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Synthetic approaches to 2‑aryl/hetaryl‑ 
and 2‑(hetaryl)ylidene derivatives  

of fluorinated 1,3‑benzothiazin‑4‑ones 

A series of 2-hetaryl- and 2-(hetaryl)ylidene substituted 5-fluoro-8- 
nitro-1,3-benzothiazin-4-ones was synthesized by interaction of 2,6-difluoro-
3-nitrobenzoylisothiocyanate with C-nucleophiles. Cyclocondensation of poly-
fluorobenzoylchlorides with aryl and hetaryl thioamides represents new approach 
to 1,3-benzothiazin-4-ones. Some compounds proved to be promising for further 
development of tuberculostatic agents.
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Introduction
Many synthetic benzothia-

zines are biologically actives, which play 
an  important role in  treatment of vari-
ous diseases. Some 2-amino substi-
tuted 1,3-benzothiazin-4-ones (2-ami-
no-1,3-benzothiazinones) represent 
a promising new class of antitubercular 
agents [1]. Other 1,3-benzothiazin-4-one 
derivatives, mostly 2-aryl and 2-(pyridin-
2-yl) ones, are attractive due to their abil-
ity to suppress an oxidative stress-induced 
cardiomyocyte apoptosis [2]. Synthetic 
approaches to  2-amino-1,3-benzothi-
azin-4-ones are sufficiently developed, 
whereas not many ones are available for 
incorporation of C–C bond into position 2 

[3]. The  synthetic methods are limited 
to the following:

• interaction of 2-mercaptobenzoic 
acids with aryl/hetaryl nitriles [2];

• rearrangement of N-arylthiomethy-
laroylamides catalyzed by phospho-
rus oxychloride, followed by oxida-
tion of 4H-1,3-benzothiazines with 
potassium permanganate [4];

• addition of  C-nucleophiles to 
2-fluorobenzoylisothiocyanates and 
subsequent intramolecular conden-
sation [5].

The last approach opens wide oppor-
tunities for modification of  position 2 
of 1,3-benzothiazin-4-ones. Previously we 
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studied the interaction of polyfluorobenzo-
ylisothiocyanates with CH-reactive benzi-
midazoles [5], 2,6-difluorobenzoylisothio-
cyanate with the same benzimidazoles and 
2-cyanomethylpyridine [6], o-fluoroben-
zoylisothiocyanates with N-methylpyrrole 
and N-methylindole [7]. We presented 
only one example of 2-indolyl-5-fluoro-

8-nitro-1,3-benzothiazin-4-one in recent 
paper [8].

In this article, we wish to report new 
data on 2-substituted 5-fluoro-8- nitro-
1,3-benzothiazinones and introduce effi-
cient synthetic approach to 2-aryl/hetaryl 
derivatives of  1,3-benzothiazin-4-ones 
based on cyclocondensation of  poly-
fluorobenzoyl chlorides with thioamides.

Experimental
1H and 19F NMR (nuclear mag-

netic resonance) spectra were recorded 
in dimethylsulfoxide-d6 (DMSO-d6) on 
the  spectrometer “Bruker-Avance-400” 
(400 MHz), using tetramethylsilane as in-
ternal reference for 1H NMR and CFСl3 
for 19F NMR. Mass spectra were recorded 
on a SHIMADZU GCMS-QP2010 Ultra 
instrument with electron impact ionization 
(EI) of the sample. Microanalyses (C, H, N) 
were performed using the Perkin — Elmer 
2400 elemental analyzer. Melting points 
were measured on the Stuart melting point 
apparatus SMP10 (AC/DC input 230 V AC, 
Merck supplier). 

2,6-Difluorobenzoic acid 1, 2,3,4,5-te-
trafluorobenzoyl chloride 10a and pen-
tafluorobenzoyl chloride 10b were 
purchased from Merck (CAS numbers 
385-00-2, 94695-48-4, 2251-50-5). 3-Ni-
tro-2,6-difluorobenzoic acid 2 was syn-
thesized according to the literature [9]. 
Procedure for toluene solution of 2,6-di-
fluoro-3-nitrobenzoylchloride 3 was re-
ported [8]. 2-Benzoylmethylbenzimidazole 
was prepared from 2-methylbenzimidazole 
[5], 2-cyanomethyl-benzimidazole was 
synthesized by condensation of ethyl cy-
anoacetate with o-phenylenediamine [10]. 
Thioamides 11 were prepared by the addi-
tion of hydrogen sulfide to the correspond-
ing nitriles [11].

5‑Fluoro‑8‑nitro‑2‑(1‑methylpyrrol‑
2‑yl)  — 1,3‑benzothiazin‑4‑one (5). 
The  solution of  ammonium isothiocy-
anate (0.4758 g, 6.26 mmol) in acetoni-
trile (10 mL) was added to toluene solution 
of 2,6-difluoro-3-nitrobenzoylchloride 3 
(0.88 mL, 6.26 mmol). Reaction mixture 
was stirred at 40 °С for 5 min, the precipi-
tate of NH4Cl was filtered off and 1-meth-
ylpyrrole (0.761 g, 9.39 mmol) was added 
to a solution of 2,6-difluoro-3-nitrobenzo-
ylisothiocyanate 3. The mixture was stirred 
at room temperature for 3 h, the precipitate 
of benzothiazinone 5 was filtered off and 
washed with hot ethanol (10 mL). Yield 
1.72 g (90%), mp 194–196 °С. 1Н NMR, 
δ (ppm), J (Hz): 4.09 s (3Н, СН3), 6.30 dd 
(1Н, H4’, 3JHH 4.1, 4JHH 2.3), 7.29 dd (1Н, H3’, 

3JHH 4.2, 4JHH 1.3), 7.37 m (1Н, H5’), 7.62 
dd (1Н, Н6, 3JHH 9.2, 3JFH 9.4), 8.70 dd (1Н, 
H7, 3JHH 9.2, 4JFH 4.5). 19F NMR, δ (ppm), 
J (Hz): — 99.05 dd (1F, 3JFH 9.5, 4JFH 4.0). 
MS (EI), m/z (Irel (%)): 305 [M]+ (14), 106 
(100), 105 (15). Found, %: C 51.17; H 2.60; 
N 13.74. С13H8FN3O3S. Calculated, %: C 
51.15; H 2.64; N 13.76. 

Compounds 6–9 were synthesized 
by the same method. 

5‑Fluoro‑8‑nitro‑2‑(5‑methoxy‑
1‑methylindol‑3‑yl) — 1,3‑benzothiazin‑
4‑one (6). Yield 80%, mp 274–276 °С. 1Н 
NMR, δ (ppm), J (Hz): 3.83 s (3Н, NСН3), 
3.93 s (3Н, OСН3), 7.01 d (1Н, Н6’ , 3JHH 
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8.8), 7.54 d (1Н, Н7’, 3JHH 8.8), 7.65 dd (1Н, 
Н6, 3JHH 9.3, 3JFH 9.5), 7.97 s (1Н, Н4’), 8.66 
s (1Н, H2’), 8.70 dd (1Н, H7, 3JHH 9.3, 4JFH 
4.3). 19F{1H} NMR, δ (ppm): — 99.27 s. 
MS (EI), m/z (Irel (%)): 385 [M]+ (31), 187 
(12), 186 (100), 171 (41), 143 (28). Found, 
%: C 56.13; H 3.15; N 10.87. С18H12FN3O4S. 
Calculated, %: C 56.10; H 3.14; N 10.90. 

5‑Fluoro‑8‑nitro‑2‑(2‑methylindol‑
3‑yl) — 1,3‑benzothiazin‑4‑one (7). Yield 
91%, mp 207–209 °С. 1Н NMR, δ (ppm), J 
(Hz): 2.87 s (3Н, СН3), 7.25 m (2Н, С6Н4), 
7.45 m (1Н, С6Н4), 7.66 dd (1Н, Н6, 3JHH 
9.3, 3JFH 9.6), 8.34 m (1Н, С6Н4), 8.71 dd 
(1Н, H7, 3JHH 9.3, 4JFH 4.6), 12.5 br. s (1Н, 
NH). 19F{1H} NMR, δ (ppm): — 98.42 s. 
MS (EI), m/z (Irel (%)): 355 [M]+ (21), 157 
(12), 156 (100), 155 (50), 81 (10). Found, 
%: C 57.43; H 2.82; N 11.85. С17H10FN3O3S. 
Calculated, %: C 57.46; H 2.84; N 11.83. 

1‑(1,3‑Di hydrob enzimidaz ol‑
2‑yliden) — 1‑(5‑fluoro‑8‑nitro‑4‑oxo‑
4Н‑1,3‑benzothiazin‑2‑yl) — acetoni‑
trile (8). Yield 75%, mp 319–321 °С. 1Н 
NMR, δ (ppm), J (Hz): 7.30 m (2Н, C6H4), 
7.50 dd (1Н, Н6, 3JHH 9.2, 3JFH 9.8), 7.64 m 
(2Н, C6H4), 8.62 dd (1Н, H7, 3JHH 9.2, 4JFH 
4.4), 13.31 br. s (2Н, NH). 19F{1H} NMR, δ 
(ppm): — 97.49 s. MS (EI), m/z (Irel (%)): 
381 [M]+ (39), 183 (13), 182 (100), 155 
(12), 103 (23), 81 (12). Found, %: C 53.50; 
H 2.15; N 18.36. С17H8FN5O3S. Calculated, 
%: C 53.54; H 2.11; N 18.37. 

