR S 2CH2CO2H, NHCH2(4-F)Ph, H

(1 ,3 ); H, OMe, COCHS S 2CH2NH2 (3 )S

105, 106: R, R2; H, H (12a ); H, Bn (3 ,12a ); H, Bn (3 ,12a ); Bu, Bn (3 ,6 ,12a ); Bu, Bn (3 ,6 ,12a );S S S S S i S R S i S S S

4-Cl-C6H4, H (6 ,12a ); 4-Cl-CR S 6H4, H (6 ,12a ); H, CHS S 24-F-C6H4 (11a ); Bu, CHS i 24-OMe-C6H4 (5 ,11a );R S

iBu, CH24-OMe-C6H4 (5 ,11a ); 4-Cl-CS R 6H4, CH24-Me-C6H4 (5 ,11a ); 4-Cl-CR S 6H4, CH24-Me-C6H4 (5 ,11a );S R

4-Cl-C6H4, CH24-F-C6H4 (5 ,11a ); 4-Cl-CR S 6H4, CH24-Me-C6H4 (5 ,11a ); 4-F-CR S 6H4, Bn (5 ,11a ); 4-F-CR S 6H4,

Bn (5 ,11a ); 4-F-CS R 6H4, (CH2)3NH2 (5 ,11a ); 4-F-CR S 6H4, (CH2)3NH2 (5 ,11a ); 4-F-CS R 6H4, 3-CF3-C6H4

(5 ,11a ); 4-F-CR S 6H4, 3-CF3-C6H4 (5 ,11a ); 4-F-CS R 6H4, 3-CF3-C6H4 (5 ,11a ); 4-F-CS S 6H4, 2-F-C6H4

(5 ,11a ); 4-F-CR S 6H4, 2-F-C6H4 (5 ,11a ); 4-F-CS R 6H4, 4-F-C6H4 (5 ,11a ); 4-F-CR S 6H4, 4-F-C6H4 (5 ,11a )S R

Scheme 30. The synthesis of tetrahydro-β-carbolines via the microwave-assisted Pictet-Spengler reaction
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Scheme 32. The approach to the synthesis of methyl 9H-pyrido[3,4-b]indole-3-carboxylates
 

N
H

NH2

CO2H

MeOH, , 4 h�

1. SOCl2, MeOH

0 oC to rt, 4 h

2. , 3 h�
N
H

NH

CO2Me

115 117, 89 %

TCCA, TEA, DMF, 0 oC, 2 h

N
H

N

CO2Me

118, 80 %

N
H

NH2

CO2Me

HCl

116, 95 %

37 % CH2O

HCl
*

*

Scheme 33. The synthesis of the β-carboline core through the Mannich reaction
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The authors of work [63] developed a one-step  
method for synthesizing β-carboline derivatives 
124 from substituted methyl ester of tryptophan 
123 and aldehydes in a methylene chloride solu-
tion in the presence of catalytic amounts of TFA 
at room temperature, followed by further treat-
ment of the reaction mixture with trichloroiso-
cyanuric acid (Scheme 35).

The biomimetic approach is a convenient al- 
ternative to the methods involving the stepwise  
synthesis of β-carbolines. Treating a mixture of  
substituted tryptophan 125 and amino acids with  
molecular iodine and trifluoroacetic acid succes-
sively undergoes decarboxylation, deamination, 
the Pictet-Spengler reaction, and oxidation, re-
sulting in the formation of target β-carbolines 
127 (Scheme 36). In contrast, the reaction of try- 
ptophan hydrochloride 126 leads to the formation 
of methyl 9H-pyrido[3,4-b]indole-3-carboxylate 
127. This indicates that the carboxylic group es-
terification in tryptophan blocks the decarboxy-
lation, but does not impede other reactions in 
the process [64].

The oxidative cyclization mediated by tetra- 
butylammonium bromide (TBAB) proved to be an  

effective method for obtaining β-carbolines 129 
from readily available tryptophans 128 and al-
dehydes (Scheme 37) [65].

An efficient approach to the synthesis of 
β-carbolines 132, 134 was implemented under 
metal-free conditions starting from heteroaroma- 
tic aldehydes 130, propargylamines 131, or but-
3-yn-2-amines 133 (Scheme 38) [43].

The authors of study [66] successfully used 
a cascade aza-alkylation/Michael addition re-
action sequence, exemplified by the interaction  
of functionalized enones 135 with α-bromoketo- 
nes 136 to obtain diketoindoles 137, which upon 
treatment with NH4OAc in acetic acid yield-
ed 1,3-disubstituted β-carbolines 138 (Sche- 
me 39). 

The conditions of the cascade reaction proved 
to be effective for the synthesis of ethyl 9H-
pyrido[3,4-b]indole-3-carboxylate 143 as well. 
The required enone 141, which was generated 
by the Wittig olefination of aldehyde 139 with 
phosphorane 140 in the subsequent one-pot pro- 
cess with 2-bromo-1-phenylethanone 142, gave 
the target carboxylate 143 with the yield of 63  %  
(Scheme 40) [66].
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Scheme 35. Another one-step method for synthesizing β-carboline derivatives
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Scheme 36. The biomimetic approach to the synthesis of β-carbolines
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R =  R1 = H, R2 = Et, R3 = Ph, 3-NCC6H4; R =  R1 = H, R2 = OBn, R3 = Ph;

R = 6-Me, R1 = H, R2 = Me, R3 1 = H, R2 = OMe, R3 = Ph, 4-NO2C6H4;
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Scheme 37. The synthesis of β-carbolines from readily available tryptophans and aldehydes
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The Pictet-Spengler reaction also serves as 
a general approach to the synthesis of marino-
quinolines 145. The interaction of substituted 
2-(1H-pyrrole-3-yl)anilines 144 with a range of 
aliphatic, aromatic, and heteroaromatic aldehy- 
des resulted in a library of 3H-pyrrolo[2,3-c]qui-
nolines 145 (Scheme 41) [67 – 69].

2-(1H-Pyrrole-3-yl)anilines 146 have proven 
to be convenient substrates in the synthesis of  
pyrroloquinolines 149 through electrocyclization  
reactions. The interaction of the initial anilines 
with the pyrrol-3-yl fragment 146 with isocyana- 
tes in the DCM solution at room temperature 
yielded urea derivatives 147. The treatment of  
these compounds with CBr4, PPh3, and TEA led  
to the formation of carbodiimides 148. The sub-
sequent deprotection of carbodiimides 148 with 

tetrabutylammonium fluoride (TBAF) was ac-
companied by the electrocyclization reaction and  
the in situ formation of the desired marinoqui-
nolines 149 (Scheme 42) [70].

The authors of work [71] developed a Pd-cata- 
lyzed cyclization of imines 150 to create the 3H-
pyrrolo[2,3-c]quinoline system 151. It is a part 
of the natural antimalarial marine products ap- 
lidopsamine A and marinoquinoline A. The base-
induced deprotection of the phenylsulfonyl frag-
ment from pyrroloquinoline 151 led to the forma-
tion of marinoquinoline A 152 with the yield of 
96  %. For the synthesis of aplidopsamine A 154, 
the benzoyl peroxide (BPO) catalyzed bromina-
tion of pyrroloquinoline 151 was carried out using 
NBS to obtain bromide 153. The reaction of the 
latter with 6-chloropurine in the DMF solution  
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Scheme 40. The synthesis of ethyl 9H-pyrido[3,4-b]indole-3-carboxylate
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and the treatment of the intermediate with the 
saturated methanolic ammonia solution led to the  
formation of aplidopsamine A 154 with the yield 
of 69  %. Additionally, bromide 153 was used in  
the synthesis of the hybrid natural product ana- 
log NCLite-M1 155 by the alkylation of quina-
zolinone with bromomethylpyrroloquinoline 153  
followed by the deprotection allowed for the pro-
duction of NCLite-M1 155 with the yield of 90  % 
(Scheme 43).

3. The synthesis of the 6-azaindole sys-
tem with a single-step formation of pyrrole 
and pyridine rings

A new variant of constructing the 6-azaindole  
core 159 has been developed based on the intramo-
lecular Diels-Alder cycloaddition of oxazole 158  
obtained from the reaction of oxazole 156 with 
diene 157 (Scheme 44) [72].

The reaction of alkyne-allene isomerization 
of esters 162 in situ proved to be convenient for 
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Scheme 42. Marinoquinolines from 2-(1H-pyrrol-3-yl)anilines
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the synthesis of ethyl pyrrolo[2,3-c]pyridine-4- 
carboxylates 163. The Cu(I)-catalyzed interaction  
of alkyne 160 with ethyl diazoacetate 161 yield-
ed the internal alkyne 162; its further heating in  
the presence of TEA was accompanied by iso- 
merization into an allene and a spontaneous for- 
mation of 6-azaindole-4-carboxylate 163 (Sche- 
me 45) [72].