2‑(1,3‑Di hydrob enzimidaz ol‑
2‑yliden) — 2‑(5‑fluoro‑8‑nitro‑4‑oxo‑
4Н‑1,3‑benzothiazin‑2‑yl) — acetophe‑
none (9). Yield 89%, mp 265–267 °С. 1Н 
NMR, δ (ppm), J (Hz): 7.36 m (5Н, С6Н5), 
7.53 m (4Н, С6Н4), 7.60 dd (1Н, Н6, 3JHH 
9.2, 3JFH 9.5), 8.56 dd (1Н, H7, 3JHH 9.2, 4JFH 
4.5), 13.36 br. s (2Н, NH). 19F {1H} NMR, 
δ (ppm): — 98.39 s. MS (EI), m/z (Irel (%)): 
460 [M]+ (24), 432 (13), 431 (41), 355 (25), 
261 (46), 260 (100), 206 (16), 156 (16), 105 

(45), 77 (71), 51 (10). Found, %: C 60.03; 
H 2.83; N 12.20. С23H13FN4O4S. Calculat-
ed, %: C 60.00; H 2.85; N 12.17. 

6,7,8‑Trifluoro‑2‑phenyl‑1,3‑benzo‑
thiazin‑4‑one (12а). Tetrafluorobenzoyl-
chloride 10a (0.85 g, 4 mmol) was added 
to thiobenzamide 11a (0.397 g, 2.9 mmol) 
in dry toluene (8 mL), reaction mixture was 
refluxed for 3 h and then cooled. The pre-
cipitate of benzothiazinone 12a was filtered 
off and recrystallized from DMSO. Yield 
0.646 g (76%), mp 160–162 0С. 1Н NMR, 
δ (ppm), J (Hz): 7.62 m (2Н, Ph), 7.73 m 
(1Н, Ph), 8.15 ddd (1Н, H5, 3J 10.3, 4J 7.4, 

5J 2.2), 8.19 m (2Н, Ph). 19F NMR, δ (ppm), 
J (Hz): 151.84 ddd (1F, F7, 3J 22.5, 3J 21.5, 
4J 7.4), 135.10 ddd (1F, F8, 3J 21.5, 4J 6.2, 5J 
2.2), 132.50 ddd (1F, F6, 3J 22.5, 3J 10.3, 4J 
6.2). MS (EI), m/z (Irel (%)): 293 [M]+ (11), 
190 (100), 162 (30). Found, %: C 57.51, H 
1.88, N 4.62. C14H6F3NOS. Calculated, %: 
C 57.34, H 2.06, N 4.78.

Compounds 12b‑h were synthesized 
by the same method. 

6,7,8‑Trifluoro‑2‑(p‑chlorophenyl) — 
1,3‑benzothiazin‑4‑one (12b). Yield 59%, 
mp 204–206 0С. 1Н NMR, δ (ppm), J (Hz): 
7.73 d (2Н, H3’,5’, 3J 8.8), 8.23 d (2Н, H2’,6’, 3J 
8.8), 8.24 ddd (1Н, H5, 3J 10.6, 4J 7.5, 5J 2.1). 
19F NMR, δ (ppm), J (Hz): 151.68 ddd (1F, 
F7, 3J 22.5, 3J 21.2, 4J 7.5), 135.02 ddd (1F, 
F8, 3J 21.5, 4J 6.3, 5J 2.1), 132.29 ddd (1F, F6, 
3J 22.5, 3J 10.6, 4J 6.3). MS (EI), m/z (Irel (%)): 
327 [M]+ (4), 190 (100), 162 (27). Found, 
%: C 51.42, H 1.66, N 4.13. C14H5F3NOSCl. 
Calculated, %: C 51.31, H 1.54, N 4.27.

6,7,8‑Trifluoro‑2‑(p‑tolyl) — 1,3‑ben‑
zothiazin‑4‑one (12c). Yield 71%, mp 
184–186 0С. 1Н NMR, δ (ppm), J (Hz): 
2.46 s (3Н, СН3), 7.43 d (2Н, H3’,5’, 3J 8.0), 
8.09 d (2Н, H2’,6’, 3J 8.0), 8.14 ddd (1Н, H5, 
3J 10.0, 4J 7.5, 5J 2.3). Found, %: C 58.75, H 
2.70, N 4.41. C15H8F3NOS. Calculated, %: 
C 58.63, H 2.62, N 4.56.
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6,7,8‑Trifluoro‑2‑(pyridyl‑2)  — 
1,3‑benzothiazin‑4‑one (12d). Yield 76%, 
mp 166–168 0С. 1Н NMR, δ (ppm), J (Hz): 
7.75 dd (1Н, H5’, 3J 8.0, 3J 4.0), 8.10 td (1H, 
H4’, 3J 8.0, 4J 1.8), 8.13 ddd (1Н, Н5, 3J 10.4, 
4J 7.4, 5J 2.2), 8.38 d (1H, H3’, 3J 8.0), 8.79 dd 
(1Н, H6’, 3J 4.0, 4J 1.8). 19F NMR, δ (ppm), 
J (Hz): 151.95 ddd (1F, F7, 3J 22.5, 3J 21.1, 
4J 7.4), 135.64 ddd (1F, F8, 3J 21.1, 4J 6.2, 
5J 2.2), 132.70 ddd (1F, F6, 3J 22.5, 3J 10.4, 
4J 6.2). Found, %: C 52.95, H 1.63, N 9.67. 
C13H5F3N2OS. Calculated, %: C 53.06, 
H 1.71, N 9.52.

5,6,7,8‑Tetrafluoro‑2‑phenyl‑1,3‑ben‑
zothiazin‑4‑one (12e). Yield 80%, mp 
165–167 0С. 1Н NMR, δ (ppm), J (Hz): 
7.63 m (2Н, Ph), 7.76 m (1Н, Ph), 8.17 m 
(2Н, Ph). MS (EI), m/z (Irel (%)): 311 [M]+ 
(7), 208 (100), 180 (24), 111 (5). Found, 
%: C 53.83, H 1.81, N 4.67. C14H5F4NOS. 
Calculated, %: C 54.02, H 1.62, N 4.50.

5,6,7,8‑Tetrafluoro‑2‑(p‑chlorophe‑
nyl)  — 1,3‑benzothiazin‑4‑one (12f). 
Yield 62%, mp 186–188 0С. 1Н NMR, 
δ (ppm), J (Hz): 7.66 d (2Н, H3’,5’, 3J 8.8), 
8.20 d (2Н, H2’,6’, 3J 8.8). Found, %: C 48.83, 
N 3.97. C14H4F4NOSCl. Calculated, %: 
C 48.64, H 1.17, N 4.05.

5,6,7,8‑Tetrafluoro‑2‑(p‑tolyl)  — 
1,3‑benzothiazin‑4‑one (12g). Yield 74%, 
mp 191–193 0С. 1Н NMR, δ (ppm), J (Hz): 
2.46 s (3Н, СН3), 7.43 d (2Н, H3’,5’, 3J 8.4), 
8.08 d (2Н, H2’,6’, 3J 8.4). Found, %: C 55.46, 
H 2.24, N 4.19. C15H7F4NOS. Calculated, 
%: C 55.39, H 2.17, N 4.31.

5,6,7,8‑Tetrafluoro‑2‑(pyridyl‑2) — 
1,3‑benzothiazin‑4‑one (12h). Yield 77%, 
mp 182–184 0С. 1Н NMR, δ (ppm), J (Hz): 
7.76 ddd (1Н, H5’, 3J 8.0, 3J 4.8, 4J 0.8), 8.10 td 
(1H, H4’, 3J 8.0, 4J 1.8), 8.36 dd (1H, H3’, 
3J 8.0, 4J 0.8), 8.79 dd (1Н, H6’, 3J 4.8, 4J 1.8). 
Found, %: C 49.92, N 9.09. C13H4F4N2OS. 
Calculated, %: C 50.01, H 1.29, N 8.97.

Results and discussion
We developed an efficient synthetic ap-

proach to 2-hetaryl/(hetaryl)ylidene-sub-
stituted fluorinated 1,3-benzothiazinones, 
for this purpose we studied the interaction 
of the range of С-nucleophiles (indoles, 
N-methylpyrrole, 2-cyanomethyl- and 
2-benzoylmethyl- benzimidazoles) with 
2,6-difluoro-3-nitrobenzoylisothiocy-
anate 4 in acetonitrile at room temperature 
(Figure 1). According to 1H and 19F NMR 
spectra, the reaction leads to the formation 
of 1,3-benzothiazin-4-ones 5–9, the in-
termediate addition products were not 
isolated, and fluorine atom at С5 was not 
subjected to substitution with nucleophilic 
reagent. It is worth noting that the intra-
molecular cyclization proceeded at mild-
er reaction conditions than in  the case 
of 2,6-difluoro- and 2,3,4,5-tetrafluoroben-
zoyl derivatives (refluxing in acetonitrile or 

dimethylformamide in the presence of tri-
methylamine [7]). 