A one-pot synthesis of polycyclic systems con- 
taining the 6-azaindole fragment was carried out  
by the Pd-catalyzed Sonogashira coupling/intra-
molecular [2+2+2] cyclization. The reaction of 
N-alkynyl sulfonamide 164 with alkynyl nitriles 
165 under cross-coupling conditions yielded di-
enyl nitriles 166, from which terminal alkynes 
167 were obtained by removing the trimethyl- 
silyl group. The Rh(I)-catalyzed cyclization of the  
latter led to the formation of the target pyrido- 
[3,4-b]indoles 168 (Scheme 46) [73 – 75].

4. 6-Azaindoles of high MedChem im-
portance

Pyrrolo[2,3-c]pyridines represent a significant  
class of heterocyclic compounds that exhibit a wide  
range of biological activities. Due to their struc-
tural similarity to natural alkaloids and their 

ability to interact with various biological targets, 
these compounds have attracted considerable in- 
terest in medicinal chemistry and drug develop-
ment. The key areas of the biological activity for 
pyrrolo[2,3-c]pyridines include the anticancer ac- 
tivity, antiviral properties, neuroprotective effects,  
anti-inflammatory and analgesic activities, anti- 
malarial activity, modulation of ion channels and  
receptors activity, etc.

The 6-azaindole core is incorporated into the 
approved antiretroviral drug Fostemsavir 169 
(Rukobia™) [76] and its prodrug Temsavir 170 
(BMS-626529) [77] (Figure 1). They inhibit the 
attachment of the viral gp120 and prevent HIV 
entry. Both structures are widely used in the 
treatment of patients who have intolerance or 
resistance to other HIV/AIDS medications.

6-Azaindolylmaleimide 171 (Figure 2) syn-
thesized by the authors of [4] exhibits a high ki-
nase selectivity toward oncogenesis-associated 
protein kinases VEGFR, FLT-3, and GSK-3β, 
demonstrating a potent inhibition of angiogen-
esis and cell proliferation.

Among the functionalized 6-methyl-1H-pyr- 
rolo[2,3-c]pyridin-7(6H)-ones, bromodomain and 

N N

Boc

163, 23 86 %–

N

O N

Boc

162, 31 40 %–

or PhMe, 70 to 90 oC, 21 h
CO2Et

N

O N

Boc
CH

R
CuI, MeCN, rt, 4 18 h–

161

160

TEA, 60 oC, 19 h
R

Me Me

Me

CO2Et

R
N2 CO2Et

R = H, Me

Scheme 45. The alkyne-allene isomerization and cyclization of esters 150
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an extra-terminal domain (BET) inhibitor 172 
(ABBV-075/mivebresib) were found. The latter 
is characterized by excellent pharmacokinetic 
properties and is currently undergoing phase I 
clinical trials [12]. Meanwhile, compound 173 

showed an excellent antiproliferative activity 
against the BxPC3 cell line, strongly induced 
the degradation of bromodomain-containing 
protein 4 (BRD4), and inhibited BRD4 BD1 [24] 
(Figure 3).

3-(2-Fluorophenyl)-N-phenyl-1H-pyrrolo- 
[2,3-c]pyridine-7-amine 174 exhibited a high cy-
totoxic activity against prostate (PC-3) and co-
lon (HCT116) cancer cell lines, and was found 
to be non-toxic to normal human fibroblast cells 
(WI-38) [10] (Figure 4).

Also, pyrrolo[2,3-c]pyridine core is a part of such 
β-carboline alkaloids as norharmane, harmane, 
eudistomin [78], trigonelline [79], aplidiopsami- 
ne A [80], and marinoquinolines [81]. The β-carbo- 
line structure is present in such synthetic drugs 
as Lefetamine 175, which has antibiotic proper- 
ties and antiproliferative action [82], and the an- 
xiolytic drug Abecarnil 176 [83] (Figure 5).
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1-Substituted β-carbolines have shown a sig-
nificant fungi activity. Compound 177 is charac-
terized by the high antifungal activity against 
G. graminis, while derivatives 178 – 180 are ac-
tive against B. cinerea and F. graminearum [51] 
(Figure 6).

Tetrahydro-β-carbolines 169 and 170 demon- 
strated a good selectivity for inhibiting butyryl-
cholinesterase (BuChE), disaggregation of Aβ1-42,  
and an excellent neuroprotective activity by  

alleviating damage induced by H2O2, okadaic 
acid, and Aβ1-42, without cytotoxicity in SH-SY5Y 
cells. Thus, compounds 169 and 170 are potent 
multifunctional agents against Alzheimer’s dis-
ease and can serve as promising lead candidates 
for further development [84] (Figure 7).