The signals of Н6 and Н7 in 1H NMR 
spectra of  benzothiazinones 5–9 ex-
hibit more complicated multiplicity than 
in  the  case of  2,5-diaminobenzothi-
azinones [8], which indicates that the fluo-
rine atom remains in position 5. To prove 
that the alternative product of cyclization, 
5-fluoro-6-nitro isomer, was not formed 19F 
NMR spectra without suppression of F-H 
spin-spin interaction were registered. 
In such spectra of compounds 5–9 double 
doublet signals with 3JFH = 9.5–10.1 Hz and 
4JFH = 3.9–4.0 Hz are present, so the for-
mation of  5-fluoro-8-nitroisomers was 
confirmed. The peaks of molecular ions 
in the mass spectra of benzothiazinones 
5–9 have a relative intensity of 14–39%. 
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Thus, we demonstrated the  differ-
ence in behavior of С-nucleophiles and 
N-nucleophiles under the reaction with 
2,6-difluoro-3-nitrobenzoylisothiocy-
anate 4: application of  С-nucleophiles 
allows to obtain derivatives of 5-fluoro-
8-nitrobenzothiazinone, whereas the re-
action with cycloalkylimines fails to avoid 
the nucleophilic substitution of fluorine 
at position 5. The proposed strategy opens 
wide opportunities for varying the substit-
uent at position 2 of 8-nitrobenzothiazin-
4-ones.

We presented novel one-stage syn-
thetic approach to 2-substituted fluorine-
containing 1,3-benzothiazin-4-ones based 
on cyclocondensation of polyfluoroben-

zoyl chlorides with thioamides as S,N-
dinucleophiles. New 6,7,8-trifluoro- and 
5,6,7,8-tetrafluoro-derivatives of 1,3-ben-
zothiazin-4-ones 12a‑h were obtained 
by the reaction of polyfluorobenzoylchlo-
rides 10a,b and thioamides 11a‑d in boil-
ing toluene for 3 h in 59–80% yields (Figure 
2), notably that intermediate N-aroylation 
products were not isolated. Signals of NH 
groups are absent in  1H NMR spectra 
of compounds 12a‑h, spectra of 6,7,8-tri-
fluorobenzothiazinones 12a‑d exhibited 
ddd signal of fluoroarene residue Н5 pro-
ton at 8.13–8.24 ppm. The number of sig-
nals in 19F NMR spectra is in accordance 
with the structure of benzothiazinones 12. 
The peaks of molecular ions in the mass 
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spectra of benzothiazinones 12 have low 
relative intensity of 4–11%. The ions m/z 
190 or m/z 208 with 100% intensity were 
observed for benzothiazinones 12, moreo-
ver, peaks m/z 162 or m/z 180 correspond 
to ions [М-RCN-CO]+. The most abundant 
peak was reported to be characteristic for 
elimination of RCN fragment from mo-
lecular ions of 2-R-6,7,8-trifluoro-1,3-ben-
zothiazin-4-ones [5–7].

The presented approach allows to ob-
tain a variety of 2-aryl/hetaryl-substituted 
1,3-benzothiazinones and successfully 
complements the previously described cy-

clocondensation of polyfluorobenzoylchlo-
rides with benzimidazol-2-thiones as cyclic 
S,N-dinucleophiles leading to [b]-annelat-
ed fluorobenzothiazinones [12]. Unfortu-
nately, we failed to obtain 5-fluoro- and 
5-fluoro-8-nitro analogs using the method 
shown in Figure 2. 

Tuberculostatic activity of polyfluori-
nated benzothiazinnes 12 was studied 
at two laboratories, namely Ural Research 
Institute for Phthisiopulmonology (URIP) 
and University of Illinois, Chicago Institute 
for Tuberculosis Research (INR); the data 
are presented in Table 1. 

Table 1
Data on tuberculostatic activity of fluorinated 2‑aryl/pyridyl‑1,3‑benzothiazin‑4‑ones 12 

against Mycobacterium tuberculosis H37Rv*

Comp
MIC values 

(URIP data), 
mg/mL

% Inhibition
at 128 mg/mL (ITR data)

MIC values, mg/mL 
(ITR data) IC50,

mg/mL (ITR data)
MABA LORA MABA LORA 

12b 12.5 28 66 - - —
12c 12.5 95 100 58.0 52.3 >128
12d 0.3 — — >128 >128 —
12f 3.12 0 100 — 3.7 53.5
12g nd 74 99 — 26.3 —
12h 12.5 0 100 — 55.8 65.9
* MIC–Minimal inhibitory concentration; IC50 — the half maximal inhibitory 

concentration; URIP — Ural Research Institute for Phthisiopulmonology; INR — Chicago 
Institute for Tuberculosis Research; MABA — microplate Alamar Blue assay; LORA — low-
oxygen recovery assay.
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According to trials conducted in URIP, 
benzothiazinone 12d exhibited the high-
est activity (MIC 0.3 mg/mL, isoniazide 
as  reference compound with MIC 0.15 
mg/mL). Data obtained in ITR revealed 

12f as the most promising derivative to-
wards the dormant multi-resistant strain 
of micobacteria H37RV–CA-luxAB (MIC 
3.7 mg/mL, rifampicinum as reference com-
pound with MIC 8.26 mg/mL).

Conclusions
To sum up, we developed efficient syn-

thetic approaches to fluorine-containing 
1,3-benzothiazin-4-ones bearing aryl, 
hetaryl and (hetaryl)ylidene residues at po-

sition 2 and demonstrate that some of them 
are promising for design of new antituber-
cular agents. 
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Introduction
Heterocyclic acetylenes are wide-

ly used in various heterocyclization reac-
tions [1], especially via click reactions [2]. 
Acetylene spacers are presented in a num-
ber of conjugated heterocyclic chromo-
phores [3]. Additionally, some heterocyclic 
acetylenes are known posses with biologi-
cal activities, for instance as antihyperten-
sive agents [4]. 

The object of study of this work — 5-ar-
ylethynyl-1,2,4-triazines — are promising 
substrates for the preparation of various 
classes of compounds with unique applied 
properties. For example, by the transforma-
tion of the 1,2,4-triazine ring into the pyri-
dine one via the aza-Diels-Alder reaction 
with vatious dienophiles, the correspond-
ing pyridines can be obtained, including 
2,2’ — bipyridine ligands [4]. In addition, 

arylethynyl substituted 1,2,3-triazoles 
were obtained in the reaction of the cor-
responding 3- (2-pyridyl) — 1,2,4-tria-
zines with aryne intermediates [5–6]. Also, 
by the chemical transformation of 5-ary-
lethynyl the corresponding 5-phenacyl-
1,2,4-triazines could be obtained [7–8], 
which in  turn can be transformed into 
5-methyl-1,2,4-triazines [9].

Among the  reported methods for 
the synthesis of 5-arylethynyl-1,2,4-tria-
zines, the use of the Sonogashira cross-cou-
pling can be highlighted [10], and in this 
case 5-iodine or 5-chloro-1,2,4-triazines 
were used as reactants In addition, the di-
rect introduction of an arylethynyl moiety 
via the C-H functionalization of 1,2,4-tria-
zine-4-oxides in the reaction with the lithi-
um salt of acetylene are described by using 
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deoxygenative aromatization pathway, and 
the benzoyl chloride was used as an acylat-
ing agent [5,11]. The interaction of non-ac-
tivated 1,2,4-triazines with the lithium salt 
of arylacetylene is also described, however, 
the corresponding 5-styryl-1,2,4-triazines 
were the main reaction products [12–13]. 
In this aspect, it should be noted the great-
er availability of 1,2,4-triazines compare 

to 1,2,4-triazine-4-oxides; and the prepa-
ration of ethynyl derivatives starting from 
1,2,4-triazines looks more attractive. 

In this article, we wish to report an ef-
ficient synthesis of 5-arylethynyl-1,2,4-tri-
azines 1 via direct C-H-functionalization 
of 5-H-1,2,4-triazines 2 with lithium ary-
lacetylenes.

Experimental part
1H NMR spectra were recorded 

on a  Bruker Avance-400 spectrometer 
(400 MHz), the internal standard was SiMe4. 
Mass spectra (ionization type — electro-
spray) were recorded on a MicrOTOF-Q II 
instrument from Bruker Daltonics (Bremen, 
Germany). Elemental analysis was per-
formed on a Perkin Elmer PE 2400 II CHN 
analyzer. The starting 1,2,4-triazine 2 was 
obtained according to the described method 
[14].

A general procedure for the synthesis 
of of arylethynyl‑1,2,4‑triazines 1:

A solution of n-BuLi in hexane (2.5 M, 
0.8 ml) was added to a solution of the cor-
responding arylacetylene (2 mmol) in dry 
THF (4 ml) in a Schlenk flask at a tempera-
ture of –78 °C in an argon atmosphere, and 
the resulting mixture was stirred for 5 min. 
Then the solution of the corresponding 
1,2,4-triazine 1 (1.6 mmol) in dry toluene 
(35 ml) was added, and a minute later a so-
lution of DDQ (305 mg, 1.34 mmol) in dry 
toluene (10 ml) was added. The resulting 
mixture was stirred for 3 h at 78 °C to room 
temperature. After that methanol (10 ml) 
was added, and the reaction mixture stirred 
for 5 min and the solvents were removed 
under reduced pressure. The resulting oily 
residue was purified by column chroma-
tography (neutral alumina, eluent: dichlo-
romethane) to afford the desired products.