Compound 183 proved to be a potent, selec- 
tive, and metabolically stable antagonist of the  
transient receptor potential melastatin 8 (TRPM8)  
ion channel (Figure 8). In vivo, 183 demonstrated  
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Figure 4. 3-(2-Fluorophenyl)-N-phenyl-1H-pyrrolo[2,3-c]pyridine-7-amine as a potential inhibitor of prostate (PC-3) and colon (HCT116) 
cancer cell lines
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a significant target coverage in murine models 
of icilin-induced wet dog shakes (WDS), cold al-
lodynia induced by oxaliplatin, and thermal hy-
peralgesia induced by the chronic constriction 
injury (CCI). These results confirm the trypto-
phan moiety as a solid pharmacophore matrix 
for the development of high-potency modulators 
of the TRPM8-mediated activity [49].

A derivative of pyrido[4’,3’:4,5]pyrrolo[2,3-d]- 
pyrimidine 184 was identified as an effective in- 
hibitor of checkpoint kinases 1 and 2 (CHK1, CHK2)  
belonging to serine/threonine kinases and play-
ing a central role in the mechanisms of the cel-
lular regulation and DNA repair [41]. It is note- 
worthy that among compounds of this class of he- 
terocycles, a potent and orally bioavailable dual 
inhibitor 185 (AMG 925) of cyclin-dependent ki- 
nase (CDK4) and tyrosine kinase (FLT3) was 
found. The derivative 185 inhibits the proliferation  
of a range of human tumor cell lines, including 
Colo205 (Rb+) and U937 (FLT3WT), induces cell  
death in MOLM13 (FLT3ITD), and even in MOLM13  
(FLT3ITD, D835Y), which shows resistance to se- 
veral FLT3 inhibitors. In well-tolerated doses, com- 
pound 185 leads to the significant inhibition of  
the growth of MOLM13 xenografts in mice, and 
the activity correlates with the inhibition of 
STAT5 and Rb phosphorylation [41] (Figure 9).

■ Conclusions

Thus, the analysis of the literature sources 
for the last 15 years has shown that the construc-
tion of the 6-azaindole core and its structural 
modification remains a topical issue in the or-
ganic synthesis and medicinal chemistry. Biolo- 
gically, pyrrolo[2,3-c]pyridines have emerged as 
a significant class of compounds with a potent 
activity across the spectrum of targets. The elu-
cidation of their mechanisms of action and the 
optimization of their pharmacokinetic profiles 
are still crucial for drug development. The iden-
tification of derivatives with activity against 
challenging targets, such as protein kinases 
and viral proteins underscores the potential of  
pyrrolo[2,3-c]pyridines in addressing unmet me- 
dical needs.

In this sense, the future of pyrrolo[2,3-c]py- 
ridine study is promising, and we anticipate new  
discoveries that will further enrich our pharma-
cological arsenal and contribute to the advance-
ment of medicinal chemistry. In particular, among  
the vast array of pharmacophores attached to 
the pyrrolo[2,3-c]pyridine framework, the promi- 
sing trifluoromethyl group has been understudied,  
and we expect the results in the field will appear 
in the near future.
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■ Introduction

Ethonium (1,2-ethylene-bis-(N-dimethylcarb- 
decyloxymethyl)ammonium dichloride, Figure 1)  
is a bis-quaternary ammonium salt. It exhibits 
several valuable biomedical properties, e.g. dis-
plays the bacteriostatic and bactericidal activity  
against streptococci, staphylococci, and other mic- 
roorganisms, acts as an antitoxic agent against 
the staphylococcal toxin, has a local anesthetic 
effect, stimulates wound healing, etc. [1].

According to the features described, ethoni-
um has found application as an antimicrobial, 

analgesic, and regenerative agent in treating va- 
rious diseases of the skin and mucous membra- 
nes, such as bedsores, cracked nipples, vaginitis,  
burns, trophic ulcers, radiation lesions, etc. [2].

It is manufactured as a substance and is in- 
cluded as an active ingredient in various medi- 
cinal formulations, for instance, 1 % ointment and  
1 % or 0.5 % gel for external application; 0.02 – 1 % so- 
lutions for the treatment of wounds, ulcers, kera- 
titis, and other eye lesions; the ethonium paste 
for the use in dental practice [3].