3‑ (2‑Pyridyl) — 6‑phenyl‑5‑pheny‑
lethynyl‑1,2,4‑triazine (1а). Yield 565 mg 
(1.7 mmol, 85%). Rf 0.6. M.p. 142–144 °С. 
NMR 1H (CDCl3, δ, ppm): 7.37–7.41 (m, 
2H, PhC≡C), 7.43–7.55 (m, 4H, PhC≡C, 
H-5 (py)), 7.59–7.63 ( m, 3H, Ph), 7.94–
7.99 (ddd, 1H, 3J 8.0, 8.0 Hz, 4J 2.0 Hz, H-4 
(py)), 8.19–8.22 (m, 2H, Ph), 8.75 (dd, 
1H, 3J 8.0 Hz, 4J 1.0 Hz, H-3 (py)), 8.96 
(dd, 1H, 3J 4.8 Hz, 4J 2.0 Hz, H-6 (py)). 
13C NMR (CDCl3, δ, ppm): 86.5 (C-sp), 
100.8 (C-sp), 120.8, 124.2, 125.7, 128.5, 
128.7, 129.5, 130.7, 132.6, 133.9, 137.2, 
142.6, 150.6, 152.4, 157.7, 160.7. ESI–MS, 
m/z: 335.13 (M + H)+. Found, %: C 78.82, 
H 4.01, N 16.55. C22H14N4. Calculated, %: 
C 79.02, H 4.22, N 16.76.

5 ‑ ((4‑Methoxyphenyl) ethynyl) — 
3‑ (pyridin‑2‑yl) — 6‑phenyl‑1,2,4‑tria‑
zine (1b). Yield 515 mg (1.41 mmol, 88%). 
NMR 1H (CDCl3, δ, ppm): 3.85 (m, 3H, 
OCH3), 6.89 (m, 2H, C6H4), 7.45–7.54 (m, 
3H, C6H4, H-5 (py)), 7.55–7.64 (m, 3H, 
Ph), 7.95 (ddd, 1H, 3J 7.6 Hz, 7.6 Hz, 4J 1.6 
Hz, H-4 (py)), 8.17–8.23 (m, 2H, Ph), 8.74 
(d, 1H, 3J 8.0 Hz, H-3 (py)), 8.94 (d, 1H, 
3J 4.8 Hz, H-6 (py)). ESI–MS, m/z: 365.14 
(M + H)+. Found, %: C 75.70, H  4.30, 
N 15.25. C23H16N4O. Calculated,%: C 75.81, 
H 4.43, N 15.37.
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Results and discussion
The previously proposed mechanism 

[14] for the  reaction of  1,2,4-triazines 
and lithium-acetylenes is presented on 
the scheme 1.

According to  the  mechanism, at 
the first stage, the corresponding σH-adduct 
A  is  formed, which further undergoes 
a 1,2-hydride shift affording the forma-
tion of  the  corresponding styryl sub-
stituent. And the treatment of the reac-
tion mixture with methanol at the final 
stage leads to the products 3. Obviously, 
to block the pathway A for the reaction, 
the σH-adduct A need to be treated with 
and oxidant to form 5-ethynyl-1,2,4-tri-
azine 1, which no longer turn into 5-sty-
ryl derivative 3 Indeed, it was found that 
the addition of an oxidizing agent, such 

as 2,3-dichloro-5,6-dicyanobenzoquinone 
(DDQ), 10 minutes after the  initiation 
of the reaction between 1,2,4-triazine and 
the arylacetylene lithium salt allowed us 
to obtain the corresponding 5-phenylethy-
nyl- 1,2,4-triazines 1 in up to 88% yields 
(way B), and they were isolated using col-
umn chromatography.

The structure of products 1 was con-
firmed based on the data of NMR 1H, 13C 
spectroscopy, mass spectrometry, and el-
emental analysis. Thus, in the 13C NMR 
spectra, the signals of sp-hybrid carbon at-
oms in the range of 86.5–100.8 ppm can be 
observed. The spectral data of compound 
1а correspond to those previously pub-
lished during its synthesis by an alternative 
method [5].

Conclusions
An efficient synthetic approach towards 

5-arylethynyl-1,2,4-triazines via direct C-
H-functionalization of 5-H-1,2,4-triazines 
in reaction with lithium-acetylenes was re-

ported. This method could serve as a pos-
sible Pd-free alternative to the Sonogashira 
cross-coupling.
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Introduction
It is  known that the  quinazo-

line core is part of natural alkaloids [1, 2]. 
Among the quinazoline derivatives, com-
pounds have been identified that have vari-
ous types of biological activity, including 
antimicrobial, antiallergic, hypotonic, and 
antiviral [3]. Quinazoline derivatives have 
been synthesized, which have shown anti-
tumor [4] and radioprotective activity [5].

The  addition of  C-nucleophiles 
to  3-methylquinazolinium iodide with 
the formation of 4-substituted 3,4-dihydro-
quinazolines has been reported [6]. It is al-
so known that unsubstituted quinazoline 
reacts with indole, 3-methyl-1-phenylpyra-
zolone-5, 1,3-dimethylbarbituric acid, and 
pyrogallol in the presence of acid to form 
4-σ-adducts [7]. Examples of  arylation 
of quinazoline with 1,3,5-trimethoxyben-
zene, 1-(4-methoxybenzylidene) — 2-phe-
nylhydrazine, and o-phenylenediamine 
derivatives have been described [8].

To  create effective drugs based on 
quinazoline, it is  important to  be able 

to change substituents (pharmacophoric 
fragments) in the structure of the com-
pound. Theoretically, this will allow to af-
fect their physicochemical properties (hy-
drophilicity, lipophilicity, etc.), changing 
their bioavailability and activity.

Indole is part of  tryptophan and its 
metabolites and this one is also present 
in a number of natural alkaloids and anti-
biotics [9]. Indole derivatives exhibit anti-
tumor, antiviral, anti-inflammatory, anti-
depressant, and other types of activity [10].

This work is a continuation of research 
related to the development of methods for 
the synthesis of biologically active deriva-
tives of quinazoline [7]. It should be noted 
that within the framework of this direction, 
atomic-economical reactions correspond-
ing to the principles of green chemistry are 
a particular value [11]. This type of interac-
tions includes nucleophilic reactions of C,C-
coupling under conditions of acid catalysis, 
which proceed without using of metal cata-
lysts and are theoretically waste-free [12,13]. 
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Experimental section
Unless otherwise indicated, all com-

mon reagents and solvents were used from 
commercial suppliers without further pu-
rification.

The  reaction progress and purity 
of  the  obtained compounds were con-
trolled by TLC method on Sorbfil UV-254 
plates, using visualization under UV light. 
Melting points were determined on a Stu-
art SMP10 melting point apparatus.

1H, 13C and 19F NMR spectra were 
acquired on Bruker Avance-400 and 
Bruker Avance NEO — 600 spectrom-
eters in DMSO-d6 solutions, using TMS 
as internal reference for 1H and 13C NMR 
or CFCl3 for 19F NMR. Mass-spectra (EI, 
70eV) were recorded on MicrOTOF-Q 
instrument (Bruker Daltonics) at 250˚C.

The  general method for the  reaction 
of indole carbaldehyde 1 with hydrazines 
2a-2d

2-Methyl-1Н-indole-3-carbaldehyde 1 
(0.5 mmol) was dissolved in ethanol (3 ml). 
Then this solution was added to mixture 
of the corresponding hydrazine 2 and hy-
drochloric acid (0.02 ml) in water (3.0 ml). 
The resulting mixture was refluxed for 5–10 
minutes and then was cooled. The result-
ing solid was filter off and dried. The crude 
hydrazones were used directly in the next 
step without additional purification. 

Spectral data for hydrazones 3a‑c were 
described earlier [14].

2‑Methyl‑3‑{[2‑(4‑methylphenyl)
hydrazono]methyl}‑1H‑indole (3d)

Yield 55%, mp 185–186°C. 1H NMR 
spectrum (600 MHz, DMSO-d6), δ, ppm: 
2.21 s (3H, CH3), 2.48 s (3H, C2CH3), 
6.93 d (2H, J 8.4 Hz, Ho), 7.02 d (2H, J 
8.4 Hz, Hm), 7.07–7.11 m (2H, H5 and 
H6), 7.30 m (1H, H7), 8.12–8.15 m (2H, 

H1’ and H4), 9.61 br.s (1H, N3’H), 11.19 s 
(1H, N1H). MS, m/z (Irel,%): 263 (M+, 100).

2‑Methyl‑3‑[(2‑phenylhydrazinyl)
methyl]‑1H‑indole (3e). Yield 59%, m. 
p. 192–193 °C. 1H NMR spectrum (600 
MHz, DMSO-d6), δ, ppm: 2.49 s (3H, 
CH3), 6.67 t.t (1H, J 7.3, 1.2 Hz, Hp), 7.03 
d.d (2H, J 8.5, 1.2 Hz, Ho), 7.08–7.12 m 
(2H, H5, H6), 7.21 d.d (2H, J 8.5, 7.3 Hz, 
Hm), 7.31 m (1H, H7), 8.15 m (1H, H4), 
8.17 с (1H, H1’), 9.78 br.s (1H, N3’H), 
11.23 s (1H, N1H). 13C NMR spectrum 
(151 MHz, DMSO-d6), δ, ppm: 136.06 
(C2), 118.04 (C3), 129.91 (C3a), 130.99 
(C4), 127.76 (C5), 127.49 (C6), 127.78 
(C7), 132.84 (C7a), 139.22 (C1’), 139.44 
(Ci), 124.4 (Co), 129.27 (Cm), 127.67 (Cp), 
115.98 (CF3), 155.28 (C=O). 15N NMR 
spectrum (61 MHz, DMSO-d6), δ, ppm: 
126.8 (N1), 305 (N3’), 218.5 (N3’). MS, m/z 
(Irel,%): 249 (M+, 100).