The ethonium content control in any sub-
stance or preparations can be achieved by several  
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analytical methods, including titration with per- 
chloric acid in a non-aqueous medium [4], bichro- 
matometry and mercurimetry [5, 6], the photo-
metric and extraction-photometric determination  
in the form of associates with inorganic or orga- 
nic dyes [7 – 11], gas-liquid chromatography [12, 13],  
and ionometry [14]. Although the methods men-
tioned are relatively simple, their general draw-
back is the low selectivity (except for the ionomet- 
ry method). Thus, in the analysis of ethonium by bi-
chromatometric or mercurimetric methods, the de- 
termination is carried out with respect to the chlo- 
ride anion, and not to the organic cation. The me- 
thod of ionometry involves the preliminary manu- 
facturing of an indicator electrode, which is very  
inconvenient. Therefore, despite a number of exist- 
ing methods for the quantitative determination of  
ethonium, the development of simple, accessible, 
and selective methods is still an open question.

Previously, a new enzymatic kinetic-spectro-
photometric method for determining the quater- 
nary ammonium salts was developed in our lab-
oratory. This allows to use the ability of salts to  
inhibit the catalytic activity of cholinesterase [15].  
The degree of inhibition was determined using 
two conjugated reactions of the acetylcholine per- 
hydrolysis followed by the oxidation of p-phene- 
tidine with the peroxyacetic acid formed. Adher-
ing to the research direction in this work, we pre- 
sent the results of the quantitative determina-
tion of ethonium in a medicinal product by the 
enzymatic kinetic-spectrophotometric method.

■ Materials and methods

Reagents and equipment
ETONIY® (Aethonium) powder (substance, 

99.9 %) was produced by OJSC Farmak, Kyiv, 
Ukraine, CAS 21954-74-5, MW 585.736 g mol–1.

Ethonium gel, 0.5 %, 50 mL, batch No. 74 
(Apr 2023) was manufactured by APTEKA PAV-
LOVA Ltd (Odesa, Ukraine). Its composition is 
ethonium (active pharmaceutical ingredient) – 
0.5 g; glycerin – 20.0 g; propylene glycol – 20.0 g;  
PEG 400 – 50.0 g; PEG 1500 – 10.0 g; purified 
water – 10.0 mL. The quantitative content of the 
active substance according to the certificate was 
4.4525 % (w/w).

p-Phenetidine, 98 % (Sigma-Aldrich, batch 
A0281408); p-Phenetidine hydrochloride was pre- 
pared by dissolution of p-phenetidine in chloro-
form followed by precipitation of the salt by gaseous 
hydrogen chloride.

Disodium hydrogen phosphate dodecahydrate  
(Na2HPO4∙12H2O), puriss. p.a. (“ReaChem”, Khar- 
kiv, Ukraine) was used.

Stabilized hydrogen peroxide, 30 – 40 % solu-
tion, puriss. p.a., (LLC Inter-Synthes, Boryslav, 
Ukraine) was used; the content of hydrogen per- 
oxide was determined permanganatometrically  
according to the State Pharmacopoeia of Ukrai- 
ne [16].

Acetylcholine chloride (Pharm Grade), 0.2 g 
per amp/5 mL, was produced by “Vector” – State 
Science Center of Virology and Biotechnology 
(Russia).

A dry cholinesterase (EC 3.1.1.8) powder from  
horse serum (SMU “Biomed”, Russia), 80 mg in 
an ampoule (VI class, activity 28 AU mg–1) was 
used in the study. The catalytic activity of 1 ac-
tivity unit (AU) is manifested in such an amount 
of this enzyme preparation that converts 1 μmol 
of the substrate in 1 min under specified reac-
tion conditions.

High-purity double distilled water was used 
throughout the experiment.

The pH measurements were performed with  
a combined glass electrode (SP20B) together with  
an EAL-1М3.1 reference standard silver chloride 
electrode.

The absorbance measurements were perfor- 
med on an SF-26 spectrophotometer (λ = 358 nm,  
l = 10 mm).

Preparation of solutions
Solution of 0.2 M phosphate buffer (pH 8.35)
Disodium hydrogen phosphate dodecahydrate  

(35.75 g) was dissolved in a 500 mL flask using 
double-distilled water. Then 0.1 M solution of hyd- 
rochloric acid (19 mL) was added. The pH of the 
final solution was controlled potentiometrically.

0.5 % p-Phenetidine hydrochloride (p-Ph) so-
lution

p-Phenetidine hydrochloride (0.50 g) was dissol- 
ved in double-distilled water (80 mL) in a 100 mL  
volumetric flask and diluted to the volume with 
the same solvent.