The  general method for the  reaction 
of hydrazones 3d-3e with quinazoline 4

A mixture of quinazoline 4 (0.5 mmol) 
and the corresponding hydrazone 3d,e 
in TFA (3.0 ml) was refluxed for 65–70 
h. The  solvent was removed under re-
duced pressure. Water (2.0 ml) was added 
to the residue; the solid was filtered off. 
The resulting product 6a,b was analytically 
pure and no additional purification was 
required.

4‑(4‑(2‑((1H‑indol‑3‑yl)methyl‑
ene)  — 1‑(2,2,2‑trifluoroacetyl)hy‑
drazinyl)phenyl) — 1,4‑dihydroquina‑
zolinium‑3 2,2,2‑ trifluoroacetate (6a). 
Yield 51%, m.p. 112–113 °C. 1H NMR 
spectrum (600 MHz, DMSO-d6), δ, ppm: 
6.24 s (1H, H4’’), 7.07 d (1Н, J 7.4 Hz, 
H5’’), 7.20–7.24 m (2H, H6’’, H7’’), 7.37 t 
(1Н, J 7.7 Hz, 1H, H5), 7.41 d (1Н, J 6.7 
Hz, H4), 7.43–7.45 m (2H, H6,7), 7.61 d 
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(2Н, J 8.4 Hz, H5’), 7.69 d (2Н, J 7.6 Hz, 
H8’’), 7.92 d (2Н, J 8.4 Гц, H6’), 7.98 s (1H, 
H1’), 8.57 s (1H, H2’’), 8.80 s (1H, H2), 
11.18 s (2H, N1H, N3’’H), 12.37 s (1H, 
COOH). 13C NMR spectrum (151 MHz, 
DMSO-d6), δ, ppm: 54.61 (C4’’), 116.39 q 
(1С, J 288.7 Hz, CF3), 117.59 (C8’’), 119.17 
(C3), 121,42 (C6’), 122.42 (C4a), 126.86 
(C7), 127.83 (C6’’), 128.22 (C7’), 128.60 
(C5’), 128.73 (C5’’), 129.34 (C7’’), 129.48 
(C4), 129.82 (C8a), 130.07 (C3a), 131.90 
(C7a), 132.0 (C4’), 139.89 (C7), 140.54 
(C5), 141.1 (C6), 149.14(C2’’), 156.00 q 
(1С, 2J 36.3 Hz, COCF3), 158.44 q (1С, 
2J 30.7 Hz, COOH). 19F NMR spectrum 
(376 MHz, DMSO-d6), δ, ppm: — 73.50, — 
74.12. 15N NMR spectrum (61 MHz, 
DMSO-d6), δ, ppm: 126.9 (N1”, N3’’), 218.6 
(N1, N3’), 301.6 (N2’). MS, m/z (Irel,%): 461 
(M+, 20), 369 (11), 131 (100).

4‑(4‑(2‑((2‑methyl‑1H‑indol‑3‑yl)
methylene) — 1‑(2,2,2‑trifluoroacetyl)
hydrazinyl)phenyl) — 1,4‑dihydroqui‑
nazolinium‑3 2, 2,2‑trifluoroacetate 
(6b). Yield 55%, m.p. 121–122 °C. 1H 
NMR spectrum (600 MHz, DMSO-d6), δ, 
ppm: 2.21 s (3H, CH3), 6.28 s (1H, H4’’), 
7.11 d (1H, CHar), 7.24 m (2H, CHar), 7.38 
t (1Н, J 7.7 Hz, CHаr), 7.44 s (5H, 4CHind, 

CHar), 7.63 s (3H, CHar), 7.64 s (1H, H1’), 
8.57 s (1H, H2’’), 11.03 m (2H, NH), 12.37 
br.s (1H, COOH). 13C NMR spectrum 
(151 MHz, DMSO-d6), δ, ppm: 11.34 
(СH3), 55.96 (C4’’), 115.33 q (1С, J 147.38 
Hz, CF3), 118.06 (C8’’), 119.17 (C3), 123.08 
(C6’), 124.11 (C4a), 124.53 (C7), 127.50 
(C6’’), 127.67 (C7’), 127.74 (C5’), 127.78 
(C5’’), 127.95 (C7’’), 129.85 (C8a), 130.97 
(C4), 132.86 (C7a), 136.05 (C3a), 138.50 
(C4’), 138.87 (C7), 138.87 (C5), 144.98 
(C6), 146.48 (C2’’), 155.30 q (1С, J 36.5 Hz, 
COCF3), 158.17 q (1С, 2J 30.9 Hz, COOH). 
19F NMR spectrum (376 MHz, DMSO-

-d6), δ, ppm: — 73.72, — 74.07. MS, m/z 
(Irel,%): 475 (M+, 27), 345(25), 131 (100).

General procedure for the  synthesis 
of compounds 7a,b

0.3 Mmol of  corresponding hydra-
zone 3d,e was heated in TFA for 45–50 h. 
The solvent was removed under reduced 
pressure. The solid residue was treated 
with water (2.0 ml) and ammonia solution 
(15%) to adjust pH to 7–8. The precipitate 
was filtered off and washed with water (2.0 
ml). The resulting product 7a,b was ana-
lytically pure and no additional purifica-
tion was required.

2,2,2‑Trifluoro‑N’ — [(1H‑indolyl‑3)
methylene] — N‑phenylacetylhydrazide 
(7а). Yield 55%, m.p. 154–155 °C. 1H NMR 
spectrum (600 MHz, DMSO-d6), δ, ppm: 
7.34 t.t (1H, J 7.5, 1.0 Hz, Hp), 7.39 m (1H, 
H6), 7.43–7.46 m (2H, H5, H6), 7.54 d.d 
(2H, J 8.6, 7.5 Hz, Hm), 7.70 m (1H, H4), 
7.85 d.d (2H, J 8.6, 1.0 Hz, Hz, Ho), 7.97 
s (1H, H1’), 8.78 s (1H, H2), 11.15 s (1H, 
N1H). 13C NMR spectrum (151 MHz, 
DMSO-d6), δ, ppm: 116.08 q (CF3, J 288.6 
Hz), 118.22 (Co), 120.64 (C3), 126.19 (C2), 
126.49 (Cp), 127.57 (C6), 128.18 (C5), 128.18 
(C7), 129.08 (C4), 129.64 (Cm), 131.36 (C7a), 
139.39 (Ci), 139.7 (C1’), 155.52 q (C=O, J 
36.2 Hz). 19F NMR spectrum (376 MHz, 
DMSO-d6), δ, ppm: 74,52 (s, CF3). MS, m/z 
(Irel,%): 331 (M+, 100), 262 (44).

2,2,2‑Trifluoro‑N’ — [(2‑methyl‑1H‑
‑indolyl‑3)methylene] — N‑phenylace‑
tylhydrazide (7b). Yield 64%, m.p. 164–
165 °C. 1H NMR spectrum (500 MHz, 
DMSO-d6), δ, ppm: 2.21 s (3H, CH3), 
7.43–7.47 m (5H, H4, H5, H6, H7 and Hp), 
7.52 d.d (2H, J 8.5, 1.4 Hz, Ho), 7.57 d.d 
(2H, J 8.5, 7.2 Hz, Hm), 7.63 s (1H, H1’), 
10.99 s (1H, N1H). 13C NMR spectrum 
(151 MHz, DMSO-d6), δ, ppm: 115.98 
q (CF3, J 288.8 Hz), 118.04 (C3), 124.4 
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(Co), 127.49 (C6), 127.67 (Cp), 127.76 (C5), 
127.78 (C7), 129.27 (Cm), 130.99 (C4), 
136.06 (C2), 132.84 (C7a), 139.22 (C1’), 
139.44 (Ci), 155.28 q (C=O, J 36.2 Hz). 19F 

NMR spectrum (376 MHz, DMSO-d6), δ, 
ppm: — 74,45 (s, CF3). MS, m/z (Irel,%): 
345 (M+, 80), 276 (100).

Results and discussion
Arylhydrazones of indole-3-carbalde-

hydes 3а‑е, which were obtained by heating 
indole-3-carbaldehydes 1a,b with phenyl-
hydrazines 2а‑d in ethanol with the addi-
tion of HCl, were used as C-nucleophiles 
for the  studies (Scheme 1). It is  known 
that the E-configuration of the C=N bond 
is more thermodynamically favorable for ar-
ylhydrazones. This was confirmed by the da-
ta of X-ray structural analysis [15, 16].

We previously described that heating 
of  quinazoline 4 with hydrazones 3a‑c 
in TFA resulted in the formation of prod-
ucts 5a‑c (Scheme 2) [14].

In current work, we have found that 
hydrazones 3d,e, which do not con-
tain substituents in the phenyl fragment 
of the molecule, are added to quinazoline 
4 at the C7’ atom.

The reaction of quinazoline 4 with hy-
drazones 3d,e in TFA yielded adducts 6a,b 
(Scheme 3).

The  mass spectra of  compounds 6 
contain molecular ions corresponding 
to the addition products of hydrazones 
3d,e to quinazoline 4. The mass spectra 
of compounds 6 contain molecular ions 
corresponding to the addition products 
of hydrazone to quinazoline. The 1H NMR 
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spectrum contain characteristic signals: 
the H4’’ proton singlet at 6.24 ppm (6a) 
and a pair of two-proton doublets of aro-
matic protons H6’, H5’ (7.61 and 7.92 ppm, 
respectively (6a)). These data confirm 
the addition of hydrazones 3d,e to com-
pound 4 by the p-position of the phenyl 
group. Since the signal of the NH-proton 
of the indole fragment is retained in ad-
ducts 6, it is obvious that the hydrazine 
part of the molecule undergoes acylation.

It should be noted that the 2D 1H-13C 
gHMBC spectra of adducts 6a,b contain 
intense cross peaks between the charac-
teristic quartet of C8’ atom in  the  trif-
luoroacetyl group, in particular, at 155.9 
ppm for compound 6а (2JС-F = 36.3 Hz), 
and the  broadened signal of  the  N1H 
proton (see Fig. 1), indicating the pres-
ence of an intramolecular hydrogen bond 
N-H…O=C. Due to the presence of an in-
tramolecular hydrogen bond in the mol-
ecule, it can be assumed that the C=N bond 
of compounds 6а,b in DMSO-d6 has the Z-
configuration, as in adducts 5.

We suggest that the formation of tri-
fluoroacetyl derivatives of  quinazoline 
6, as well as adducts 5, occurs in several 

stages. Initially, the  addition of  hydra-
zone to quinazoline takes place, followed 
by  acylation of  the  adduct with TFA 
at  the  N3’H-group with the  formation 
of compounds 6.

Since acylation of the NH group oc-
curred during the C,C-coupling described 
above, we assumed that the same reaction 
would take place upon heating hydrazones 
3 in TFA in the absence of quinazoline. 
This was confirmed in the course of ex-
periments and hydrazides 7 were obtained 
(Sheme 4).

The  structure of  acylation products 
7a,b was confirmed by 1H, 13C, 15N, and 
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19F NMR spectroscopy including 2D 1H-13C 
HSQC / HMBC correlation experiments. 
Due to the fact, that the spectra of com-
pounds 7a,b contain signals of the NH-
protons of the indole fragment, it is obvi-
ous that the hydrazine part of the molecule 
undergoes acylation. 2D 1H-13C HMBC 

spectra of compounds 7a,b contain char-
acteristic intense cross-peaks between 
the carbon quartet of the trifluoroacetyl 
group (155.4 ppm, 2JC-F = 36.7 Hz) and 
the N1H proton of  the  indole fragment 
(11.01 ppm). We believe that these cross 
peaks are due to the spin-spin interaction 
through the hydrogen bond (see Fig. 2).

It should be mentioned that the ob-
tained hydrazides 7 do not react with 
quinazoline 4. Heating of  quinazo-
line 4 with hydrazides 7a, b in TFA gave 
the starting compounds 7. The inertness 
of hydrazides 7 in the studied reactions 
of C,C-coupling confirms that the first 
stage of  the  multistep reaction is  pre-
cisely the  addition of  the  hydrazone 3 
to the quinazoline 4, and then the stage 
of acylation with acid occurs.

Conclusions
As a result of this work, it was found 

that the reactions of indole-3-carbaldehyde 
arylhydrazones with quinazoline can pro-
ceed either at 5- or 7’ — position of the ar-

ylhydrazone molecule. It was shown that 
in the absence of substituents at both po-
sitions, the C7 atom is the most active nu-
cleophilic center.
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1. Introduction
A hydrogel is a three-dimensional 

polymeric network swollen in water. The in-
ternal structure of a hydrogel includes flex-
ible polymeric sub-chains, which are cross-
linked in a certain number of points. Due 
to the internal cross-linking the polymeric 
network of a hydrogel might be consid-
ered as a combined huge molecule. From 
the thermodynamic point of view hydrogel 
is a solution of this molecule in water. De-
spite the fact that it contains large amount 
of water, hydrogel is not a fluid but an elastic 
material maintaining its shape. Due to their 
unique properties such as mechanical elas-
ticity, softness, and biocompatibility, hydro-
gels have been applied in a variety of fields, 
including smart devices that respond 

to stimuli and soft actuators in biomedicine 
and agriculture [1, 2]. 

Hydrogels are often functionalized 
by  incorporating various physically, 
chemically, and biologically active moi-
eties, which endows hydrogels with new 
functions, such as response to specific ex-
ternal stimuli and increased mechanical 
stability [3]. Stimulus-responsive hydro-
gels can markedly change their physical 
and/or chemical properties when exposed 
to external triggers (pH, temperature, light, 
magnetic or electric field) [4]. For instance, 
the inclusion of magnetic nanoparticles 
(MNPs) in such a polymer network gives 
magnetic hydrogels (ferrogels) that react 
to an external magnetic field [5]. Ferro-
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gels are usually obtained by crosslinking 
hydrophilic monomers in a stabilized aque-
ous dispersion of magnetic nanoparticles 
(ferrofluid), which, in turn, provides good 
dispersion of nanoparticles in a polymer 
matrix. One of the main advantages of fer-
rogels over traditional stimulus-responsive 
polymers is that they can be remotely ac-
tivated by a non-contact force (magnetic 
field). This unique property makes ferro-
gels prospective advanced material in vari-
ous fields such as drug delivery [6, 7], soft 
robotics [8], tissue reconstruction [9, 10] 
and environmental engineering [11, 12]. 

Huang et al. [9] reported about a hydro-
gel formed by gelatin and β-cyclodextrin 
with embedded magnetic Fe3O4 nano-
particles for pulsed electromagnetic field 
therapy. Chondrogenesis of mesenchymal 
stem cells grown on a magnetic hydrogel 
was enhanced by a magnetic field. Czichy 
et al. [13] investigated the  mechanical 
properties of alginate-methylcellulose hy-
drogels containing magnetite nanoparticles 
for the use in the additive manufacturing 
of implants. The study was an introduction 
to further research on the effect of an ex-
ternal magnetic field on the mechanical 
stability of composites. The most extensive 
study on ferrogels was carried out by Zrinyi 
et al. [14–16] on magnetic silicone elasto-
mers filled with carbonyl iron or micron-
sized magnetite. The modulus of elasticity 
of these magnetoelastic gels was studied 
in both uniform and inhomogeneous mag-
netic fields. The influence of the content 
of magnetic particles and their distribution 
at various combinations of magnetic field 
orientation and deformation on the modu-
lus has been systematically studied. Mean-
while, studies of synthetic water-based fer-
rogels are very limited. 

In the literature most of the studies ad-
dress ferrogels based on polyacrylamide 

(PAAm) chemically cross-linked poly-
meric network. Thus, the series of works 
were performed by the group of Galicia 
et al [17–19] on ferrogels with embedded 
maghemite nanoparticles. Maghemite na-
noparticles were synthesized using ferro-
fluid obtained by co-precipitation of iron 
oxides from Fe2+/Fe3+ mixed solutions. Fer-
rogels had weakly cross-linked polymeric 
network with monomer-to-cross-linker 
ratio 1000 and more and contained up 
to 7% (vol.) of nanoparticles. The structure 
of ferrogels in the swollen state and the me-
chanical properties were studied. It was 
shown that the Young modulus of ferrogels 
enlarged from 4 to 16 kPa with the increase 
in nanoparticles content.

In our previous works [20–22] we have 
studied PAAm ferrogels with embedded 
iron and nickel nanoparticles, which were 
synthesized by the high-power pulsed physi-
cal dispersion by the electrical explosion 
of  metal wire (EEW) [23]. The  magne-
tostriction in the uniform magnetic field 
and the compression modulus of ferrogels 
were characterized. It was shown that fer-
rogels with iron nanoparticles contract 
by approximately 9% (vol) in the uniform 
magnetic field 420 mT applied for 4 hours. 
Shear modulus of ferrogels with embedded 
iron nanoparticles increased from 0.5 to 2.5 
kPa with the elevation of nanoparticles con-
tent up to 4% (vol.) [21]. In PAAm ferro-
gels with nickel nanoparticles it was shown 
[22] that the elastic modulus of ferrogels 
linearly depended on the content of the em-
bedded nickel nanoparticles. The applied 
magnetic field 270 Oe in the parallel direc-
tion to the compression increased the elas-
tic modulus by 10% while the application 
of the magnetic field in the transverse direc-
tion decreased the modulus. 

Although ferrogels with embedded 
metal nanoparticles show a potential for 
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their use as a smart material in soft sensors 
and actuators their application in bioen-
gineering and medicine is doubtful due 
to the toxicity of metallic iron and nickel. 
To overcome this shortcoming the surface 
of metallic particles should be covered 
with a biocompatible layer, which prevents 
the contact of an open metallic surface with 
biological liquids. It our earlier report [24] 
it was shown that the  surface of nickel 
nanoparticles produced via EEW can be 
modified by the in-situ carbon deposition. 
Such a deposition is provided by adding 
volatile hydrocarbons to the working gas 
of EEW unit. In the process of the electrical 
explosion hydrocarbon molecules decom-

pose to elements and carbon deposits on 
the surface of condensing metal nanopar-
ticles.

The modification of the surface of nick-
el nanoparticles opens a question on how 
would it influence the properties of ferro-
gels with embedded metal nanoparticles. 
In the present study we aimed to clarify 
two aspects of this possible influence. First, 
we will focus on the interfacial interaction 
between polyacrylamide and modified 
nickel nanoparticles. Second, we will ad-
dress the influence of the carbon deposi-
tion on the volume swelling of ferrogels, 
which is a basic property for their perfor-
mance in sensors and actuators. 

2. Experimental Part
2.1. Synthesis of MNPs, composites, and 

ferrogels
Nickel magnetic nanoparticles (Ni 

MNPs) were synthesized by the electri-
cal explosion of wire (EEW). The essence 
of EEW is the evaporation of a metal wire 
by  a  high-voltage electrical discharge 
in  an  inert atmosphere of  argon and 
the subsequent condensation of metal va-
pors into spherical nanoparticles. Nickel 
nanoparticles coated with a carbon shell 
(Ni@C MNPs) were synthesized us-
ing a mixture of argon with the addition 
of butane as a working gas of EEW unit. 
Carbon content in the Ni@C was 2% (wt.). 
The thickness of the carbon shell was 4–6 
nm. The carbon was in an amorphous state. 
The details of the synthetic procedure can 
be found in our previous reports [25]. 