N
N

O

OMe

O

O Me

Cl

Cl

Figure 1. The structural formula of ethonium
 



ISSN 2308-8303 (Print) / 2518-1548 (Online) 59

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (1)

Solution of 10 % Hydrogen peroxide 
The solution was prepared from a 30 – 40 % so- 

lution of hydrogen peroxide by dilution with the 
required amount of double distilled water. The 
content of hydrogen peroxide in a 10 % working 
solution was determined permanganatometri-
cally.

Solution of cholinesterase (ChE) 
An accurately weighed content of an ampoule  

containing the cholinesterase powder (80 mg) was  
dissolved in double-distilled water (20.0 mL) un-
der gentle heating on a water heater. The shelf 
life of the solution is 1 day.

Solution of acetylcholine chloride (ACh)
The solution with the initial concentration of 

5.4·10–3 mol L–1 was prepared by dissolving the 
ampoule content (0.2 g of acetylcholine) in 200 mL  
of double-distilled water. For this purpose, the 
ampoule was opened, 4.0 mL of water was pipet-
ted and added to the ampoule, and then shaken 
until acetylcholine was completely dissolved. 
Then the solution was transferred into a 200 mL 
volumetric flask and diluted to the volume with 
double-distilled water.

Stock Solution of Ethonium (ET) (1×10–4 mol L–1)
An accurately weighed powder of the ethoni-

um substance containing 0.058574 g of the main 
ingredient was dissolved in 500 mL of double-
distilled water in a 1000 mL volumetric flask. 
The solution was diluted to the volume with the 
same solvent at +20 °C and mixed thoroughly.

Work Standard (WS) Solution of Ethonium 
1×10–6 mol L–1

A 10 mL aliquot of Stock Solution of the drug 
(1×10–4 mol L–1) was transferred into a 1000 mL 
volumetric flask and diluted to the volume with 
double-distilled water at +20 °C.

The procedure for constructing the ki-
netic curves

Part 1 – working experiments “ACh + (ChE + ET)”
The buffer solution (10.00 mL, pH 8.35) is 

added to each of the four 20 mL graduated test 
tubes with a ground joint stopper. Then 0.50, 1.00,  
2.00, and 3.00 mL of the ethonium WS solution 
was added to the test tubes followed by 2.00, 1.50,  
0.50, and 0.00 mL of double-distilled water, re- 
spectively. After that 0.50 mL of the ChE solu-
tion was added to the test tubes, the content was  
thoroughly shaken, and the test tubes were kept 
in a thermostat at +38 ºС for 10 min. Shortly there-
after, the ACh solution (1.00 mL) was added to 
each test tube, the mixture was shaken thorough- 
ly and thermostated for 10 min at +38 ºС again. 
Then a 10 % hydrogen peroxide solution (1.60 mL)  

was added to each test tube and incubated for  
10 min at +38 ºС. Further, the p-phenetidine hyd- 
rochloride solution (1.00 mL) was added, and the  
solution was diluted to the volume with double-
distilled water, shaken thoroughly, and scanned 
photometrically on a spectrophotometer at a wave- 
length of 358 nm in a 1 cm cuvette every minute 
over 15 min. The phosphate buffer was used as a 
reference solution. The relative rate of the reac-
tion [[(ChE + ET) + ACh] +H2O2 + p-Ph] (tgα (Inh),  
min–1) was determined as the slope of a linear sec- 
tion of the “optical density (A) vs time (t, min)” 
kinetic curve.

Part 2 – control experiment #1 “ACh”
The control experiment was carried out in the  

absence of ChE and the inhibitor. The buffer so- 
lution (10.00 mL), 3.00 mL of double-distilled wa- 
ter, 1.00 mL of the ACh solution, 1.60 mL of the  
hydrogen peroxide solution were successively added  
to a 20 mL graduated test tube with a ground 
joint stopper. The test tube was thoroughly sha- 
ken, and then thermostated for 10 min at +38 ºС.  
After that the p-Ph solution (1.00 mL) was added,  
the solution was diluted to the volume with double- 
distilled water, and the mixture was thoroughly 
shaken. Then the solution was scanned photomet- 
rically on a spectrophotometer at a wavelength 
of 358 nm in a 1 cm cuvette every minute over 
15 min. The phosphate buffer was used as a ref-
erence solution. According to the plotted kinetic 
curve “optical density (A) vs time (t, min)”, the re- 
lative rate of the reaction [(ACh + H2O2) + p-Ph] 
was determined as a slope of a linear section of 
the curve (tgα (ACh), min–1).