The MNPs composites for microcalo-
rimetry studies were prepared in the en-
tire range of  weight fraction of  MNPs. 
Linear polyacrylamide (PAAm) was syn-
thesized by  free radical polymerization 
in 1.6 M water solution. Hydrogen per-
oxide in 18 mM concentration was an ini-

tiator of the reaction. Polymerization was 
done at two steps: first at 60 °C for 30 min, 
second at 100 °C for 60 min. Molecular 
weight of linear PAAm was 7.3∙105 as de-
termined by viscometry of water solution 
at 25 °C. The stock solution of PAAm was 
then vigorously stirred with weighted 
amounts of Ni and Ni@C MNPs in pro-
portions to get resulted composites with 
certain MNPs/PAAm ratio. The suspension 
of MNPs in PAAm solution was homog-
enized by ultra-sound treatment and then 
cast upon Teflon plate and dried to the con-
stant weight at 70 oC. The obtained films 
of NP/PAAm composites were then used 
for the microcalorimetry measurements 
of the enthalpy of dissolution in distilled 
water.

Ferrogels were synthesized by radical 
polymerization of acrylamide (AA) (Pan-
reac Quimica SA) of in 1.6 M water so-
lution. Methylene diacrylamide (MDAA) 
(MERCK) was a cross-linker in a molar 
ratio to monomer of 1:100. Ammonium 
persulfate (APS) was used as the initiator 
of the polymerization. Magnetic Ni/Ni@C 
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nanoparticles were added to the reaction 
mixture in portions of a weighed 20% wa-
ter-based suspension stabilized with Dispex 
A40 dispersant (R. T. Vanderbilt). The sus-
pension was homogenized in an ultrasonic 
bath for 20 minutes. Polymerization was 
carried out for 60 minutes at 80 °C. Syn-
thesized ferrogels were washed in distilled 
water for two weeks with daily water re-
newal to  remove residual impurities. 
The equilibrium swelling ratio (maximum 
water uptake) was determined as the ratio 
of the water content in the gel to the weight 
of the dry gel by weighing the swollen sam-
ple of the gel and the dry residue after dry-
ing to a constant weight at 70 °C. 

2.2. Methods
Transmission electron microscopy 

(TEM) was performed using a  JEOL 
JEM2100 microscope operated at 200 kV. 
The  specific surface area of  MNPs was 
measured via low temperature adsorption 
of nitrogen (Brunauer-Emmett-Teller ap-
proach) using a Micromeritics TriStar3000 
analyzer. Phase composition of MNPs was 
examined using an X-ray diffractometer 
Bruker D8 Discover operated at Cu Ka 
radiation (wavelength l = 1.5418 A) with 
a graphite monochromator and a scintil-
lation detector. XRD results were pro-

cessed using the built-in Bruker software 
TOPAS-3 provided the Rietveld full-pro-
file refinement. Magnetic hysteresis loops 
were measured using a vibrating sample 
magnetometer (Cryogenics). Calorimet-
ric measurements were done at 25 °C us-
ing a Calvet differential microcalorim-
eter of laboratory design. The sensitivity 
was 31.5 mV/W, cell volume was 10 cm3. 
The stability of a baseline was ±0.5 mV. 
Enthalpies of  dissolution of  PAAm/Ni, 
PAAm/Ni@C, and PAAm/C composites 
in water were measured using glass am-
poule cells. Water was placed in a stainless 
steel cell and small portion of a composite 
film (approximately 10–30 mg by weight) 
was put into a thin-walled glass ampoule. 
This specimen was dried to  a  constant 
weight in vacuum and then the ampoule 
was sealed. A sealed ampoule was placed 
in the cell with water in it. After thermal 
equilibration until the baseline of calorim-
eter kept at a constant level the ampoule 
was broken inside the cell and the heat 
effect of  the dissolution of a composite 
in water was measured. The absolute values 
of measured heat effects of dissolution were 
from 0.5 to 2 Joule depended on the com-
position of a composite. The absolute er-
ror of calorimetric measurements was 0.05 
Joule. 

3. Results and discussion
3.1. Characterization of Ni and Ni@C 

MNPs
Fig. 1 shows the transmission electron 

microscopy (TEM) images of Ni and Ni@C 
MNPs. Both batches of  MNPs contain 
individual spherical particles. A typical 
diameter of spherical Ni MNPs (Fig. 1a) 
lay within 10–100 nm range. Deposited 
thin carbon layers are clearly observed on 
the surface of Ni@C nanoparticles (Fig. 
1b). 

The average diameter of MNPs was es-
timated based on the value of the specific 
surface area of MNPs, which was deter-
mined by low-temperature nitrogen ad-
sorption. The specific surface area of Ni and 
Ni@C MNPs obtained from the isotherms 
of nitrogen adsorption by the Brunauer-
Emmett-Teller (BET) treatment were 
equal to 12.6 and 10.8 m2/g respectively. 
Straightforward geometrical considera-
tion of the surface of a sphere related to its 
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mass gives the following simple equation 
for the diameter (d) of the sphere in rela-
tion to its surface (S) and the density (r) 
of its material:

 

6d
S

=
r  

(1)

If applied to the specific surface area 
of the MNPs in air-dry powder equation 
(1) gives the average value of the diameter 
for the ensemble of MNPs. If S is in m2/g 
and r is in g/cm3 equation (1) yields the av-
erage diameter in micron. Calculated val-
ues for Ni and Ni@C MNPs are present-
ed in Table 1. The average diameters are 
close to each other. The average diameter 
of Ni@C nanoparticles is little higher than 
that for Ni nanoparticles. It is consistent 
with the presence of a deposited carbon 
layer on the surface of Ni@C nanoparticles.

The phase composition of Ni and Ni@C 
MNPs was characterized by X-ray diffrac-
tion (XRD). According to X-ray powder 
diffraction data (Fig. 2), the Ni sample con-
tained 100% α-Ni phase with a cubic face-
centered lattice; the unit cell parameter 
а = 0.3523(2) nm. XRD pattern for Ni@C 
MNPs also revealed 100% α-Ni phase with 

Fig. 1. TEM images of Ni (a) and Ni@C (b) MNPs.

Table 1
Characteristics of magnetic fillers

MNPs Density, g/cm3 Shape Ssp, m
2/g dav, nm *Ms, kA/m **Hc, kA/m

Ni 8.9 spherical 12.6 58 454 20.7

Ni@C 8.9 spherical 10.8 62 339 7.7
* — saturation magnetization; ** — coercive force

Fig. 2. XRD pattern of Ni MNPs
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the unit cell parameter а = 0.3533(3) nm. 
Carbon layer was not detected in XRD pat-
tern for Ni@C because the deposited layer 
was too thin and its content (2%) was be-
low the sensitivity of XRD.

Fig. 3. Shows magnetic hysteresis loops 
for Ni and Ni@C MNPs. In both cases 
magnetization reached saturation in high 
field range. The parameters of magnetic 
hysteresis loops — saturation magnetiza-
tion and coercive force are given in Table 2. 
According to  these data, Ni and Ni@C 
powders were soft magnetic materials with 
low coercive force. Saturation magnetiza-
tion of Ni@C nanoparticles was by ap-
proximately 25% lower than saturation 
magnetization of Ni MNPs. It was likely 
due to the distortions of the crystalline lat-
tice in the surface layer of Ni@C particles 
under the influence of deposited carbon, 
which could happen because of limited dis-
solution of carbon in the lattice.

The structural characterization of Ni 
and Ni@C MNPs showed that these na-
noparticles are very much alike despite 
the existence of the deposited carbon layer 
on the surface of Ni@C MNPs. Meanwhile, 
this factor was of decisive importance for 
the  interfacial properties of  polymeric 
composites with Ni and Ni@C MNPs.

3.2. Interfacial adhesion of  PAAm 
to MNPs

The basic thermodynamic property, 
which stands for the interaction of a poly-
meric chain of composite with an embed-
ded solid particle, is the enthalpy of inter-
facial adhesion. The latter is the enthalpy 
change during the adsorption of a macro-
molecule on a solid surface. This process 
establishes adhesive contacts at the inter-
face between a macromolecule and a par-
ticle due to molecular interactions. Such 
enthalpy change cannot be measured di-

rectly in calorimetric experiment as Ni, 
Ni@C, and PAAm are solids. The enthalpy 
of interfacial adhesion was determined us-
ing an appropriate thermochemical cycle 
(Hess cycle), which included quantities 
measurable in calorimeter. In case of pol-
ymeric composites with embedded solid 
particles the enthalpy of interfacial adhe-
sion is equal to the enthalpy of composite 
mixing. Since the solid particles have not 
dissolved in a polymeric matrix, the only 
source of enthalpy change is the interface 
interaction. The Hess cycle for the enthalpy 
of mixing of PAAm/Ni (or PAAm/Ni@C) 
composite constitutes the  combination 
of the following processes.