Part 3 – control experiment #2 “ACh + ChE”
The buffer solution (10.00 mL), 2.50 mL of 

double-distilled water, 0.50 mL of the ChE solu- 
tion, and 1.00 mL of the ACh solution were suc-
cessively added to a 20 mL graduated test tube 
with a ground joint stopper. The content was 
thoroughly shaken and kept at +38 ºС within 
10 min. Next, the hydrogen peroxide solution 
(1.60 mL) was added, and the mixture was thor-
oughly shaken and thermostated for 10 min at 
+38 ºС. After that, the p-Ph solution (1.00 mL) 
was added, and the solution was diluted to the  
volume with double-distilled water. Then the so- 
lution was scanned photometrically on a spectro-
photometer at a wavelength of 358 nm in a 1 cm  
cuvette every minute over 15 min. The phos-
phate buffer was used as a reference solution. 
According to the plotted kinetic curve “optical 
density (A) vs time (t, min)”, the relative rate of 
the reaction [(ChE + ACh) + H2O2 + p-Ph] was 
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determined as a slope of a linear section of the 
curve (tgα (ACh + ChE), min–1).

The relative rates of the reactions determi- 
ned (expressed as tangents of the slope angles) 
were used to calculate the inhibition degree of 
the enzymatic hydrolysis of ACh (U, %), in the 
presence of ethonium according to the following 
equation:

U (%) =

[tgα α( ) – ( C )]Inh A h + ChEtg
×100 %

[tgα α( C ) – ( C )]A h A h + ChEtg

where tgα (Inh) (min–1) – is the relative reac-
tion rate of the p-Ph oxidation by peroxyacetic 
acid formed during the perhydrolysis of unreacted  
ACh in the working experiment at various con-
centrations of the inhibitor (ET);

tgα (ACh) (min–1) – is the relative reaction rate  
of the p-Ph oxidation by peroxyacetic acid for- 
med in the reaction of the ACh perhydrolysis in 
the absence of the inhibitor and ChE (control ex-
periment #1);

tgα (ACh + ChE) (min–1) – is the relative re-
action rate of the p-Ph oxidation by peroxyacetic 
acid formed in the reaction of the perhydrolysis 
of unreacted ACh in the presence of ChE and 
the absence of the inhibitor (ET) (control experi-
ment #2).

The calculated values of U (%) were used to  
plot the calibration graph “inhibition degree (U, %)  
vs ethonium concentration (c, ng mL–1)”.

■ Results and Discussion

Previously, a study was conducted to analy- 
ze the parameters that might affect the perfor-
mance of the approach proposed [17]. This al-
lowed us to determine the optimal working con-
ditions and concentrations of reagents used in 
the present research.

Kinetic curves constructed were based on the 
experimental data on the dependence of optical 
density on time. They are given in Figure 2.

The calibration graph (Figure 3) was con-
structed in the coordinates of the inhibition 
degree (U, %) vs the concentration (c, ng mL–1). 
One can see that within the inhibition interval 
of 20 – 80 % the dependence on the ethonium con- 
centration is linear. This corresponds to the con-
centrations of the inhibitor from 17 ng mL–1 to 
120 ng mL–1. The limit of quantitation (LOQ) was  
defined as the concentration corresponding to 20 %  
of the inhibition degree, and it was 17 ng mL–1.

This method was further applied to determi- 
ne the content of ethonium in a 0.5 % gel formu-
lation and a 0.1 % solution. The results of these 
experiments are presented below.

The method for the quantitative deter-
mination of ethonium in a 0.5 % gel formu-
lation