1)  PAAm + Ni MNPs = Composite 
PAAm/Ni + DHadh

2) PAAm + water (excess) = PAAm so-
lution + DHdis,p

3)  Ni MNPs + water (excess) = Ni 
MNPs suspension + DHwet

4) PAAm solution + Ni MNPs suspen-
sion = Ni MNPs suspension in PAAm solu-
tion + DHmix

5) Composite PAAm/Ni + water (ex-
cess) = Ni MNPs suspension in PAAm 
solution + DHdis,c

Fig. 3. Magnetic hysteresis loops for Ni and 
Ni@C MNPs. Inset — hysteresis loop in low 

field range for Ni MNPs
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The combination of these steps gives for 
the enthalpy of adhesion:

DHadh = wPAAmDHdis,p + wNiDHwet +
 + DHmix – DHdis,c (2)

In  Equation (2) wPAAm and wNi are 
weight fractions of PAAm and Ni in a com-
posite; DHdis,p is the enthalpy of dissolution 
of PAAm in water; DHwet is the enthalpy 
of wetting of air-dry Ni MNPs in water; 
DHmix is the enthalpy of mixing of PAAm 
water solution with Ni MNPs water sus-
pension; DHdis,c is the enthalpy of dissolu-
tion in water for a composite with wPAAm 
and wNi composition.

Fig. 4 (a) shows dependencies of the en-
thalpy of  dissolution in  water versus 
the weight content of embedded parti-
cles for PAAm composites. Together with 
PAAm/Ni and PAAm/Ni@C composites 
we also took as a reference PAAm/Car-
bon composite which was prepared us-
ing commercial sample of carbon black 
with specific surface area 124 m2/g. 
The  value at  the  left-hand vertical axis 
corresponds to the enthalpy of dissolu-
tion of PAAm in water, which is DHdis,p. 
The value at  the right-hand axis corre-

sponds to the enthalpy of wetting of air-
dry particles, which is DHwet. The symbols 
at the field of the plot corresponds to DHdis,c 
values for the composites with certain frac-
tions of PAAm and a filler.

One can notice that the dependence 
of DHdis,c for PAAm/Ni composites is con-
vex upward, while the  dependencies 
of DHdis,c for PAAm/Ni@C and PAAm/
Carbon are concave downwards. The data 
presented in Fig. 4 (a) were used to calcu-
late the enthalpy of interfacial adhesion 
in composites DHadh using equation (2). 
It is worth noting that the values of DHmix 
(step (4) of the Hess cycle) typically can 
be neglected as they lay within the experi-
mental error of the other quantities of Hess 
cycle. 

The dependence of the enthalpy of in-
terfacial adhesion versus the content of sol-
id particles in PAAm composites is shown 
in Fig. 4 (b). There is a substantial differ-
ence between dependencies of the enthal-
py of adhesion for PAAm/Ni and PAAm/
Ni@C composites. In case of PAAm/Ni 
composite the enthalpy of adhesion is neg-
ative over the entire composition range. It 

Fig. 4. a) — Concentration dependence of the enthalpy of dissolution of PAAm composites 
with embedded Ni, Ni@C, and C particles; b) — Concentration dependence of the enthalpy 

of interfacial adhesion in PAAm composites with embedded Ni, Ni@C, and C particles
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means that the adhesion contact between 
PAAm chain and the surface of Ni MNP 
is energetically favorable. Such interaction 
promotes adsorption of PAAm chains on 
the surface of Ni MNPs. 

On the  contrary, in  case of  PAAm/
Ni@C composite the enthalpy of adhe-
sion is positive over the entire composition 
range. It means that PAAm chains do not 
interact with the surface of Ni@C MNPs. 
No doubts that such interaction is ener-
getically unfavorable the deposited carbon 
layer on the surface of MNPs. The results 
for the reference system PAAm/Carbon 
clearly confirm this fact. In the PAAm/Car-
bon composites the enthalpy of adhesion 
is also positive over the entire composition 
range similar to the case of PAAm/Ni@C 
composites.

Thus, the  obtained thermochemical 
data showed that the deposition of car-
bon on the surface of Ni MNPs worsened 
the adhesion of PAAm chains to modified 
Ni MNPs.

3.3. Swelling of PAAm ferrogels with Ni 
and Ni@C

Fig. 5 (a) shows the  dependence 
of the relative degree of swelling of PAAm/
Ni and PAAm/Ni@C ferrogels versus 
the weight fraction of MNPs in ferrogel. 
The relative degree of swelling is the swell-
ing ratio (water uptake) of a ferrogel divid-
ed by the swelling ratio of a blank PAAm 
gel with the same composition. The data 
presented in Fig. 7 (a) refer to gels with 
a network density of 100 monomer units 
in linear sub-chains per one cross-link. It 
is worth noting that the relative swelling 
decreases with MNPs content in the case 
of ferrogels with Ni MNPs, and it increases 
in the case of ferrogels with Ni@C MNPs.

The same trend is shown in Fig. 5 (b), 
which presents the swelling ratio of fer-
rogels with different network density 
containing the 3.1% (wt.) of MNPs. Both 
in the case of ferrogels with Ni MNPs and 
in the case of ferrogels with Ni@C MNPs 
the swelling ratio increases if the network 
density of a gel decreases. It is a general 
trend in gels. If a number of monomer 

Fig. 5. a) — Dependence of the relative degree of swelling of PAAm ferrogels with Ni and 
Ni@C MNPs with respect to the unfilled gel matrix (monomer to cross-link ratio 100:1); b) — 
Dependence of the swelling ratio of PAAm ferrogels with Ni and Ni@C MNPs on the length 

of the linear sub-chains between the crosslinks (MNPs content 3.1%)
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units in  linear sub-chains enlarge and 
the number of cross-links diminishes, then 
the network loosens and it can absorb more 
water. Thus the water uptake of a gel in-
creases. Although the basic trend in the de-
pendence of the swelling ratio on the net-
work density is the same for both types 
of ferrogels, there is s remarkable difference 
in the absolute values of the swelling ratio. 
It is much higher in the case of Ni@C fer-
rogels. In ferrogels with the lowest network 
density (300 monomer units per one cross-
link) the swelling ratio of PAAm ferrogel 
with embedded 3% Ni@C MNPs is four 
times larger than that for the ferrogel with 
the same composition but with embedded 
Ni MNPs.

The  reason for such a  difference 
in swelling of  ferrogels with embedded 
Ni or Ni@C MNPs apparently stems from 
the different adhesion of PAAm chains 

to the surface of particles. PAAm ferrogels 
differ from PAAm composites, because fer-
rogels contain water besides polymer and 
MNPs. Nevertheless, interaction between 
PAAm chains and the surface of MNPs 
governs the  swelling of  ferrogel. If in-
teraction between polymeric chains and 
MNPs is strong, then the PAAm sub-chains 
in the network are adsorbing on the surface 
of the particles. Adsorption of chains ef-
fectively increases the networking density 
and diminishes the water uptake of the gel 
matrix. It is the case of PAAm ferrogel with 
enbedded Ni MNPs.

In turn, if PAAm chains do not interact 
with the surface of MNPs, then the MNPs 
will effectively repel the  sub-chains 
of the networks. It will increase the mobil-
ity of the network, and it will promote extra 
swelling of ferrogel. It is the case of PAAm 
ferrogel with embedded Ni@C MNPs.

4. Conclusions
Metallic magnetic nanoparticles 

(MNPs) are prospective for the  use 
in smart soft materials suitable for bioen-
gineering and medical applications. How-
ever, to provide biocompatibility they need 
to be coated with protective layers. Depos-
ited carbon coating is among them. Mean-
while, deposition of carbon affects func-
tional properties of MNPs and materials, 
in which they are embedded. In the present 
study the interfacial interaction of carbon 
coated Ni MNPs (Ni@C) with polyacryla-
mide (PAAm) has been studied in com-
parison with Ni MNPs focusing on appli-
cation in PAAm ferrogels. The interfacial 
adhesion of PAAm chains to the surface 
of MNPs was studied by means of thermo-
chemical cycle based on calorimetric meas-
urements of the enthalpy of dissolution 
of PAAm/Ni and PAAm/Ni@C compos-
ites in water, and the enthalpy of adhesion 

to the surface of MNps was determined 
in  the  entire range of  MNPs content 
in the composite. It turned out that while 
interaction of Ni MNPs with PAAm was 
energetically favorable and led to the evo-
lution of heat (negative enthalpy change) 
during adhesion, deposited carbon layer 
provided poor interaction of PAAm with 
the surface of Ni@C MNPs. The enthalpy 
of interaction between PAAm and Ni@C 
MNPs was positive over the entire range 
of MNPs content. It means that PAAm do 
not interact with the surface coated with 
carbon layer. It provided a marked im-
pact on the swelling ratio (water uptake) 
of PAAm ferrogels with embedded Ni@C 
MNPs in comparison with ferrogels with 
embedded Ni MNPs. The swelling ratio 
of  PAAm gel matrix diminished with 
the embedding of Ni MNPs due to the ad-
sorption of PAAm sub-chains on the sur-
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face of MNPs. On the contrary, the embed-
ding of Ni@C MNPs in PAAm gel matrix 
resulted in the increase of its swelling ratio 
owing to the effective repelling of PAAm 
chains by the carbon layer on the surface 
of MNPs. It means that poor interaction 
at the interface not necessarily worsens 
the functional properties of soft biocom-
patible materials. The increase of the swell-

ing ratio might be an advantageous fea-
ture in certain applications of  ferrogels 
in biocompatible sensors and actuators. 
In a whole, obtained results showed that 
coating of the surface of MNPs not only 
provides biocompatibility of MNPs but 
might as well be a versatile tool to modify 
the functional properties of smart materials 
based on nanoparticles.
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