0.1 g (accurate weight) of the ethonium gel was 
dissolved in 1000 mL of double-distilled water. 
Then, 10.0 mL of the phosphate buffer solution, 
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Figure 2. Kinetic curves of the conjugated oxidation of p-Phenetidine with hydrogen peroxide in the presence of: ACh (1),  
mixtures ACh + ChE (2) and ACh + ChE + Inh (3 – 6). c (ACh) = 3.3×10–4 mol L–1; w (H2O2) = 1 %; w (AChE) = 0.24 mg mL–1.  
w (ET): 17 ng mL–1 (3); 34 ng mL–1 (4); 68 ng mL–1 (5); 102 ng mL–1 (6); w (p-Ph) = 0.3 %
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2.5 mL of the gel solution, and 0.5 mL of the ChE  
solution were successively added to a 20 mL gra- 
duated test tube, the mixture was thoroughly sha- 
ken and incubated at +38 ºС for 10 min. After that,  
1.0 mL of the ACh solution was added, and the 
content was thoroughly shaken and incubated for  
another 10 min at +38 ºС. Further, 1.6 mL of the  
hydrogen peroxide solution was added, and the 
test tube was incubated again at +38 ºС for 10 min.  
After that, 1.0 mL of the p-Ph solution was added,  
diluted to the volume with double-distilled water,  
and the optical density of the solution was measu- 
red at 358 nm in a 1 cm cuvette with the aid of a 
spectrophotometer for 15 min. According to the 
plot of the dependence of optical density on time 
(kinetic curve), the tangent of the slope angle for 
the linear section tgα (Inh) was found, in min–1.

In parallel, two more experiments were car-
ried out. One of them involved acetylcholine and 
cholinesterase without the inhibitor and another  
was performed without the use of cholinesterase 

enzyme. Both of the experiments were guided by  
the procedure for constructing the kinetic curves 
described in the previous section. As a result, the  
other two tangents tgα (ACh + ChE) and tgα (ACh),  
respectively, were determined. 

The content of ethonium in the gel formula-
tion (w, %) was calculated by the formula:

w(% , w/w) =

0.00059574[ ( ) – ( C )] %tg tgα αInh A h + ChE 100×

g × [ ( C ) – ( C )]tg tgα αA h A h + ChE

where 0.00059574 – is the mass of ethonium 
contained in a 10.00 mL aliquot of the Stock So-
lution of the drug, g;

g – is the mass of the ethonium gel sample 
taken for the analysis, g;

tgα (Inh) – is the relative reaction rate in the 
working experiment with the sample solution of 
the drug studied, min–1;

tgα (ACh + ChE) – is the relative reaction rate  
in the absence of the inhibitor, min–1;

y = 0.5609x + 13 059.
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Figure 3. The calibration graph of the dependence of the inhibition degree on the concentration of ethonium in the mixture analyzed 
[ACh + (ChE + ET)] determined by the indicator reaction of p-Ph oxidation by hydrogen peroxide in the presence of residual ACh
 

Table. The results of the analysis of a 0.5 % ethonium gel and a 0.1 % ethonium solution according to the procedure proposed  
by the kinetic-spectrophotometric enzyme method

The substance analyzed ET found (x ± Δx), %a RSD, % The quality certificate 
data, % Accuracy (δ, %)b

Ethonium gel 0.5 % (APTEKA 
PAVLOVA Ltd, Odesa, Ukraine) 0.446 ± 0.015 2.7 0.445 + 0.23

Ethonium solution 0.1 % 
(prepared ex tempore) 0.101 ± 0.003 2.5 0.100 +1.00

Notes: a Mean of 5 measurements (P = 0.95); b δ = (x – μ) × 100 % × μ–1; μ is the actual content of ET according to the Certificate



ISSN 2308-8303 (Print) / 2518-1548 (Online) 62

Журнал органічної та фармацевтичної хімії 2024, 22 (1)

tgα (ACh) – is the relative reaction rate (the 
tangent of the slope angle of the kinetic curve), 
in the working experiment without the use of the  
inhibitor and cholinesterase, min–1;

For the quantitative determination of the in- 
hibitor in a 0.1 % ethonium solution, 1.0 g (accu- 
rate weight) of the ethonium substance was 
dissolved in 1000 mL of double-distilled water. 
Next, the analysis was performed similarly to the  
procedure for the 0.5 % gel formulation.

The results of the quantitative determina-
tion of ethonium in a 0.5 % ethonium gel and a 
0.1 % solution according to the kinetic-spectro-
photometric enzyme method proposed are pre-
sented in Table. They indicate that the relative 

standard deviation (RSD) ≤ 2.7 %, with the cor-
rectness (δ) = +0.23 – 1.00 %, δ < RSD.

■ Conclusions

Thus, a new enzymatic kinetic-spectrophoto-
metric method for determining the quaternary 
ammonium surface-active substance – ethonium  
in a gel preparation has been developed. The ap-
proach is based on the inhibition of the cholines-
terase enzyme activity assessed by the residual 
acetylcholine substrate using the indicator reac- 
tion of p-phenetidine oxidation. The relative stan- 
dard deviation of the procedure does not exceed 
2.7 %. The limit of quantitation is 17 ng mL–1.
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